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Abstract
A human stomach is an organ in the digestive system that breaks down foods
by physiological digestion, divided into mechanical and chemical digestion.
The mechanical digestion is controlled by peristaltic waves generated over the
stomach body. The physiological digestion of a stomach is essential to sustain
nutrition and health in humans. Replicating the digestion process in a robot
has been essential to provide a test environment as an alternative solution
to in-vivo testing, which is difficult in practice. Currently, stomach robots
are made of rigid rods and metal cylinders, unrealistic replicas of the human
stomach that cannot contract and expand like biological examples. Therefore,
a soft-bodied stomach robot can simulate peristaltic waves realistically and
perform in-vitro simulations and experiments.

Soft robotics is an emerging field that introduces promising engineering
methods that replicate biological behaviours. Soft robotics aims to obtain
a delicate interaction with their environment and be adaptable in different
situations. The invention of this field provides new ideas that differ from
the classic engineering strategies. With soft robotics technology, it is possible
to translate biological behaviour into an engineering context. Soft robotics
introduces potential methods to replicate peristaltic waves and achieve a
soft-bodied stomach simulator.

This work presents the concept, design, and experimental validation of a stom-
ach robot, modelled from abstracted medical images and constructed from
soft materials. An actuation concept is introduced to provide contractions
in the robot. The analysis of conventional actuation methods in soft robotics
is examined and evaluated with finite element analysis (FEA) software and
initial experiments on prototypes. The results lead to novel bellows-driven
soft pneumatic actuators (SPA) that provide high linear displacement. This
actuator is developed, modelled, and validated to be a suitable actuator for the
soft robotic stomach simulator (SoRSS) application. A ring-shaped actuator
constructed from multi-SPAs is introduced to convert the linear displacement
of SPAs to a contraction profile compared with a stomach segment. From that,
multi-rings actuators are formed in a stomach shape to provide a peristaltic
wave.

SoRSS provides peristaltic waves and antral contractions that are in excellent
agreement with the biological stomach. The robot undergoes experimental
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validation with the aid of videofluoroscopy, a medical device that is usu-
ally used for recording esophagus and stomach physiology. The outcomes
present the internal contraction, peristaltic waves, and the digestion phases
during actuation. Those are compared with other medical studies to prove the
workability of SoRSS. This robot satisfies the specification of human stomach
geometry and motility.
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Chapter 1

Introduction

1.1 Technology of Stomach Robots

Digestion of food is a regular activity in many species to maintain nour-
ishment and growth. In humans, typical digestion depends on the process
of a churning action to break down the food in a stomach [1]. The gastric
motility produces the physiological process. Medical and biomedical experts
stated that the motility frequencies and contractions significantly influence
the digestion process [2, 3]. The Antral Contraction Wave (ACW) is a me-
chanical peristalsis action that occurs in the smooth muscles of a stomach [4].
Researchers from diverse disciplines seek more understanding of the ACW
mechanism, but few devices are presented as test environments that simulate
the ACW [3, 5, 6]. The current state of such devices is either rigid models or
controlled by rigid actuators. The motility of these robots is different com-
pared to the observed biological organ. Also, the geometry and the behaviour
of the actuation are unrealistic in comparison with the biological example. In
response to these gaps, a soft robotic stomach simulator is proposed to mimic
a human stomach geometry, motility, and physiological digestion process, as
reported in the medical literature. Previous research on simulating the ACW
in different fields has presented projects with the potential to aid this research.

In recent years, several designs attempt to replicate human organs with bi-
ologically inspired technology [7–9]. For example, the swallowing robot is
developed from stretchable materials and controlled by a pneumatic system
to simulate a human esophagus [10]. On the other hand, computer-based
investigations into the properties of stomach motility have been conducted
by using various approaches such as Finite Element Analysis (FEA) simula-
tions [2, 11]. In these simulation studies, many limitations are overcome by
assumptions. Ferrua et al. suggest that a physical model of soft components
would be the ideal for experimentation and testing theories [11]. The current
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projects of soft robotics such as the swallowing robot [12], heart actuator [7],
and stomach robot [3, 9] present inspiration that serves in the development of
a soft robotic stomach simulator.

1.2 Biologically-Inspired Soft Robotics

Soft robotics is a branch of engineering that offers robots made of compli-
ant materials comparable with biological bodies [13]. The intelligence of the
biological behaviour to their complex environment inspires soft robotics re-
searchers [8, 14]. Such intelligence can be seen in the resilience adaptation of
the biological organism to their surroundings to survive. The natural system’s
observations can be employed in the engineering field to find a solution that
cannot be solved with rigid robots. Researchers of soft robotics are continu-
ously inspired by living organisms, where defining nature’s technique can
be useful to the engineering domain. Soft robotics’ role is to observe the
biological system’s continuous and compliant movements by engineering
techniques and express those observations in the robotic field.

The biologically-inspired soft robotics field provides promising methods to the
robotics domain via the quantitative investigation of the biological behaviour
(adaptation, actuation, and sensation) [15]. Those methods can be expressed
as modeling a biological system, such as human organs’ behaviour. The
soft robotics field has a multidisciplinary nature that combines knowledge
from different backgrounds, improving the physical systems’ perception of
biological function with robotic systems. Soft robots have novel features that
are similar to the function of human organs. Soft robots can be shaped in a
challenging design, which provides more realistic geometry than rigid robots.
Also, soft actuators are comparable with biological responses regarding the
material’s elasticity and adaptation to the surrounding environment. This
field is the key in this research to help develop soft actuators that introduce
human organs’ bio-mimicking to the engineering domain.

1.3 Motivation for Stomach Robots

The biological process of a human digesting in the stomach exhibits a com-
bined physical and chemical breakdown of the food contents. Such interac-
tions provide a complex behaviour of the organ. The simplifications of the
complex interactions require the quantitative exploration of the stomach in
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the medical literature. The abstracted quantitative simplifications can be trans-
lated to the robotic context with the support of food science and soft robotics
fields. This section explains the purpose of designing a soft robotic stomach
simulator that overcomes the gap in the current techniques and the possibility
for linking soft robotics with other fields that investigate the simulation of the
digestion process.

Soft robotic stomach simulators closely resembling the peristaltic contractions
of a human stomach are in demand [2, 5, 9, 16]. There are two research motiva-
tions for such a robot. The first motivation is to advance the examination of
the stomach digestion process in both healthy and abnormal stomachs. The
second motivation is to provide a test environment for new technologies from
different fields such as food science (for testing foods and drugs [17]) and
biomedical devices (for examining stomach pacemaker and micro-endoscopic
capsules [3]). This study proposes a novel soft robotic stomach simulator that
combines concepts from three research fields: food technologies, soft robotics,
and medical observations (Figure 1.1). The proposed robot employs soft
robotics techniques to accomplish a contraction and digestion process similar
to those found in a human stomach. The field of food science investigates
on the state-of-the-art stomach simulators as a test environment for testing
newly established foods. This field advances this research’s principles by
presenting inspiration and relative knowledge from the established stomach
robots. Medical literature provides an essential understanding of the human
stomach’s basic anatomy in geometry, motility, and physiological digestion
functionalities. The proposed soft robot presents a new method to simulate a
human stomach’s contraction with a robot body made by compliant materials
that allow large deformation. The proposed soft robot with multidisciplinary
nature inspires new possibilities for the involved fields.

1.3.1 Background

The process of digestion in a human stomach is essential to the maintenance of
sufficient nutrition for living. This process begins when the food is transported
from the mouth to the stomach through the esophagus. The digestion of the
stomach is performed by chemical and physical interactions with food. The
chemical digestion process breaks down the food with stomach juices and
acids. Such a process does not require any physical interaction (static) with
the stomach contents. On the other hand, the physical digestion process
breaks down the food by mixing and propelling the stomach content with
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FIGURE 1.1: The soft robotic stomach simulator links and inte-
grates concepts from three areas: stomach anatomy, soft robotics,

and food science.

the contractions generated by Antral Contraction Waves (ACWs). The ACW
is a peristaltic contraction that begins at the pacemaker (the upper body of
the stomach) and ends at the pyloric (the end of the stomach). In a healthy
person, the ACW is a smooth rhythmic cycle that is repeated every 60 seconds.
However, when the ACW is disturbed or disordered, it causes significant
illness in the digestive process.

Dysrhythmias, the medical term for the abnormalities in the ACW, is a com-
mon disease that causes functional disorder of the stomach [18], which can
be classified into abnormalities in the frequency of the ACW (higher or lower
frequencies) or no rhythmic activity in the ACWs. Dysrhythmias cause diffi-
culties in regular oral ingestion of food and liquids [18]. The clinical solution
requires the analysis of a specialist during the intervention phases.

The medical knowledge of the digestion process from both the anatomical
and physiological aspects has enhanced over the last decades. This improve-
ment has served in the analysis of dysrhythmias. However, despite these
improvements, the reliable support of nutrition and hydration in patients
with dysrhythmias has been challenging. The examination of healthy par-
ticipants has aided in explaining the successful digestion process. However,
the differences in participants’ stomachs regarding geometry and condition
do not provide a standardised measurement. The digestive process testing
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in-vivo has remained limited by the complexity, invasiveness, and risks of the
involved procedures [19].

The symptoms of Gastrointestinal (GI) diseases are common, leading to sig-
nificant financial and social consequences [20]. It is estimated to affect about
11% of the United States population. A high rate of 35% is diagnosed with
GI diseases among those aged 65 years and over [21]. A recent study in the
United States stated that 60 to 70 million people are affected by digestive
diseases [22]. Moreover, the symptoms of dysrhythmia reduce the quality of
patients’ life [23]. Therefore, there is an apparent demand to improve stomach
dysrhythmia investigation that, in return, enhances the quality of diagnosis
and patients’ treatments.

To examine and decrease dysrhythmia symptoms, the investigation of dys-
rhythmia can be performed in a soft robot that imitates the human stomach
physiology and can replicate dysrhythmia. As a test environment, the robot
can test different GI disease scenarios for understanding the causes and ill-
nesses. Moreover, the proposed robot is a potential test environment to
investigate and simulate the Electrogastrogram (EGG). The EGG studies have
been examined by biomedical engineers to understand the organ motility in
the healthy and unhealthy stomach.

1.3.2 Gap Identification

The inspiration of biological motion is one of the principles that drive this
research. Soft robotics is an emerging field that provides novel methods with
soft materials. Bio-mimetic is the critical characteristic of this area. The output
applications from soft robotic methods replicate the motion of bio-matter [24].
For example, the swallowing robot is a bio-mimetic application involving
many disciplines to imitate the biological esophagal process [25, 26]. In such
an application, food technology and medical research could contribute to
the swallowing process’s knowledge. The involvement of soft robotics with
other fields creates various implementation. The potential of mimicking the
biological motion leads to different findings such as a caterpillar robot [27], a
peristaltic pump [28], and a multigait soft robot [29].

There are no soft robots that replicate the human stomach’s motility other than
rigid cylinders or cable rods over a soft body to generate ACW. Therefore, this
research’s proposed prototype provides an imitation of the human stomach
motility through the ACW by the soft robotics actuation techniques. This
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study encompasses three fields required to accomplish the proposed device:
basic human stomach anatomy, biologically inspired soft robotics, and related
food technology applications. The stomach simulator implements soft robotics’
technology with the biological organ data to accomplish the ACW of a human
stomach in an engineering context.

By providing a mechatronic design of gastric motility, repeatability is an
extensive feature that aids the organ’s investigation process without patients’
involvement. The recommendation of using a stomach replicate appears in
medical and biomedical engineering fields for the realisation of the motility
and dysrhythmic events of an ill person. Therefore, such a robot provides
fundamental techniques to investigate several EGG episodes on the stomach
robot, enhancing the understanding of spontaneous ACW signals by blending
the medical knowledge into the engineering domain.

The proposed physical robot encourages biomedical engineers to implement
their real-time data obtained from medical experiments into the instrument.
The implementation is achievable via simulation software in conjunction with
the soft stomach robot. Emerging endoscopic devices also require a stomach-
like robot to test their invention with repetitive, safe, and animal harm-free
testing. Finally, food technology finds excellent uses for the proposed robot,
where they evaluate new foods’ behaviour in stomach robots that closely
simulate the digestion system.

The primary step to challenge the current rigid gastric system measurements
and methods is to develop a soft-bodied robot with soft robotics techniques
and the inspiration of biomedical function. In light of the literature gap, it is
proposed that the initiative of developing a soft robotic stomach simulator
proves to be useful in many disciplines such as medicine, food technology,
biomedical and robotics engineering.

1.4 Research Aim, Objectives, and Contributions

This study aims to develop a novel soft-robotic stomach simulator capable of
emulating a human stomach contraction through surface deformations. It is
envisaged that the surface deformations come from a soft stretchable conduit,
and the contractions due to the deformations provide peristaltic waves to
replicate the digestive process.

To achieve the aim, a comprehensive study was conducted to reach several
objectives, which are defined as follows:
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1.4.1 Concept of a Soft Robotic Stomach Simulator

The first step towards developing a soft robotic stomach simulator was to
design a robot concept established from a human stomach’s specifications. It
is challenging to produce a defined deformable surface that simulates stomach
contractions precisely. The novel concept integrated actuation methods from
soft robotics and food science fields to overcome the deformation’s challenges.
The designed concept investigated several approaches to establish actuators
capable of producing a defined deformation similar to human stomach con-
tractions. The following tasks were undertaken to achieve this objective:

• Literature Review

A stomach robot’s concept required reviewing related literature in medi-
cal, food science, and soft robotics fields. Medical literature aided the
understanding of human stomach specifications, while food science and
soft robotics literature presented the current state-of-the-art stomach
robots and their actuation techniques. Those works of literature high-
lighted research gaps that assisted the development of a novel design.
The comparison’ of literature was evaluated in terms of limitations,
working techniques, and properties to achieve the proposed robot’s
novel concept.

• Concept Exploration and Analysis

Possible actuation techniques were examined with inspirations gained
from the literature review. These techniques were explored based on
their deformation and displacement principles. Then, the results of
those principles were compared to the deformation of a human stom-
ach. The originality and utility of the techniques were examined. An
iterative design method and finite element analysis were carried out to
analyse the workability of possible actuators. The analysis focused on
the prediction of soft actuators displacements.

• Potential Soft Actuators

Potential designs were investigated and further expanded to the de-
velopment of two soft actuators. Biologically-inspired concepts were
conveyed to the robotics domain to assist this design development. Al-
though those designs were not the best fit for this research, they led to a
novel soft pneumatic actuator that serves this research purpose. Also,
the potential designs were mentioned in this research for their novelty
in the field. Such designs can be used for a related soft robotics project.
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This objective’s contribution is exploring a novel concept to discover an ac-
tuator that satisfies the specifications of human stomach contractions. This
exploration led to the establishment of the specification of the stomach robot.
Also, two potential soft actuators were discovered, built, and initially tested.
This objective led directly to a soft pneumatic actuator concept used in de-
veloping a soft robot stomach. The designed concept transfer from biology
to robotics, which serves this study’s inspiration and future soft robotics and
biomedical research.

1.4.2 A Modular Soft Pneumatic Actuator

This study’s second objective was to establish a novel soft actuator to develop
a stomach simulator. This soft actuator consists of the following subsystems:
a soft actuator that provides the deformation, an electro-pneumatic system
that drives the actuation process, an embedded sensor measures the dis-
placement, and intuitive programmes control the system. This objective was
accomplished by executing the following tasks:

• Soft Pneumatic Actuator Design

A new type of soft pneumatic actuator was created to accomplish the
displacement required for a stomach robot. The actuator specifications
and constraints were abstracted from medical literature to simulate the
stomach’s smooth muscles. A suitable actuator design was realised by
comparing available actuation techniques in soft robotics to fulfil the
specification requirements. The proposed actuator was designed as a
modular and generic soft actuator, and it is developed by CREO 3D
modelling software.

• Fabrication of the Actuator

The fabrication process combined mould and casting technique and
injection moulding for all the soft actuator parts. The actuators were
made from entirely soft and stretchable materials. Also, composite ma-
terials were used to provide a novel design. Printed circuit boards were
designed and manufactured for the communication and installation of
electronics parts.

• Sensory System for the Actuator

A sensory system was required to monitor the displacement of the
actuator. The sensory system was established from off-the-shelf sensors
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that can work on soft actuators. In this method, sensors are reliable and
robust, as compared to the newly invented sensors. The sensor was
proposed for applications with unacceptable deformable surfaces. The
sensor was embedded in the actuator to achieve a self-sensing capability.

• Soft Actuator Modelling

An analytical model was estimated to examine the performance of the
soft materials used. The soft actuator is modelled and characterised in
terms of displacement upon an applied input pressure. The soft material
used was considered in the modelling. The model was designed to
control the system in an open-loop system.

• Mechatronics System of the Actuator

The electro-pneumatic system was designed and built to serve the actua-
tion process. A control structure and an established programme were
employed to manage this mechatronics system.

• Validation Experiments

Eight different experiments were conducted to validate the proposed
actuator, model, and the sensory system. The experiments proved the
workability and viability of using this actuator to a soft robotic stomach
simulator and other soft robotics applications.

This objective’s key contribution was the achievement of developing and
characterising a soft actuator to be implemented in a stomach robot. This
objective presented principles for the actuator model and experiments. The
soft actuator’s novelty was presented in the high displacement achieved on a
deformable surface, so it can be implemented in a stomach robot to replicate a
stomach contraction. The development of the soft actuator, design, fabrication,
modelling, and self-sensing procedures can aid related domains.

1.4.3 A Modular Ring-Shaped Soft Pneumatic Actuator

The third objective was implementing the developed actuator in the second
objective towards the construction of a soft-bodied, ring-shaped, self-sensing
actuator. The ring actuator provided contractions that were comparable with
the related literature of a stomach. This ring actuator consists of the following
subsystems: a soft actuator that provides contractions, an electro-pneumatic
system that drives the actuation process, an embedded sensor that measures
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the contractions, and a control system that estimates the behaviour of the ring
actuator. This objective was completed by achieving the following tasks:

• Design, Fabrication, and Sensory System of a Ring-Shaped Actuator

A redesign for the bellows-driven Soft Pneumatic Actuator (SPA) was
performed to accomplish a contraction required for the stomach robot.
In the redesign process, the frame of the bellows-driven SPA was formed
as a circular shape. The actuator specifications and constraints were
abstracted from the relevant literature to realise the best method of
developing a ring-shaped soft pneumatic actuator that performs like a
biological organ. As the bellows-driven SPA’s fabrication process, the
soft ring actuator’s fabrication process combines mould and casting
techniques and injection moulding for all the soft actuator parts. A
sensory system was required to monitor the contraction of the soft
ring actuator. The same sensory system of the bellows-driven SPA was
implemented in the soft ring actuator. The sensory system assisted in
the observation of the contractions during the characterisation of the
ring actuator.

• Mechatronics design and control of the actuator

A control system was designed to estimate the contraction of the soft
ring actuator. The actuator is modelled and characterised to displace
each bellows-driven SPA in a ring actuator upon an applied input pres-
sure with symmetrical actuation. Also, a simulation for asymmetrical
actuation was achieved by the same control model. The linear model
was designed to control the actuator in an open-loop system. The electro-
pneumatic system of the soft ring actuator was designed and built to
serve the actuation process. A control structure and a developed pro-
gramme were then employed to manage this mechatronics system for
the soft ring actuator and the sensory system.

• Performance Testing

Several experiments were carried out to verify the soft ring actuator and
the control model. The experimental results confirmed the workabil-
ity and the viability of the ring actuator and the control model to be
implemented in a soft robotic stomach simulator.

This objective’s main contribution was the fulfilment of developing and char-
acterising the soft ring actuator that generates a contraction similar to a human
stomach. This objective provided a second step toward building a stomach
simulator. The closeness of bio-mimicking stomach contractions shows the
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originality of the ring actuator. This design was implemented in a stomach
robot to replicate a gastric contraction. The development of the soft ring
actuator can assist other studies in the soft robotics field. For example, the
contractions in a human intestine can be simulated by the proposed soft ring
actuator.

1.4.4 Soft Robotic Stomach Simulator

This study’s last objective was to establish a soft robotic stomach simulator
after developing the bellows-driven and ring-shaped actuators. The robot
construction followed the steps of the previous objectives (specifications,
materials, electro-pneumatic system). The main robot achievement was per-
forming a peristaltic contraction similar to a human stomach and stimulating
the digestive process. This objective can be broken down into the following
parts:

• Design of the stomach Robot

The three previous objectives were combined to form a stomach robot
that simulates stomach geometry, motility, and digestion functionality.
The human stomach specification established the robot’s geometries
and sections, as reported in the literature. A stomach 3D model was de-
signed to represent the robot conduit. Numerous soft actuators, detailed
in the second objective, were distributed over the conduit to generate
contractions. The arrangement and the number of actuators were speci-
fied according to the specifications of stomach contractions. Also, the
actuators were divided into several sections that follow the anatomy
and motility of the stomach.

• Construction and Control of the Stomach Robot

The fabrication of the stomach robot included 95 bellows-driven ac-
tuators with the arrangement of soft ring actuators. The robot was
constructed from entirely soft materials. An electro-pneumatic system
was employed to control the soft robotic stomach simulator. As the
robot was proposed to replicate peristaltic contractions patterns, the
simulation of those patterns was generated by the bellows actuators
through a designed control system.

• Validation of the Stomach Robot
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The stomach robot’s validation was achieved by several experiments that
involved medical devices to verify the robot’s functionality compared
with the biological stomach. The experiments’ results proved the robot
as a novel soft simulator that mimics a human stomach’s peristaltic
waves and digestion phases.

This objective’s scientific contribution was producing peristaltic waves compa-
rable with human stomach contractions via a soft robotic stomach simulator.
Also, the peristaltic waves cause the physiological digestive process in the
robot. This objective involved the concept, design, construction, and valida-
tion of a soft robotic stomach simulator with the electro-pneumatic system
that controls the robot. The electro-pneumatic system is an excellent approach
to control soft actuators. The concept and development here were notable
contributions as the robot mimics a human stomach’s contractions similarly in
many aspects, such as the antral pressure of contractions. The stomach robot
had illustrated its potential as a test environment in the medical and food
technology fields. As the robot is entirely made of soft materials, it provided a
closer step to mimicking a human stomach’s complex functions with realistic
geometry and motility.

1.4.5 Out of Scope

In order to define the scope of this study, the following tasks are determined
as out of scope:

• Real-time measurement of stomach conduit deformation

Soft stretchable sensors are a vast topic and require research on devel-
oping and implementing such a sensory system on the current robot.
The centre of this study is on the imitation of the peristaltic waves of a
human stomach.

• The chemical function of a human stomach and food-based studies

A human stomach involves mechanical and chemical action during nor-
mal digestion. The focus of the current study is on the motor responses
only.

The tasks noted above are possible research areas for future works.
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1.5 Thesis Synopsis

This thesis describes the investigation and development of a soft robotic stom-
ach simulator, including its concept, construction, modelling, characterisation,
and system design.

In Chapter 2, related literature reviews on human stomach anatomy and
physiology, the state-of-the-art stomach robots, and the soft robotics field are
presented. The basic anatomy of a human stomach is analysed to abstract the
shape and mechanical functionality. The analysis of current stomach robots
focuses on concepts, designs, and limitations of the mechanical behaviours.
Related soft actuators are analysed, and the exploration of available techniques
is investigated to establish a soft robot stomach.

Chapter 3 establishes the concept and initial design for the stomach robot. The
specifications of a human stomach are abstracted for designing an average size
stomach model by polynomial equations. An initial concept of soft actuators
is presented. The initial concept proposes that inflatable actuators surround a
stomach model to provide contractions.

Chapter 4 introduces the analysis of available soft actuators techniques related
to bio-mimicking robots. The actuators are investigated with finite element
analysis studies and initial prototypes. The initial designs are examined in
terms of actuation responses (contractions) and the shape of those responses
compared to a human stomach. A comparison between those actuators with
their limitations and drawbacks is provided toward building a soft robot
stomach.

Chapter 5 describes the design, fabrication, modelling, sensory system, and
validation of a bellows-driven, self-sensing, soft pneumatic actuator towards
the stomach robot’s development. The design introduces a novel actuator
constructed from composite materials to achieve soft actuation (displace-
ment) that serves this research. The proposed actuator inherits elasticity
behaviour, which is modelled to describe such a response. A sensory system
is embedded in the soft actuator to measure the displacement by a suitable
sensor that can be identified by testing several off-the-shelf range sensors.
An electro-pneumatic system is applied, including the pneumatic system,
electrical system, open-loop control system, and implanted programming
script. Experiments are conducted to validate the sensors, elastic model, and
the workability of the soft actuator. Although this actuator is proposed to be
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implemented in a stomach robot, it is validated as a generic actuator that may
aid other soft robotics projects.

After establishing displacements with soft actuators, the translation of the
displacements to a contraction is presented by a soft ring actuator that pro-
duces a high contraction (Chapter 6). The contractions are compared with
the maximum human stomach contraction. The ring actuator is equipped
with a sensory system for monitoring the contraction. A control system is
designed to model the performance of the actuation and to estimate the input
signal. The system simulates symmetrical and asymmetrical contractions. The
soft ring actuator provides a solution for robotics applications that required
contraction movements.

Chapter 7 explains the establishment of a soft robotic stomach simulator
regarding the robot system’s development and validation. The robot is con-
structed from the integration of ring actuators that form a realistic stomach
shape and follow the stomach discretised sections. Those sections have dis-
tinctive specifications that are simulated in the robot. The robot’s validation
has proceeded with videofluoroscopy (medical device) to compare the robot
lumen’s peristaltic contractions with human stomach motor activities, as de-
scribed in the medical literature. The validation results present an excellent
agreement between the robot and the biological example regarding the peri-
staltic actuation and the stomach physiological digestion phases’ functionality.
Finally, Chapter 8 discusses and summarises the objectives and contributions
formed in this research. Future works and potential research studies on the
soft robotic stomach simulators are suggested.
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Chapter 2

Literature Review

The development of a soft stomach simulator requires the contribution of
many disciplines to overcome the transition from the biomedical field to the
engineering techniques. From an Engineering perspective (e.g., Mechatronics),
the understanding the stomach’s motility requires the assessment of data
related to the organ shape, size, electrical signal activity, and the behaviour of
the mechanical movement. This literature review focuses on the human gastric
motility and developing a soft-bodied robot replicating such motility. The
review discusses three of the critical aspects, the basic anatomy of the human
stomach, the soft robotic field with related case studies, and state-of-the-art
stomach robots developed through the food technology sector.

2.1 The Human Stomach’s Fundamental Anatomy

For many years, the human body has been investigated to understand the
internal body systems’ functions. With more technologies available in the last
century, a sufficient anatomy database has been established. A brief literature
review of gastric motility is conducted to understand the organ’s specifica-
tions, which can be translated into an engineering justification. Therefore, this
review does not need full medical knowledge of the gastric system.

The human body consists of multiple systems that work continuously in
providing the body with essential vitality required for living. These systems
are divided all over the body for specific tasks. The digestive system, for
example, is essential for growth, energy, and body repair. This task would
be achieved by breaking down intake food into nutrients by moving food
in the Gastrointestinal (GI) tract. Table 2.1 shows the digestive process that
starts in the mouth by chewing food and moves down through the GI tract,
which ends in the small intestine. The GI tract consists of large tubes of a
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hollow shape with different layers of muscles on their walls. These muscles
are responsible for peristaltic movements that mix and propel food particles in
that system. The peristaltic properties vary in each organ that fit the required
motion for digestion. Generally, the peristaltic geometry is characterised as a
wave similar to a sinusoidal wave. The replication of the peristaltic motion is
challenging for engineers to implement in a robot.

TABLE 2.1: Digestive process.

GI tract organs Mechanical movement Digestive juices

Mouth Chewing Saliva
Esophagus Swallowing/Peristalsis N/A

Stomach Upper muscles relaxation
& lower muscles peristalsis Acids

Small intestine Peristalsis digestive juices
Large intestine Peristalsis/bowel N/A

2.1.1 Human Stomach

The stomach is the most dilated GI hollow organ tract, located in the abdom-
inal area at the centre-left of the human body [30]. The stomach stores and
mixes swallowed food and liquid received from the esophagus through the
cardia gate [1]. The mixing method consists of mechanical and chemical forces,
which break down food particles to a chyme. During the digestion process,
the stomach is also emptying the chyme to the small intestine through the
pylorus gate located at the end of the stomach curvature [4, 31].

The position and shape of the stomach are mainly characterised in four points:
the filled volume of a stomach, the digestive process stage, the degree of
musculature development, lastly, the situation of the duodenum [1]. Therefore,
the organ’s shape and position are varied, and there is no typical example of
such geometry. However, Gray mentioned that it is possible to have a rough
standard of the stomach by comparing many stomachs and extracting the
mean measurements [1]. The stomach body contains two opening tubes, two
curvature shapes and surfaces. The first opening is located at the stomach
body’s fundus, connected with the esophagus (antrum cardiacum). The
second opening tube is linked with the small intestine through the pylorus
(pyloric valve), which is positioned at the bottom of the stomach body, as
shown in Figure 2.1. In a 2D sketch of the stomach body, two noticeable
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FIGURE 2.1: Gray’s anatomy of the stomach [1].

curvatures are shown in Figure 2.1, the lesser curvature and greater curvature
with four times more of the length.

FIGURE 2.2: The three stomach anatomic segments (A) and the
two functionalities (B) [4].

Moreover, the stomach can be divided into three parts: fundus, corpus, and
antrum, as shown in Figure 2.2 (A). The fundus is the upper part of the organ,
the corpus segment consists of the middle part of the organ, while the antrum
is the bottom part of the stomach.

2.1.2 Motility of the Human Stomach

The stomach motility uses a peristaltic action to propel food particles and
chyme from one position to another by the smooth muscle contractions. Also,
the motor activities have a big influence in breaking down food inside the
stomach. The peristaltic motion is not consistent. Instead, it relies on a natural
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cycle rhythm [32–34]. A gastric reservoir and a gastric pump are the stomach
motor functionalities that can be demonstrated by two sections of the stomach
body (Figure 2.2 (B)). The following is an abstract of both functionalities.

Gastric Reservoir Functionality

The reservoir of a stomach represents storage functionality. When the stomach
is filled with food, the reservoir expands (relaxes) smoothly with slight or
no increase in the wall’s internal pressure. Therefore, the reservoir’s motil-
ity is not comparable with elastic materials (e.g., a balloon). The reservoir’s
relaxation is divided into three types depending on the stomach’s digestion
phase: a receptive phase, an adaptive phase, and a feedback phase of reser-
voir relaxation. The first type considers a gentle relaxing of the muscle for
preparing to receive bolus from the chewing and swallowing process. The
second phase begins when the stomach is filled with the bolus; the adaptive
relaxation prolongs the storage functionality until the chyme is transferred out
to the duodenum through the pylorus. The feedback phase contributes to the
emptying of the chyme. The intestine feedback is adjusted continuously with
the chyme’s emptying to ensure complete successful digestion. The feedback
process includes both the gastric reservoir and the gastric pump [4]. Another
way to explain the motor functionality of the reservoir is by sinusoidal tonic
contractions of the fundus. The role of tonic contractions has not fully estab-
lished, but it is believed to improve the gastric pump’s digestion phases by
narrowing the lumen via tonic contractions [35].

Gastric Pump Functionality

The gastric pump is where the Antral Contraction Waves (ACW) starts from
the pacemaker (distal corpus) and moves down till it ends in the pylorus gate.
The contraction waves are produced by electrical pacesetter oscillations of
Interstitial Cells of Cajal (ICC), which are dominantly located in the stomach
and small intestine muscle membranes. The frequencies of these oscillations
differ between species. However, in a human stomach, there are three cycles
per minute (3 cpm) [32, 34, 36]. Each full-cycle starts in the proximal stomach
and ends in the pylorus with 20s intervals for the following cycle [1, 4, 35].

Like the reservoir part, the stomach pump’s functionality is also differentiated
into three phases; propulsion, emptying and mixing, and a retropulsion and
grinding [4]. The three phases work in sequence. The propulsion phase
transfers chyme from the stomach’s proximal part to the terminal antrum by
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FIGURE 2.3: The motor function of the gastric pump can be
divided into three phases during propagation of the peristaltic
wave: A: a propulsion phase over the proximal antrum, B: an
emptying phase over the middle antrum, C: a retropulsion and

grinding phase over the terminal antrum [4].

a propelling movement (peristaltic). The emptying and mixing phase starts
when the chyme is received in the middle antrum; then, the pylorus valve and
the duodenum open slightly enough to empty the liquid and chyme. While the
ACW is not near to the pylorus, the emptying is provided by a swept action
with no pressure forcing the emptying. This action allows smooth transfer
for liquids and small-sized digested particles, while it also returns large
particles to the terminal antrum for further mixing. After sufficient chyme
has been swept to the small intestine, the third phase starts by the occlusion
of the pyloric valve with a contraction of the terminal antrum. The antrum
contraction produces retro-jet (retropulsion) pressure on the big particles that
did not pass through the pyloric gate. The applied pressure empties the
terminal antrum from the remaining chyme and grinds the particles [4, 35].
Those three phases occur in the gastric pump by the influence of the peristaltic
waves, as shown in Figure 2.3.
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2.1.3 Medical Approaches for the Stomach Analysis

The stomach is a GI organ providing digestion, storing, emptying, and absorb-
ing some nutrition when needed. Regarding this single organ’s multifunction-
ality, medical examination methods involve many techniques investigating
the stomach in-vivo either by specific or multifunctional means. The contrac-
tion of peristaltic waves, for example, is a broad role that requires particular
methods for investigating those contractions. The importance of researching
the medical techniques is to provide an insight into the available technologies,
since some of the techniques may be required for examining the proposed
robot in a later stage. Two parameters are involved as a part of this research:
gastric geometry and gastric motility

Computed Tomography (CT) [37], and Magnetic Resonance Imaging (MRI)
[38] are currently the main techniques used for geometry data conduction.
Their usefulness assists many researchers for the development of an anatomi-
cally realistic stomach shape. The abstracted data from medical devices are
considered the base in this research to produce the proposed robot’s struc-
tural shape and average size. Although MRI is applied to investigate gastric
motility [38, 39], recent research used another technique to describe ACW by
extracting ACW electrical signals invasively.

Recently, EGG signals of the stomach have been used to understand the ACW
in people. This method requires detecting the amplified signals generated by
the smooth muscles of the stomach controlled by ICC. Current studies of the
ACW of human and porcine gut are conducted by placing electrodes directly
on the stomach’s surface as shown in Figure 2.4 [33, 40–47]. In human trials,
192 electrodes, particularly designed to be flexible, are placed over several
stomachs skin during surgery. These electrodes performed high-resolution
(HR) mapping of the ACW [47]. The result provided the origin, velocity,
amplitude, and cycle of the ACW in a stomach.

The ACW’s origin is found in the greater curvature’s pacemaker area close
to the upper corpus, where the highest amplitude and velocity begin to
propagate with a mean of 0.75 mV and 8.0 mm/s respectively (Figure 2.5) [47].
In this location, the propagation motion increases rapidly and isotropically.
However, signals toward the cardia and the fundus are limited and short.
The pacemaker area ends within 2 to 3s. After that, the corpus area of 60
mm in length reduces the velocity of about 66% and the amplitude by 50%.
In this region, the ACW is generated by a circumferential peristaltic wave
travelling in an organaxial direction to reach the pylorus gate. The pylorus,
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ACWs

FIGURE 2.4: Stomach electrical activity reported from an elec-
trogastrogram at several places from the fundus to the antrum
(A–D) [40]. Antral contraction waves are produced in the pace-
maker area (B) and propagate every 20s distally and circumfer-
entially (dotted lines with arrowheads). At the fundus (A), there

are no signals of contraction wave activity.

which isolates the electroactivity signals, terminates the peristaltic wave as no
electrogastric signals are found in this area [47]. Figure 2.4 shows the places of
the EGG signals on the stomach and the propagation directions of the ACWs.
Figure 2.5 illustrates the stomach motility regarding the EGG signals from an
in-vivo stomach study [47].

More investigation on the ACW abnormality used the same abstracted EGG
method to generate a simulation of an ill stomach with dysrhythmia [46].
This strategy of investigating ACW signals demonstrated essential measure-
ments to the peristaltic propagation velocity, amplitude, and origin, which are
required to develop the proposed stomach simulator’s design and control.

Table 2.2 describes the peristaltic activities of a human stomach. The un-
derstanding of the collected data from medical studies distinctly shows the
following. The area of the pacemaker is occupied by high amplitude and
velocities compared to the corpus area. The corpus has a low amplitude and
velocity. The antrum contraction increases again, yet below the pacemaker
amplitudes and velocities [47]. The signals from EGG studies are directly
correlated with the actual specifications of the ACWs. Several medical studies
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FIGURE 2.5: Propagation of the slow wave contraction in the
human stomach [47].

TABLE 2.2: The mean of gastric amplitude and velocity at the
three anatomical parts. Data were abstracted from [30, 36, 47].

Pacemaker Corpus Antrum

Slow wave 3 cpm 3 cpm 3cpm
Amplitude 0.57 mV 0.25 mV 0.52 mV

Velocity 8 mm/s 3 mm/s 5.7 mm/s

focused on the measurements of the physical geometries of the ACWs. That
is possible through the examination of the stomach with medical devices.

The stomach simulator’s design is based on and inspired by the anatomy of
the stomach geometry. Different medical techniques, such as MRI and CT,
can produce a realistic stomach image from living people. Many scholars
document the shape, volume, size, and wall thickness from scanning many
participants [42, 47, 48]. The stomach’s geometry taken from CT images is
used to establish an anatomically realistic 3D model, as shown in Figure 2.6.
This model can serve this research in designing a stomach robot with realistic
geometry. The stomach average specifications are established, which aid this
research and other related studies.
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FIGURE 2.6: A 3D stomach model from CT image of a patient
[49].

Medical Instruments for Characterising the Stomach Robot

The integration of soft robotics and medical imaging has shown great useful-
ness for related studies. Medical instrumentations provide an opportunity to
investigate the proposed robot actuation, as the robot lumen is treated as a
biological stomach. Such an opportunity is considered for the robot’s perfor-
mance investigation. For example, articulography, manometry, and MRI were
used to extract information about the organ motility. Also, manometry was
used previously on a soft swallowing robot for characterisation and validation
of the robot performance [12]. Videofluoroscopy is another instrument used
to investigate the ACW of a biological stomach [4] and the characterisation of
a stomach robot [9]. A review table of medical approaches for investigating
the soft robot motion is illustrated in Table 2.3.
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TABLE 2.3: Medical approaches for the analysis of soft robot motion [50]. Reprinted by permission from IEEE c© 2016 IEEE.
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2.2 State of Stomach Robots

Researchers in the food industries are increasingly interested in physical
stomach robots. The robots are considered as an in-vivo alternative. The
interest of a stomach robot is to explore the characteristics of the stomach
functionalities. Also, the robot can be a test environment for testing new food
products and drugs. For example, in the food industry, the development
of particular food to specific consumers requires investigation of the food
response in a stomach [51, 52]. The biomedical sector can also benefit from
stomach robots through testing and validating the abstracted EGG signals in a
robot. Another importance of the stomach robot is improving the knowledge
of inventions related to the stomach such as stomach pacemakers [53, 54] and
microendoscopy [3, 55].

The physical models of the stomach robots are usually divided into static and
dynamic gastric models. The static model breaks down the food by digestion
enzymes, while the dynamic model involves gastric motility for mixing par-
ticles. Other robots combined both models. The outcomes of these models
aimed to replicate the full digestion system with stomach juices and the grind-
ing of food particles [5,17,56–58]. The drawback of the dynamic models is the
minimum focus on realistically replicating the ACW of a biological stomach.
Instead, rigid mechanical techniques replicate the grinding motion with rigid
cylinders that do not match the biological organ. Therefore, a gap is found
in this particular area of dynamic stomach robot (excluding the digestion
enzymes), which is more thoroughly investigated in this research.

In the direction of developing a stomach simulator by soft robotics techniques,
the following literature review is on the dynamic stomach robots that mimic
stomach contractions. Several stomach simulators have been produced to
duplicate the digestion of food in a human stomach for the food technology
field [3, 5, 6, 56, 59, 60]. However, the current robots require changes regarding
stomach anatomy and motility. For example, a human gastric simulator is
created to provide the peristaltic contractions of a stomach [5]. The device
consists of a latex layer with a set of rollers placed over the layer. Those
rollers push the layer inward. The indentations generate contractions with a
frequency and pressure similar to a human stomach. However, the amplitude
of contractions and the stomach shape are neglected. The dynamic gastric
model has a cone-shaped stretchable layer utilised to emulate the shape of a
human stomach, as shown in Figure 2.7 [56,59]. The model applies pressurised
water over the stretchable layer to achieve contractions. A cylinder and piston
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FIGURE 2.7: Dynamic gastric model [56].

are coupled to simulate the mixing and grinding functions in a stomach.
Another stomach simulator is TNO intestinal model-1, which consists of two
adjacent glass units and flexible chambers inside the units [6, 60]. The units
provide pressurised water that circles the chambers and pushes the contents
between the two glass units, which leads to the mixing of the contents. Those
robots simulate a biological stomach with unrealistic shapes and actuation,
leaving significant room for improvement.

A silicone stomach model with metal ropes is developed as a test environment
[3]. The contractions on the silicone surfaces are generated by pulling the metal
ropes with motors. This robot used four wires that could be pulled by DC
brushed motors. The wires are divided into four sections along the stomach.
The peristaltic motion was generated when wires pulled continuously. The
robot is proposed for the experimentation of surgical micro-endoscopic robots.
Such an experiment is either performed in animals’ stomachs or static stomach
models. This system’s drawbacks are that the peristaltic wave’s motion is not
comparable with a stomach ACWs, and the motion of pulled wires in just
four sections of the robot’s outer shape is unrealistic. Also, the amplitude and
pressure of contractions are not examined. SoGut is a gastric simulator with
seven soft actuators that simulate peristaltic waves. This robot’s actuators
are described in sections that do not provide continuous peristaltic waves
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TABLE 2.4: Summary of current stomach simulators. D.P. is
digestion phases that occur during peristaltic waves.

Name Geometry type Actuation mode D.P.

TNO Intestinal Model
(TIM-1), 2004 [6, 60]

Rigid body with
flexible wall

Contractions with
pressurised water No

Human Gastric Simulator
(HGS), 2010 [5]

Latex vessel
with rigid rollers

Peristaltic with
rigid rollers No

Dynamic Gastric Model
(DGM), 2011 [56, 59] Rigid body Rigid cylinder No

Stomach simulator,
2011 [3]

Soft body with
rigid actuators

Peristaltic with
rigid wires No

Soft robotic gastric
simulator (SoGut), 2020 [9]

Soft body
actuators

Peristaltic with
soft actuators No

in the robot lumen. Besides, there was no validation on the phases of the
digestion process. Table 2.4 compares five different stomach robots in terms of
the actuation method, body structure, and physical digestion phases during
peristaltic waves.

2.3 Bio-Inspired Soft Robotics

Soft robotics is a multidisciplinary field that provides safe interactions with
living species [13]. The biological inspiration of animals and soft bodies in na-
ture offers the fundamental knowledge for soft robotics [61–69]. Soft materials
similar to those in the starfish, octopus, and elephant trunk are investigated
and mimicked in soft robotics technology [70, 71]. This field aims to find a so-
lution for problems that cannot be solved by current rigid mechanical design.
Bio-mimetic robots propose challenging shapes and designs with many De-
grees of Freedom (DOFs) to mimic biological functions. Soft actuators can be
designed by observing soft natural matters to replicate the functionality [24].
Current applications in soft robotics are mostly in scientific directions, and
few are concerned with engineering applications.

The properties of the stomach motility had been studied by various ap-
proaches such as Finite Element Analysis (FEA) and physical models [11,
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30, 34]. Assumptions overcome specified limitations within these studies.
They suggested that a physical model of soft components would be ideal for
experimentation and testing theories. With the emergence of soft robotics and
stretchable materials technology, the engineering domain is shifting toward
compliant biologically motion-replicating robots. A trial approach for repli-
cating the human organs with such technology has been engaged [8, 14]. For
example, the swallowing robot consists of stretchable materials controlled by
a pneumatic system mimicking the esophagus peristaltic waves, as shown in
Figure 2.8 [10, 72]. The soft robotics field replaces the classical engineering
techniques that are not able to replicate biological motions.

FIGURE 2.8: Bio-mimetic swallowing soft robot [72].

2.3.1 Materials and Actuators of Soft Robotics

This section analyses the materials and soft actuators that are commonly used
in the field. Materials of soft robotics can be distinguished as smart or soft
materials. Those materials require an external actuation source, which can
be an electrical stimulus or pressurised air. The materials with the external
source combined can be specified as a soft actuator. The behaviour of these
actuators and their implementation in soft robotics are also presented in this
analysis. The term ’soft actuator’ is assigned to actuators that are entirely
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constructed from soft material. In soft robotics, a standalone soft actuator can
be distinguished as a soft robot for some applications. In other applications,
a combination of soft actuators can construct a soft robot. In the following
review, materials, soft actuators, and soft robots are explored simultaneously
to simplify the overlapping that occurs in these topics.

Elastomer Actuation

Many soft robotics materials achieve various required actuation and the de-
sired softness. Elastomers (e.g., silicone) are one of the potential materials that
have been widely used in soft robotics [26,27,73,74]. The advantage of this ma-
terial is the compliance ratio and the fabrication method. The elastic property
accommodates the storage of potential energy when it changes from a static
state. The manufacturing method is a mould and cast technique, enabling
the construction of soft actuators with challenging shapes and designs. An
example of a soft robot using elastomers is Octobot [75], which was actuated
by passing hydrogen peroxide over platinum inside the robot channels to
cause a chemical reaction. The reaction provides gases that move the tentacles
of the robots. However, this robot is in a preliminary stage, where the robot
cannot perform a meaningful task.

The jamming technique is another type of elastomer actuators [76]. The
fundamental idea is to jam or unjam granular beans that fill actuator chambers.
The switching transfers a jamming actuator between a hard-state and a soft-
state. The switching states’ influence changes the form of the actuator body
to adapt to the surrounding objects. For example, a grasping actuator with
a jamming technique can adapt to various objects without prior scanning to
those objects [77]. The advantage of these grippers is their ability to adapt to
undefined objects without prior observations.

Another type of actuator is constructed from composite elastomer materials.
In this technique, different types of soft materials with different properties are
combined to achieve more defined motions than uniform elastomer actuators.
We can see this technique in the multigait robot [78], which was made from 2
layers with different properties to force the actuation response in one direction.
More explicitly, composite actuators can be designed to reduce the number of
DOFs, so actuators’ trajectory can be more defined. Also, elastomer materials,
in general, have the capability of adapting to various environments.
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Electro-Thermal Actuation

Smart materials are another material used in soft robotics such as shape mem-
ory alloy (SMA). SMAs are electrically stimulated materials that change their
properties by thermal methods, usually through passing high voltage in the
substance. Similar to SMA, thermo-active polymers are another example of
smart materials. These actuators are used in soft robotics for their large defor-
mation when actuated [79]. Also, these elements produce a high force with a
low strain ratio [65, 80]. SMAs have been used in the form of typical springs
or coils that provide contraction motion as a resistance to heat when voltage
applies [14,69,70,81,82]. The spring’s design could generate peristaltic motion,
provided by making sequence phases of contraction and relaxation [25]. The
coil type generates pulling power towards the centre when electrical current
passes throughout the coil. The disadvantage of such materials is the nonlin-
earity produced by electrical change resistance and related temperature [27].
Also, SMA coils require a high voltage for actuation, promoting electricity-
related hazards, especially in wet experimental conditions. Since the actuation
is related to thermal properties, the deactivation phase is slow as influenced
by the high storage of heat in SMA devices. This drawback limits the overall
actuation speed.

Electro-Active Actuation

The third material is the Electro-Active Polymer (EAP), a smart material
requiring less power with no heat storage, unlike electro-thermal actuators.
EAPs are commonly used for artificial muscle applications. This material can
be an actuator as well as a sensor in a robot [71]. The stress/strain relation in
this material is within the high tolerance materials [80]. This material motion
is generated from an electric field. There are two classes of EAP: ionic and non-
ionic polymers [83]. Ionic Polymer-Metal Composite (IPMC) is an example of
the ionic polymer. This material can be used as a flexible actuator that can bend
with nominal voltage [84,85]. A worm-like robot had been developed from
IPMC material [86]. The drawback of this material is the difference between
the actuation voltage and the sensing voltage [87]. The other type is the non-
ionic polymer, which produces significant strain energy with faster response
time compared to the ionic polymers, but by increasing the voltage [71]. An
example of a non-ionic polymer is a dielectric elastomer, which provides
high compliance with low-density [88]. The dielectric polymers’ operation
is high power in silent action, yet require a high voltage [65]. One of the key
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challenges in this material is reliability. To enhance the reliability in such
actuators requires the construction of multiple layers of dielectric polymers
in one soft actuator [89, 90]. This layered design improves the torque and
power masses of the actuator [91, 92]. Another use of this material besides an
actuation is the self-sensing ability (deflection sensors) [93]. However, EAP
has a limited motion range. For that, they are mainly designed to provide a
simple actuation [79].

Soft Pneumatic Actuators

The combination of inflatable cells and pneumatic systems formulates Soft
Pneumatic Actuators (SPA). Many soft robots are driven pneumatically by
inflating sealed compliant chambers such as SPAs [14, 29, 94, 95]. This method
is vastly used across the soft robotics field [13]. The inflatable cells are usually
produced from silicone elastomers, while a pneumatic system can be simple,
such as syringes, or an advanced system like electro-pneumatic valves. The
advantage of this type can be seen in the significant deformation and high
forces generated by the inflation of pneumatic chambers as an effect of applied
pressure [65]. Pneumatic systems can be operated in various environments
due to air as a source of actuation. The drawback of pneumatic actuators
is the high power consumption and noisy operation, using pressurised air
and electro-pneumatic valves. However, this drawback does not affect the
performance of these versatile actuators.

There are many examples of using SPAs to generate large deformation for
actuation [96, 97]. A typical SPA system is a Pneumatic Artificial Muscle
(PAM) that uses an inflatable chamber method; they are the first soft actuators
developed in the 1950s and known as McKibben artificial muscles [98]. PAM
muscles contract when pressure is applied to the actuators. These muscles’
softness provides usefulness regarding interaction with human and soft ob-
jects [28,99,100]. McKibben actuators are used to mimic the muscles of animals
limbs [101]. An active sleeve that is surgically planted around the heart to
assist the weak heart to pump was designed from PAMs with a modified
McKibben technique, as shown in Figure 2.9.

Another SPA method can be accomplished by embedding inflatable cells in
an elastomer body. The inflatable cells are designed in the required shape so
that the trajectory of the actuation responses are estimated [71, 103]. Systems
in soft robotic that include inflatable chambers could directly deform when
pressure applied [26, 29]; such actuators are simple to design and actuate. For
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FIGURE 2.9: Pneumatic heart actuator using PAMs method [102].

example, the tentacles robot is developed to generate 3D operation controlled
by micro-pneumatic chambers [74]. However, to achieve precise and con-
trolled actuation, advanced chamber designs involving composite materials
may be required to obtain the goal. For instance, a tubular SPA is reinforced
with a wrapping pattern of fibre wires, so the reinforced actuator response is
influenced by the designed patterns [104]. This technique alters the DOFs of
soft actuators. While linear SPAs extend linearly by one DOF, pneumatic arti-
ficial muscles are examples of linear SPAs that compress [105, 106]. However,
it is challenging to design a miniature linear SPA with a high displacement.

Linear Displacement of SPA

Soft robots accomplish a delicate and flexible interaction with objects by using
soft actuators that mimic biological behaviour [13]. Artificial muscles are
soft linear actuators that replicate skeletal muscle fibres in a human body.
The applications of artificial muscles are found in many disciplines, such as
industrial actuators and rehabilitation practices. Artificial muscles have the
properties of linear actuation, high displacement, and excellent performance.
Inspired by skeletal muscles, researchers develop SPAs that generate linear
motion [107]. Pneumatic artificial muscles, as an example of SPAs, compress
axially and expand radially [105, 106]; however, the radial expansion is unde-
sirable for small applications and environments, especially when multi-SPAs
are adjacent. In that case, an inspiration for designing an SPA without radial
expansion can be found in smooth muscles that provide circular peristaltic
contractions located in the human digestive system. The emulation of smooth
muscle contractions is overlooked in soft robotics [16], although such con-
tractions can be used in many applications such as stomach simulators [9]
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and gripping objects [16]. It is challenging to provide an axial displacement
without radial expansion.

Researchers proposed different methods to obtain a linear displacement from
SPAs without radial expansions [81, 99, 108, 109]. The methods can be divided
into two main techniques: fibre-reinforced actuators [110,111] and elastomeric
origami actuators [15,112]. A fiber-reinforced actuator consists of a pneumatic
bladder wrapped with fiber wires, and the arrangement of fiber-reinforcement
specifies the output motion during inflation. The extension of such an actuator
achieves slight axial expansion or contraction of the original size. Thus, fibre-
reinforced actuators are not used for a large linear expansion [113]. The
elastomeric origami actuators consist of a pneumatic chamber and a patterned
sheet (e.g., paper or fiber) embedded. The sheet is folded as a 3D structure [15].
It can be challenging to reliably manufacture large quantities of origami sheets
less than 10 mm in size. Origami-based actuators obtain a large displacement
in response to pneumatic inflation [112]. The origami technique is viable
for large linear displacement actuation if a practical fabrication method was
obtained for miniature actuators.

Comparable to the origami actuation, silicone bellows provide a linear dis-
placement via retractable folds, while ignoring the radial expansion. Unlike
origami, the fabrication of miniature bellows is possible by an injection mould-
ing technique. Soft robots that use bellows are mainly designed for bending
motion as a joint [114] or as a micro-bellows gripper [115]. The design of both
actuators cannot be implemented for a linear SPA. However, a modification to
bellows design can achieve linear displacement without radial expansion.

Constrictive Deformation of SPA

In soft robotics, most of the developed actuation is either linear displace-
ment or a bending motion that accomplishes various tasks, as discussed
above [13,15,81]. In nature, there are complex morphologies that have not been
investigated intensively, such as the contraction of human organs [47]. The
constrictive motion of organs such as the esophagus and intestine were inves-
tigated to provide a soft ring actuator that mimics their contractions [12, 116].
Different methods and materials were used to construct such actuators, but
the SPA method is widely used in this perspective. The developed ring actua-
tors were designed to create a radial contraction when actuated. For example,
Dirven et al. constructed a tubular SPA to simulate the contraction of the
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esophagus [12]. The air cells of this SPA inflate to produce an internal occlu-
sion when pressurised. The investigation of a human stomach’s contraction is
overlooked; as the stomach’s shape is different from the esophagus and in-
testine, the soft actuators developed for those organs might not be applicable
for a stomach robot. However, the esophagus and intestine actuators’ concept
inspires the development of a soft robotic stomach simulator.

The challenge toward developing a stomach robot is highlighted by develop-
ing soft ring actuators that contract similar to a human stomach. Few investi-
gations have been carried out to emulate and examine the radial contraction
by soft actuators. From an engineering aspect, this constrictive deformation is
observed as a radial contraction of a stomach segment. This form is unusual
and challenging to produce with current robotics techniques. Dang et al.
created a ring actuator for gripping applications [16]. The soft actuator was
modelled and validated, which achieves 25% of the occlusion ratio. Such an
actuator can be investigated in this research.

2.3.2 Development of Soft Robotics

Soft robots are commonly designed to accommodate a specific performance
for particular applications. Unlike conventional robots, soft robots have no
typical elements that can be obtained to construct a robotic device. The
absence of guidelines and regularity in the components of soft robotics leads
to design challenges. In response to these design challenges, limited research
has supported soft robots’ development in design, fabrication, and modelling.
Harvard University developed an open-source platform called "soft robotics
tool kit" that publishes a step by step guide for several soft robotics projects.
Those projects can guide recent researchers in the field.

Most of soft actuators and robots require an actuation source to be able to
perform a meaningful actuation. The actuation source should be included
in the design of soft robotics applications. The actuation source is usually
made from rigid materials such as electro-pneumatic systems and power
supplies. Those components operate soft actuators, so they are tethered to
them. There are a few robots that have untethered components. In this context,
untethered means the actuation source is assembled within the robot body
as a whole. This method does not eliminate the bearing of rigid parts in the
soft robot. An untethered soft robot was developed in a small body to mimic
an octopus (Ooctobot) [75]. As explained earlier, the octobot was unable to
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achieve practical functions. Therefore, robots with tethered components have
more access to a variety of actuation sources.

Fabrication of Soft Actuators

Soft robots that use elastomers such as silicone are usually fabricated by
combining two parts before moulding processes. The mixing step of the
two parts adds unwanted air bubbles into the mixture. These bubbles create
defects in the parts. A vacuum is usually used to remove the bubbles from the
mixture before curing. Moulding and casting technique for a single part is the
most common design for elastomeric soft actuators. However, for advanced
designs, multi-step moulding is required [117]. As elastomer mixes are in
a liquid form, multi-moulding parts may present some leakage. A silicone
glue can provide adhesive between the moulded parts and fill the gaps to
prevent leakages. When more challenging designs are demanded, multi-parts
are fabricated separately and then glued together [118]. An intricate actuator
design can be seen in a hollow spherical shape. The multi-parts method’s
drawback is the heterogeneity of the output actuators with different material
properties, unless using a glue with the same material properties. The easiest
method of fabricating complex shapes is by designing a multi-layers mould
that can be disassembled and removed after the materials’ curing.

Another fabrication method for soft robotics is soft lithography. It is more
advanced than moulding and casting technique and can be employed for
a nano-fabrication [119]. Elastomer is also employed in this method. As
lithography is performed autonomously, it can create complex soft actuators
with high accuracy. Multigait robot is an example of using this method to
develop a sophisticated robot [78].

When a soft actuator’s demanded response requires fewer DOFs than the
actual response, the actuator structure can be modulated in specific spots.
This method manipulates the resultant actuation. The modulating of parts is
performed by implementing reinforcements to the actuators. The reinforce-
ment can be done by changing the material stiffness via forming a composite
actuator where deformation is not desired [120]. Another way is by wrapping
the actuator with fibre in a pattern to guide the deformation, though this
method is time-consuming with varied quality results.
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Modelling of Soft Actuators

The modelling of soft actuators enhances its controllability and defines its
behaviour. Soft Robotics system modelling is a challenging task, mainly due to
the absence of first-principles theories that can explicitly represent soft robots’
deformations during actuation. A possible strategy to solve this problem is
to consider soft robots as rigid actuators and implement rigid robot theories.
A soft layer that vibrates can be modelled as a lumped dynamic method by
a spring-mass-damper system [121]. The simulation of such a model has
a good agreement with the result of soft actuators. However, the model’s
performance is unlikely to be in high accuracy due to the approximation and
estimation of soft actuators with rigid theories. The multi-DOFs of soft mate-
rials present difficulties in the evaluation of the deformation of soft actuators.
The large deformation, for example, creates nonlinearities for almost all soft
actuators. The nonlinearity adds more challenges to the modelling of soft
actuators. Several methods were implemented to overcome the nonlinearity
issue through statistical learning theory. The support vector machine is an
example of such a method [122].

Finite element analysis (FEA) is proposed to handle soft robot nonlinearities.
FEA is a process that can be used to investigate the deformation of soft
robots through software. Various soft robotics investigations have performed
this method [123–126]. FEA simulations are beneficial for managing the
fundamental design of soft robots to produce sought movements. Goury
et al. introduced a fast FEA method that reduces the computational time,
though this method is suitable for a single chamber design with a uniform
material [127]. When the design of soft actuators has a complex geometry, it
reduces FEA models’ accuracy. Another modelling method is achieved by
calculating quasi-static states of deformation [16]. This method provides a
powerful tool that describes the deformation of soft matters [128]; however, it
requires a slow speed of actuation [16].

Linearising an actuator deformation can simplify the modelling of an actuator
by linear modelling techniques. For example, the estimation of soft robotics
materials as a viscoelastic material is applicable. Elastomers in soft robotics
such as silicone rubber can be regarded as a viscoelastic material, as suggested
by Case et al. [129]. The material presents a continued increase in displacement
upon constant loading (creep). A constitutive equation represents such creep
with time as a variable [130]. A linear viscoelastic model can be introduced to
predict the displacement of a soft actuator.
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Control of Soft Actuators

The soft robotics control system is challenging to design because of the high
nonlinearity of soft robot behaviour. Also, the absence of established models
of soft robots increases the challenges of accurate control strategies. Therefore,
the design of control systems in soft robotics is specifically intended and influ-
enced by soft actuators’ actuation outcomes. There is no general practice to
create an adequate control system due to the wide variation of soft robots. An
open-loop control system with inflatable chambers is a widely used technique
in soft robotics. For example, a simple switching with a designed pneumatic
valves pattern can achieve the desired behaviour from soft actuators. An
example of an advanced open-loop system is artificial neural networks, which
are executed to control a soft actuator [131]. A closed-loop control system is
possible for soft robots when those robots are equipped with sensing capa-
bilities. The sensory system in soft robotics is a vast topic that is still under
progress. The achievement of accurate motion control is challenging in soft
robots. The nonlinearities characteristic in soft robotics and the shortage of
reliable system models are some of the control challenges.

For control modelling in the soft robotics field, various strategies were exam-
ined, including continuous models (FEM and FDM) [132], machine learning
techniques [133], or discrete elastodynamics models that represent the actua-
tors based on strain-stress perspective and lead to partial differential equations
(PDEs) [134]. In the control designing view, FEA methods are challenging to
turn into a state-space form. PDEs are also very complicated compared to
ordinary differential equations (ODEs) [135]. PDEs rely on multiple indepen-
dent variables and need some techniques like early-lumping or late-lumping
to be used in control systems. However, ODEs are much simpler and rely on
a single independent variable, while there are many suitable control designs.

2.3.3 Sensory System for Soft Robots

The sensory system is one of the critical challenges in soft robotics technology.
The deformation occurs on the soft material is multi-DOFs, which provides
complexity in measuring the strain. The challenge lies in which method of
measurement to use and what deformation is needed for measurement. Soft
robotic sensors provide methods to quantify the stretchability of the soft mate-
rials [136]. Such methods can be narrowed into two types: stretchable sensors
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and vision systems. The deformable sensor is an expected solution for de-
formable materials which provide sensory feedback system [137]. Stretchable
sensors are embedded in soft materials for direct interaction. Felt et al. [114]
propose an inductance-based sensing system for bellows-driven joints. This
system’s drawback is the calibration for many SPAs and the high displacement
error of 1.3 mm. Another example of these sensors can be found on artificial
skin. The development of such a sensor requires a microchannel that could
be filled with conductive materials such as EGaIN [138]. Another applica-
tion uses artificial skin to develop sensory feedback for strain [73]. Artificial
skin has excellent potential as a sensory system, yet, it is in the preliminary
stage. The reliability and consistency are some of the drawbacks of artificial
skin [139]. Stretchable sensors influence the performance of soft actuators as
they are directly attached to the deformable surfaces.

Vision systems are more established in their first principles than stretchable
sensors, and they provide precise measurements for a variety of applications
[140]. For example, motion capture systems are widely used to obtain robots’
movement with high precision. However, some vision systems such as laser
sensors and through-beam sensors are incapable of operating with enclosed
robots such as the esophagus and soft stomach robots [12]. Those sensors’
large sizes make them challenging to use with small actuators as they require
a small sensing environment. This obstacle can be solved by embedding
miniature vision sensors inside soft actuators, though this method is ignored
in soft robotics.

Thien et al. tested a gesture sensor to measure the distances of pigmented
silicone [141]. Accurate sensor readings are measured from a static soft layer
between 15 to 25 mm. The results prove the viability of using an Infrared
Sensor (IR) sensor with soft materials. The minimal size of IR sensors is an
essential characteristic for small sensing environments, while other sensor
types such as ultrasound are not suitable for this application for their large
area. Using IR sensors with soft actuators reduces the time and cost of design-
ing soft sensors. The sensor adds no strains on the deformable surface, which
measures the displacement from the inner cavity, making it an ideal sensor for
inaccessible deformable surfaces. The validity and capability of embedding
an IR sensor in a soft actuator are examined in this work.



2.4. Conclusion of the Literature Review 39

2.4 Conclusion of the Literature Review

Three topics were discussed in the literature related to developing a soft
robotic stomach simulator: basic stomach anatomy, the state of stomach
simulators, and the soft robotics field. This section concludes the literature to
summarises the potential practices for the development of the soft robot.

The human stomach’s basic anatomy was summarised from the literature
review regarding the average size, shape, motility, and digestion phases. The
size and geometry were abstracted from MRI scans to form a 3D model. The
human stomach’s motility was also identified from different studies such
as EGG signals abstractions and photo editing techniques with MRI scans.
Both methods had similar average results on the behaviour of the ACW. The
development of a soft robotic stomach simulator in this research followed the
medical literature review on the stomach’s geometry and motility.

The investigation of the current stomach simulators usually led to food tech-
nologies, where they benefit from such a robot for their experiments. Currently,
most state-of-the-art stomach simulators were made from rigid parts, and
they do not resemble the stomach motility, as mentioned in the medical liter-
ature review. This gap encouraged researchers to develop stomach-like soft
robots. Few robots were found with either geometry or motility comparable
to the human stomach, and they ignored the functionalities of the digestion
process. In response to this gap, this research promoted a soft robotic stomach
simulator that imitates the human stomach motility, geometry, and digestion
process via soft robotics techniques.

Soft robot development was usually the result of the translation of nature’s
movements to an engineering perspective. This method was applied in this
work by observing the human stomach’s contraction and translating such
movement to actuation with soft actuators. Throughout the soft robotics
literature review that had been analysed, only a few soft robot techniques
had shown possible actuation methods that can be adapted to the soft robotic
stomach simulator. Also, many challenges faced the design and modelling
of soft actuators. Soft actuators were usually associated with sensors for
monitoring the movements and for feedback control systems. An appropriate
sensory system necessitated using the right sensing technique on proposed
soft actuators to achieve adequate results.
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Chapter 3

Concept and Specification of the
Stomach Simulator

The concept can be novel either because it is an entirely new design or be-
cause it is an improvement on existing methods related to this topic. Further,
the stomach robot specifications and modelling provide the fundamental ap-
proach to the actuator concept and design. In this chapter, the specifications
of stomach geometry and motility are presented. A stomach model was estab-
lished, having been generated from Computer-Aided Design (CAD) software
using a stomach blueprint used from a 3D model constructed from Computed
Tomography (CT) images. Potential concepts were investigated to provide
soft actuators that can act over the developed stomach model. This chapter
aims to develop a concept for an entirely soft robot that imitates the human
stomach contractions.

The literature review reveals that the soft robotics field is highlighted by
incorporating bio-inspiration of organic matter to soft actuators. This field’s
technology was applied to develop a soft robotic stomach simulator that can
contract similar to a human stomach. In soft robotics, many deformation
patterns were shown in the literature. However, it can be narrowed down
to a few actuation patterns related to stomach deformation. The following
discusses a human stomach’s specification, which is required to simplify the
organ motility and geometry to translate to the engineering context. From that
simplification, the human stomach’s average size was constructed to be the
core of the proposed soft robot. Then, actuation methods were investigated on
the core to realise the deformation of the robot. One of the proposed actuation
methods was introduced as a concept of soft actuation that might provide
contractions.
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3.1 Specification of the Stomach Simulator

The anthropomorphic engineering design can be achieved by forming simpli-
fications of the biological system [24]. The simplification of a stomach to the
development of a stomach simulator has three aspects, as follows:

• The structure of the human stomach as a hollow compliant organ

• The mode of the stomach motility with a low-frequency wave cycle

• The contraction rate of the Antral Contraction Waves (ACW)

There is no typical geometry of the actual human stomach, and the geometry
varies from one person to another, influenced by the condition of the surround-
ing organs, the position of the body, and the amount of food ingested [48].
However, the human stomach’s average capacity is 1 L, and the average size
is about 100 mm at the widest point at the upper fundus. Its greater curvature
about 340 mm long and has a pyloric valve of about 12 mm [11, 142]. Those
specifications are summarised in Table 3.1.

TABLE 3.1: The specification of a robotic stomach simulator.
Citation sources are added next to the quantities.

Property Quantity

ACW lifespan ≈ 60 s [39, 142]
ACW cycle ≈ 3 cpm [39, 142]
ACW average speed ≈ 2.5 mm/s [39, 142]
ACW occlusion ratio ≈ 0− 80% [11]
ACW contraction width ≈ 8 to 20 mm [39]
ACW antral pressure ≈ 45 - 75 mmHg [17]
ACW pacemaker from pylorus ≈ 150 mm [11, 48]
Stomach widest diameter ≈ 100 mm [3, 11]
Stomach pyloric valve diameter ≈ 10-15 mm [11]
Stomach average volume ≈ 0.35-4 L [4, 142]

The ACWs traverse with increasing contraction at an average speed of ≈ 2.5
mm/s with a continuous rhythm from the pacemaker (initiation) to the pylorus
(termination) within three cycles per minute. The occlusion ratio starts shallow
and increases gradually up to 80% at the end of the contractions, where the
stomach diameter is about 50 mm. The characteristics of the geometry of
ACWs concerning their distance from pylorus had been investigated [39]. The
average amplitude of ACWs is 8 mm, and the average width of ACWs is 10
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mm when the contractions are near the pylorus [39]. The specifications of
ACWs expected for the stomach robot are presented in Table 3.1.

The gastric pump, where the ACW movement occurs, shows the most chal-
lenging part of the stomach compared to the tonic contractions. The me-
chanical deformation of the gastric pump can be described as a decrease in
circumferential diameter. These circles are along both stomach curvatures
from the pacemaker until the pylorus, as shown in Figure 3.1. Note that in
this figure, the stomach is divided into six zones (A-F) as follows: fundus (A),
pacemaker (B), proximal antrum (C), middle antrum (D), terminal antrum
(E), and pylorus (F). This splitting follows the biological example in Figure
2.4, where four zones were specified (A-D). The difference in this model can
be seen in zones (B-C) as they are divided out from zone (B) in Figure 2.4.
Also, zone (F) is added to represent the pyloric valve. Adding zones in the
specification allows a more straightforward understanding of the ACWs and
easier simulation of the stomach motility in a later stage. The six zones fol-
lowed the gastric motility specification specified in the literature review and
summarised in Table 3.1.

L = 15 cm
The length of the ACW from initiation to termination

3 CPM

C

D
E

Pylorus

A

B

F

- The tonic occlusion ratio:
Zone A ≈ 0 – %

- The pacemaker occlusion ratio:
Zone B ≈ 0 – %

- The ACW occlusion ratio:
Zone C ≈ 0 – 40%
Zone D ≈ 40 – 80%
Zone E ≈ 80%

- The pylorus occlusion ratio:
Zone F ≈ 0 or 100%

20

20

FIGURE 3.1: The motility specifications of an average human
stomach for the conceptual design of a stomach simulator.

Adapted by permission from IEEE c© 2016 IEEE.

As stated in the literature review, the tonic contractions located in the fundus
are not correlated to the peristaltic waves, and those contractions are not fully
established. The fundus is estimated to have a constant movement over the
zone to support the gastric pump’s digestion phases. The occlusion ratio is 0
to 20%, and the contractions have a life cycle of 3 cpm to be synchronised with
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the ACWs. The pacemaker region (where ACWs start) shows high amplitude
as abstracted from EGG signals, though the contractions are semi-circular,
where it lasts from 2 to 3 seconds, and the estimated occlusion for zone B is
20%. The contractions progress distally from the pacemaker to develop full
circumferential contractions in the proximal antrum (zone C). The contractions
in this zone are slow and shallow, estimated between 0 to 40% [11]. Then, the
contractions are continuously increasing in the middle antrum to reach 80%
of the occlusion ratio. In the terminal antrum (zone E), the contractions are
fast and high, with 80% of the occlusion ratio. Those contractions patterns
are repeated simultaneously. The outcome of the contractions is the three
digestion process that is discussed in the literature review. Zone (F) simulates
the pyloric valve switching between open and closed states correlated with
the digestion process.

3.2 Proposed Concept of the Robot Actuation

3.2.1 Identification of the Soft Actuator

The human gastric system achieves its peristaltic wave by circular constric-
tions of soft deformable tissues that consist of longitudinal and circumferential
smooth muscles. The existing technique of the stomach robots, containing
rigid components, was unrealistic compared to that in the biological system.
The aid of the soft robotics filed provides solutions such as compliant actu-
ators. Such solutions are promoted to improve the quality and technique of
biologically-inspired actuators.

There are a variety of actuation methods in the soft robotics field that obtain
different deformations. Merging these methods in this research result in a
significant output. From the literature review (Chapter 2), three deformation
methods were suitable for more investigation. The first approach was the
Shape Memory Alloy (SMA) [13] as a circular actuator that deforms during
voltage cycles. This material has a limitation on the applied force, high
voltage, and performance reliability. The second system was the jamming
skin technique [13], which was a possible option that creates deformation on
a soft surface by jamming and unjamming the required segments of interest.
This method’s difficulty is in the design complexity, especially for a tubular
robot with embedded jamming cells. Also, it was less mature compared to
other methods. The third method was pneumatically actuated chambers
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that inflate to a designed deformation, such as the esophagus soft robot [10].
The challenges in this method lie in the uncertainty and nonlinearity of the
resultant deformation. However, this system was the most used method for
biologically inspired soft robots [13,14]. Therefore, in this research, deformable
elastomers with pneumatic systems were more explored to obtain the soft
robotic stomach simulator design and actuation.

The concept proposed was to develop a soft stomach body with a realistic
shape and size from stretchable materials. The body had embedded circular
pneumatic chambers in a series that deform perpendicularly to the stomach
body’s median curve. A pneumatic system provided the chambers deforma-
tions. The deformation’s geometry followed the specification of the ACWs, as
explained in the previous section.

3.2.2 Materials of the Soft Actuator

The materials of soft actuators are inspired and presented by bio-mimicking
nature substances. Because the materials range is extensive, the selection
of materials required the engineering properties domain’s approval. The
muscles and tissues in the biological stomach contain highly compliant matter
with low tensile modulus. The materials of soft robotics provide promising
solutions for mimicking stomach muscles’ behaviour.

The medical specification from the human stomach regarding maximal stress
and the damaging strain relationship in axial specimens is about 0.7 MPa
and 190%, respectively [143]. In response to the conducted medical data,
the mechanical design materials’ properties were expected to exhibit similar
performance. Therefore, a minimum condition was that the required materials
should exhibit tensile stress over 0.7 MPa and a failure strain exceeding 190%.

One of the proposed materials that would accommodate the device build was
platinum catalysed silicone that cures at room temperature with a variety
of shore A hardness grades. This material had been tested in many recent
prototypes, which have proved the compatibility of such a motive [8, 10].
These materials provide a strain failure, which exceeds a maximum of 900%,
as mentioned in the manufacturing specification. This high tensile strain
allowed a successful interaction of the soft rubber with a pneumatic system to
resemble the stomach’s body.
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3.2.3 Method of the Actuation

The goal in modelling was to develop a soft actuator that responds to pneu-
matic forces and behaves with displacement like stomach motility. The experi-
mentation on various models was required for analysing the concept of the
ideal model. The static examination was conducted for the geometrical layout
with the actuation nature of circumferential deformation, made from a range
of diameters. These diameters represent the stomach shape. The stomach
structure was transformed into a series of rings that simplify the layout and
provide more understanding for applying a suitable actuation method. Figure
3.2 shows a 3D stomach model constructed with a series of rings.

FIGURE 3.2: Modelling the stomach robot in a ring method. c©
2016 IEEE

During the actuation of the soft stomach robot, the pneumatic circumferen-
tial chambers were related to their adjacent cells during deformation. This
relationship was explained by the stress/strain behaviour of soft materials.
A series of testing simulations were needed to be studied to finalise the de-
sign and actuation method, thereby producing a model comparable to the
biological stomach propagation waves.

Several steps were suggested to be followed during the modelling process to
provide a feasible target model. Firstly, the FEA simulation support enhances
the actuator modelling for more feasibility of the actuator design. Time
consumption is a big challenge in such software, which leads to consideration
toward simplifying the model design. Also, the simplification of the actuator
design is beneficial to minimise the obstacles in the manufacturing process.
Trials were then pursued in an FEA environment. From these analyses, a final
model that exhibits the above conditions was developed.
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3.3 Concept and Design of the Stomach Model

The establishment of conceptualisation for a biologically-inspired soft robot to
achieve a physical model that emulates the ACW mechanism observed in the
human stomach is proposed here. The complexity of a human stomach can be
seen in the significant trajectory and geometry challenges. The mimicry of the
motility process required simplifying the ACW by segmenting the robot to
a set of zones similar to the biological approach, as discussed in the medical
literature (section 2.1.2). In the fabrication method, these segmentations could
combine to result in a full soft robotic stomach simulator. The segmentation
method also provided a more careful examination of the actuator design,
occlusion ratio, and control. The development of this method faced many
obstacles, such as the multi-DOFs of deformations. The multi-DOFs resulted
in the complexity of modelling and understanding of the process. The soft
robotic morphology investigation was highly related to this research and,
therefore, was intensively examined.

FIGURE 3.3: Concept and design progress workflow. c© 2016
IEEE
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3.3.1 Anatomical Design of the Stomach Conduit

The concept of the anatomical layout had to replicate a realistic human stom-
ach’s shape. This concept led to an extensive investigation of a human stom-
ach’s shape, size, and volume (section 3.1). The geometry used in this work
was the estimated average size of a human stomach (Table 3.1), as there are
no typical geometries that apply for individuals.

One of the essential designing aspects was the repeatability of the result.
This aspect provides the ability of a redesignable model. Several methods
had been investigated to draw a realistic stomach shape. These methods
applied two different software systems, Creo auto CAD software (PTC), and
Matlab. The first method was obtained by plotting a two-dimensional (2D)
anatomical stomach picture in Matlab, then converting the RBG image to
black and white (0 or 1) for border recognition of the stomach shape. The
borderlines resembled both curvatures of the stomach, and from them, the
median curve was plotted. However, the median curve was unsuccessfully
plotted because of the differences in the stomach two curvature lengths, which
led to an interpolation process to overcome the missing points in the median
curve.

The second method was introduced to use a three-dimensional (3D) file of
an anatomical stomach to skeletonise it in Matlab. This method was broadly
employed by medical investigations of the scanned human body. The result
was better than the first approach, yet it was not satisfactory as the median
curve is not fully recognised (the beginning and the end) by calculating the
skeletonisation system. More modification to the 3D skeletonisation library
can be achieved for a better result but beyond this research scope.

The third approach was to plot a 2D human stomach into Creo software. The
2D model was taken from the medical literature, constructed by scanning par-
ticipants with a CT to extract the stomach geometry [49], as shown in Figure
2.6. The model was plotted in CREO as a blueprint for drawing the outer
curves. After that, perpendicular lines were arranged in sequence between the
drawn curves for recognition of the midpoints. A third curve was provided
as the median curve of the midpoints. For repeatability reasons, polynomial
equations presented the curves by plotting those curves in Matlab and ex-
tracted the polynomial by the curve-fitting function. Also, using a curve fitting
tool in MATLAB to generate polynomial equations without extrapolating or
interpolating the curves reduced the fitting error and subsequently provided
polynomial equations representing the stomach 3D model. Therefore, these
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equations were used as the base of the proposed stomach robot model. The
first Eq. (3.1) represents the upper curve, and the second Eq. (3.2) represents
the middle curve. Both equations are plotted in Figure 3.4.

f (x) =((1.42 ∗ 10−11) ∗ (x6))− ((1.09 ∗ 10−9) ∗ (x5))− ((6.6 ∗ 10−7) ∗ (x4))

+ ((4.23 ∗ 10−5) ∗ (x3)) + ((0.008) ∗ (x2))− (0.38 ∗ x) + 19.17
(3.1)

f (x) =((5.2 ∗ 10−12) ∗ (x6))− ((4.53 ∗ 10−11) ∗ (x5))− ((2.04 ∗ 10−7) ∗ (x4))

+ ((1.59 ∗ 10−6) ∗ (x3)) + ((0.004) ∗ (x2))− (0.05 ∗ x)− 21.87
(3.2)

After using both of the Eqs. (3.1, 3.2) in CREO software, the median curve’s
length was controlled by defining the value of x in mm. This model required a
median curve length of about 30 cm (an average human stomach length). The
values of x in the middle curve was then−128.50 > x > 145 and for the upper
curve was −125 > x > 145. By plotting the polynomial equations with the
specified values of x, the result is smooth curves that represent the anatomical
stomach from the lesser curve and the middle one, as shown in Figure 3.4.

FIGURE 3.4: Polynomial equations plotted in CREO software
that represent the middle (Eq. 3.2) and upper (Eq. 3.1) curvatures

of the stomach. c© 2016 IEEE

After that, it was possible to divide the median curve into 10 mm segments
each by plotting datum points equally. With respect to Figure 3.5, perpendicu-
lar planes were plotted to the median curve. The plotted planes provided a 3D
environment, which shifts the model to a 3D shape. Circles were formed on
the model where the centre points were the datum points on the median curve.
Those circles’ radii were perpendicular lines plotted from the datum points
on the median curve to the upper curve’s edge. The radii measurements were
calculated by identifying the length of the perpendicular lines. The last step
to developing the 3D stomach model, called conduit in this work, was to use
those circles’ sweep function. Figure 3.5 illustrates the constructed conduit of
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the conceptual soft stomach robot. Further editing on the constructed conduit
was made by changing the radii values to accomplish the size requirements
where the volume of the conduit is 1 L (average stomach volume). The largest
width of the conduit at the upper part (fundus) is 100 mm, and the pylorus
gate is 12 mm. Those values were abstracted from the literature, and they are
illustrated in Table 3.1.

FIGURE 3.5: Anatomical design of the robot conduit. c© 2016
IEEE

3.3.2 Concept of the Robot’s Soft Actuator

The complex shape of the stomach results in design challenges to obtain a
stomach-like robot. The stomach curvatures determined the antral canal shape,
as had been shown previously. The next step was to explore the potential of
soft actuators that can be implemented on the conduit. Thus, segmentation of
the conduit to different zones had been proposed to follow the similar zones
of a human stomach [4]. As investigated in the literature, the human stomach
functionality was divided into the gastric reservoir and the gastric pump. The
pylorus works as an electrogastric isolator and reaches full occlusion, which
behaves differently than the other two zones. Those tasks led to a three-main
sections prototype consisting of a gastric reservoir, a gastric pump, and the
pyloric valve.

The actuation division on the same soft robot may create a challenging task in
designing a different actuation method for each zone. However, for simplicity
in the actuator design and fabrication, a uniform actuation technique was
followed all over the proposed soft robot zones.
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The gastric pump, where the peristaltic movement occurs, shows the most
challenging part of the stomach. The mechanical understanding of the gastric
pump’s deformation was a decrease in the circumferential diameter to provide
an occlusion ratio. These circles were along both stomach curvatures from the
pacemaker until the pylorus, where the ACWs occur, as discussed previously
(section 3.1). As this section of the stomach showed challenges in actuation
development, the actuation design focused on this segment.

The second zone was the gastric reservoir. This section was mainly located
at the fundus. The motility of this zone is sinusoidal-like contraction waves,
which behave as if massaging the stomach content. The contraction of this
section is shallow; therefore, imitating such motion was simple. This zone’s
actuation design was assumed to match the gastric pump’s similar actuator
techniques, which is explained next.

Geometrically, the development of the proposed gastric conduit provided the
structure’s base compared to the biological organ. In the human stomach, the
width of the deformation reaches about 18 mm [2]. From that, Figure 3.6 shows
that the width of contractions had been assumed to be identical segments of
20 mm arc length for simplicity [11]. The specification of the contraction width
was providing the actuator location on the outer conduit surface. Moreover,
the upper curvature is lesser than the greater one, which created challenges
in designing a circumferential actuator that could fit adjacently. In the same
figure, the diameter change describes the occlusion ratio of the deformation
depending on that occlusion area. Eq. (3.3) and Figure 3.6 illustrates this
mechanism:

Or = (1− Dc
Dr

) ∗ 100, (3.3)

where Or is the occlusion ratio, Dc is the contracted diameter, and Dr is the
regular diameter of the same ring.

3.3.3 Actuation Design over the Stomach Conduit

As the conduit structure had been constructed to resemble the average human
stomach size, the suggested method for actuation was to develop deformable
cells over the conduit. This method was achievable by defining a sequence of
inflatable chambers to provide deformation on that conduit. The next chapter
(Chapter 4) discusses the method for designing an actuation over the conduit.
However, this section discusses a concept design of developing pneumatic
chambers over the stomach conduit to achieve contractions.
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FIGURE 3.6: Specification of the occlusion ratio. c© 2016 IEEE

A concept design consists of two-layers of chambers was established to resem-
ble the gastric pump contractions. This concept was inspired by the two-layers
of smooth muscles in a stomach and the stomach’s inner surface that exhibits
gastric folds. The body structure was similar to the conduit model, which is a
curved tubular body. Correspondingly, the two-layers of chambers followed
the median curve of the stomach model. Twelve longitudinal chambers were
parallel to the median curve from the pacemaker to the pylorus, while cir-
cumferential chambers were perpendicular to the median curvature, Figure
3.7.

A semi-circular design was placed around the fundus and extruded to the
pylorus. The long chambers have a semi-circular shape that decreases in
size, allowing symmetrical fitting for the stomach conduit geometry. The
same principle was used for the circumferential chambers with four different
groups of size and shape.

As discussed before in the literature review, stomach motility can be mimicked
by soft actuators that follow similar rhythms to stomach motility. The first
group resembled the pacemaker activity with two small arcs (length 92 mm)
that cover a length of 20 mm (measured on the median curvature). Those
arcs are short for simulating the pacemaker region that shown short isotropic
actuation on the stomach body.

The second group imitated the ACW’s slow activity section, which is located
after the pacemaker area. This group followed the biological actuation method
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FIGURE 3.7: Conceptual biologically-inspired soft robotic stom-
ach simulator with longitudinal and circumferential ‘muscles’.

c© 2016 IEEE

observed and realised to form a semi-circular deformation on the greater
curvature side. Thus, a 60 mm actuation length was filled with three semi-
circular chambers that cover the greater curvature.

The third group was related to the gastric pump of high-amplitude activity
that continues the previous groups’ contractions and propagates over the
conduit’s length until the pylorus. The contraction forms a full circular shape
with an average diameter of 50 mm. Bio-mimicking of the contractions re-
quired circumferential chambers that contract in a profile similar to that of
the gastric pump. Seven circular chambers were designed to represent such
activity.

Finally, the last section was the pylorus gate. This zone’s functionality was
slightly different from other zones, with the section either fully contracted
(closed) or fully retracted (open). The proposed pylorus gate with a 12 mm
diameter and a length of 15 mm had been designed in the conduit. This sec-
tion’s pneumatic actuation included only a singular circumferential chamber
to provide a full occlusion ratio, Figure 3.8.

These different types of chambers explained above were placed over the
median curve length with specifications abstracted from the literature. As
the chambers clustered beside each other, the interaction between them was
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critical to distinguish a valid deformation result. In this model, it was assumed
that a 10 mm of minimum wall thickness was applied between any adjacent
chambers, where the assumption of the wall thickness was derived from a
similar study of the swallowing robot [12]. Figure 3.8 illustrates a cross-section
of the proposed robot model with chambers placed over the conduit. The next
chapter (Chapter 4) analysis two methods that follow the same principle and
actuators concept, as discussed here.

FIGURE 3.8: A cross-section of the stomach robot’s conceptual
design with two-layers method.

3.4 Chapter Summary

This chapter proposed specifications and conceptual designs for a soft-bodied
stomach robot. The proposed robot was aimed to imitate the peristaltic
contraction of the human stomach. In the current stage of stomach robots,
there existed no realistic mimicking of the human stomach motility. The soft
robotics field was involved in overcoming the gap. The specifications of the
proposed stomach robot were established from medical knowledge translation
to the engineering domain. The anatomical stomach conduit was created in
CREO software, which was performed using an established 3D model of a
stomach created from a CT study. The constructed conduit model provided
the core body of the proposed robot. The conceptual actuation method stated
in this chapter consisted of twelve longitudinal and twelve circumferential
pneumatic chambers. The internal stomach structure inspired these chambers’
concept.
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After constructing the human stomach specifications, model, and initial actua-
tion design, the research step that follows in the next chapter is transforming
those specifications into a physical system configuration. Soft actuators were
proposed as inflatable actuators with designed embedded chambers, and
deformations can be created by inflating these chambers. The pneumatic
actuators analysis, FEA testing, and performance are provided in the next
chapter.
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Chapter 4

Analysis of Pneumatic Actuators
for the Stomach Simulator

Ring-Shaped Soft Pneumatic Actuators (RiSPA) were proposed for the stom-
ach robot to act over the stomach conduit. RiSPAs were overlooked in the
field of soft robotics, and only a few examples existed; most were unable
to provide large deformation. The proposed RiSPA handled large deforma-
tions and large mechanical strains. The effect of such a high strain on the
actuator was that it allowed unpredictable behaviour. For example, the soft
material (silicone), which is employed in many projects, presents a complex
hyperelastic, viscoelastic, and nonlinear responses [14]. Another challenge
of developing RiSPA was the time-consuming process of fabrication. Hence,
it was essential to comprehend the performance of RiSPA before fabrication.
Thus, numerical models using Finite Element Analysis (FEA) were promoted
in the iteration process to predict actuator responses at large deformation
states. This method led to efficiency in designing RiSPA as an actuator and as
a stomach robot with a complete prototype. FEA enabled the design process
to represent the actuator’s behaviour and examines the outcomes of varying
parameters such as material stiffness or chamber dimensions, which reduced
the need for a re-fabrication process.

The concept of RiSPAs as soft actuators method is anticipated in this context
to present isotropic deformable circles by inflating a set of chambers (set of
RiSPAs) that are embedded in the proposed stomach conduit. However, the
complexity of the stomach conduit shape and the required large occlusion
presented challenges. In this chapter, two actuation concepts are promoted
with an intensive study. Two concepts were tested by FEA and then initial
testing on physical models. These two concepts investigated the possibilities
of different chambers’ designs to find the ideal configuration that produces
contractions similar to ACW specifications. As the most challenging section
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of the stomach in terms of contractions is the antrum, RiSPA was proposed to
mimic an antrum segment. An antrum section has an average geometry with
a 50 mm diameter and an occlusion ratio of 80%, as discussed in the previous
chapter.

The two concepts were inspired by the presence of the inner surface of the
stomach motility that was shown by surgical endoscopy. The inner surface has
shown longitudinal folds along the lumen of the stomach. During a live-video
investigation of the lumen, it was noted that about 12 individual longitudinal
folds cover the surface during the contractions. These folds were implemented
in the conceptual design.

This chapter considers a circumferential pneumatic actuator consisting of
multi-chambers and multi-layers to deform the actuator’s inner surface. A
Computer-Aided Design (CAD) and FEA software were used to design and
evaluate the chamber shape and the deformation produced by the pneumatic
force acting inside the chambers.

4.1 Two-Layers Design of the Actuator

4.1.1 Actuator Design and FEA

A cylindrical model was designed for more investigation on the two-layers
concept. Firstly, the model was tested in FEA (Abacus software) for perfor-
mance analysis. Then, a physical model was built to validate the performance.

The initial design of the actuator has two-layers of chambers, as explained in
section 3.3.3. The two-layers of chambers required performance testing before
building the physical actuator. Therefore, an initial model was designed for
FEA testing on the shape of the conduit. This model represents a symmet-
rical cylinder shape. It consists of 12 longitudinal chambers near the inner
deformable surface, while the second layer of 5 circumferential chambers
surrounds the inner longitudinal chambers from the outside.

As the longitudinal chambers’ purpose is to provide stomach folds on the
tubular inner surface, the provided applied pressure to longitudinal chambers
were less than that of the circular (deformable) chambers. Another consider-
ation was the geometry: the thickness of the wall and the distance between
adjacent chambers. The chambers’ design is semi-circular, which reduces the
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FIGURE 4.1: The first design for analysing the two-layers actua-
tor system.

wall thickness to half of what it should be with a full circular shape. A model
of this actuator is shown in Figure 4.1.

Abaqus FEA system was used to perform deformation by an actuation se-
quence, as shown in Figure 4.2. The material used in this testing was Ecoflecx
0030 (Smooth-on, USA), extensively used in the soft robotics field. As pro-
posed by the Elsayed et al., Yeoh elastic model had been suggested as the best
calculation method with Ecoflecx 0030 [123]. The actuation was assumed to
be isotropic deformation on the surface of RiSPA. The outer shell was set rigid
to limit the DOFs and force the actuation toward the actuator’s centre. The
output results were promising, with a smooth inner shape that looks similar
to an actual stomach that exhibits folds. Figure 4.2 shows the illustration
of the FEA results of the two-layers concept (screenshot from Abaqus). The
deformation on the actuator was not large enough as required for the stomach
robot. However, the software’s limitations and assumptions encouraged a
further investigation over a physical model, which provided a validation of
the FEA model.

4.1.2 The Physical Model of the Actuator

The development of the initial physical design was created in CREO software.
First, a two-stage moulding and casting technique were engaged to produce
a soft structure with longitudinal and circular chambers. The setup of this
experiment was arranged similarly to the FEA simulation. After testing the
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FIGURE 4.2: Abaqus FEA testing to assist the two-layers concept.

actuator with a pneumatic system, the actuator was partly reacting like the
FEA simulation, as shown in Figure 4.3. However, the contraction was less
than the required occlusion ratio. A non-uniform deformation occurred on the
actuator surface, influenced by fabrication errors, such as bubbles in the body.
Also, the multi-layer design was not satisfactory to provide large deformation
with the actuator geometry. A proposed method to overcome this fabrication
obstacle was to increase the wall thickness of the soft actuator. Increasing
the thicknesses results in a higher pressure resistance, which allows a higher
deformation. However, the deformation may enlarge in all directions, which
produces an excessive deformation that cannot be compared with a human
stomach contraction. Therefore, a second design with one layer of circular
chambers was investigated in the following section. Although this actuator
does not satisfy the high contraction required in this study, this actuator can
mimic biological contraction and serve other applications where surface folds
are significant.
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FIGURE 4.3: The physical model of two-layers design for testing
purposes.

4.2 Single-Layers Design of the Actuator

This section evaluates the single-layer concept, which proposes four different
chamber designs of circumferential soft actuators. The testing of the design
was based on FEA for geometrical displacement and related pressurisation. In
a human stomach, the deformation of the ACW is represented in a ring-shaped
structure. The imitation of such action required the proposal of RiSPA. The
proposed actuator includes a pneumatic system with multi-chambers, single-
layered, to produce a deformation similar to that in the stomach organ. There
were four proposed chamber designs: semi-circular, cylindrical, ellipsoidal,
and semi-rectangular. The actuator’s body was made of soft material (silicone)
with a high stress/strain relationship to exhibit large deformation.

The evaluation of four possible shapes was examined and compared by FEA
to simulate each chamber shape’s displacement. Two different methods were
used in the experiments: (1) apply the same pressure to all actuators and com-
pare the displacements, (2) apply different pressures to obtain the maximum
pressure in each actuator before distortion and then examine the maximum
displacement that can be achieved on the actuator.

4.2.1 Structure and Working Principle

In the previous chapter (Chapter 3), a conduit design that resembles a human
stomach shape was presented. The stomach conduit provided a symmetrical
shape with a series of RiSPA segments. A stomach’s antrum section, which
had been the focus of actuation development, was used in this concept to
examine the contraction of a single ring. This concept was different from
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the previous concept, which had a single-layer (without the longitudinal
chambers), and multi-chambers for a single circumferential ring. The antrum
geometry starts with a 50 mm diameter and sweeps down to the pylorus of
12 mm. From that, a diameter of 50 mm RiSPA was applied to evaluate the
deformation of different chambers design, as shown in Figure 4.4. The second
concept was inspired by the swallowing robot design [10], which consisted of
multi-pneumatic chambers that create contraction by pneumatic forces.

FIGURE 4.4: The Soft robot stomach conduit with a series of cir-
cumferential pneumatic chambers acting upon the inner surface
to imitate the ACW behaviour that is observed in a human stom-

ach. Adapted by permission from Springer c© 2017 Springer.

Figure 4.5 shows the single-layers RiSPA with four different design chambers
to evaluate the maximum deformation that they can achieve. The deformation
was required from the inner surface of the actuators. A shell covered the
actuators to counter the unwanted DOFs and enforce the deformation to one
axis direction at the actuator’s inner surface. Figure 4.5 shows a single ring for
the four designs for simplicity. However, the tested models were three layers
arranged in a sequence.

Table 4.1 shows the geometry of a single chamber of each design. The measure-
ment is in millimetre for height and width, and mm3 for volume. Regarding
FEA simulation properties, the nodes number is representing the mesh of the
ring actuator, and the number of divisions for the edges (seeding) is 3.

The pneumatic system enforced the chambers during the actuation, causing
an axial deformation on the inner surface and a radial deformation between
the three layers. The deformation ratio was proportional to the pressure scale.
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(A) (B) (C) (D)

FIGURE 4.5: A single-layer of the four proposed chambers de-
sign.(A) Semi-circular, (B) cylindrical, (C) ellipsoidal, (D) semi-

rectangular. c© 2017 Springer

TABLE 4.1: The geometry of the four chambers represented in
Figure 4.5. c© 2017 Springer

Chambers shapes Height Width Volume Nodes

(A) Semicircular 10 mm 11 mm 1000 mm3 137366
(B) Cylindrical 10 mm 10 mm 833.3 mm3 208579
(C) Ellipsoidal 10 mm 15 mm 1000 mm3 188218
(D) Semi-rectangular 10 mm 10 mm 1000 mm3 162533

A shell that envelops the actuator from outside was introduced to cover the
actuator, which supports eliminating the backward axial direction leaving two
DOF: one side of axial deformation (toward the centre of the toroidal chamber),
and the deformation in the radial direction between adjacent chambers. A
nonlinear FEA system investigated the displacement of the different actuator
design and the related pressures to feature the best chamber design in terms
of maximum deformation.

The embedded chambers were split along the soft actuator with a 70 mm
diameter, which leaves 10 mm thickness between the inner surface (50 mm)
and the chamber’s room. This thickness had been chosen based on the esoph-
agus soft robot project [12]. Two chambers’ designs were inspired by previous
work: semi-circular chambers, as discussed in the previous section, and semi-
rectangular chambers from the esophagus project [12]. The soft material used
in this work is silicone (Ecoflex 0030), similar to the two-layers concept.

4.2.2 FEA Method for the Soft Actuator

Abaqus is a commercial FEA software package that was used in this study.
The density of Ecoflex 0030 is 1064 Kg/m3, and the material was assumed
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to be isotropic. The Ogden strain energy potential equation simulates such
a material with a nonlinear elasticity in the FEA. A hyperelastic mechanical
behaviour had been chosen in Abaqus with the third order. The Ogden
equation is presented as:

U def
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where:
λ̄i = J−

1
3 λi → λ̄1λ̄2λ̄3 = 1.

The input coefficients are as follows:

µ1 = 0.001887; α1 = −3.848; µ2 = 0.02225; α2 = 0.663; µ3 = 0.003574;

α3 = 4.225; Y1 = 2.93; Y2 = 0; Y3 = 0.

These coefficients had been identified through the literature [109]. The code
C3D10H is used to specify Abaqus’s model, which refers to hybrid elements
that are essentially designed to simulate incompressible materials such as
rubber silicone. Tetrahedral elements are used to mesh the parts with node
numbers, as specified in Table 4.1.

The load was specified as a pneumatic pressure acting in all sides of the in-
ternal chambers and boundary restrictions upon all the outer walls, leaving
the inner conduit to deform freely. As the chambers shared the same con-
duit and were made from the same material, their interaction was neglected.
The iteration continued using the direct solver with four processors and a
full-Newton solver equation. The experiment duration was two seconds and
20 iterations to apply a ramped pressure over time. Regarding the Abaqus
model’s meshing process, an approximate global number of divisions (seed-
ing) of size 3 was used in this work. During the experiments, it was noticed
that if the seeding size is smaller than three, the model becomes stiff because
of the high distortions. The models were assumed as a symmetrical shape in
Abaqus. As silicone was considered incompressible (Poisson’s ratio = 0.5), a
hybrid element was engaged in Abaqus. Standard quadratic elements were
used with the hybrid formulation to reduce integration due to the hyperelas-
tic response and nonlinearity of the Ecoflex 0030 silicone. This formulation
prevented concerns linked with shear or volume locking and allows for large
deformations, as was expected in this case.
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4.2.3 FEA Results with a Fixed Pressure for the Four Models

In this part, we applied fixed pressure to the four models. The pressure was a
ramp from 0 to 70 kPa for the middle layer and 40 kPa for the adjacent layers,
both pressurised simultaneously within 20 steps (2s), as shown in Figure 4.6.
The applied pressure forced the actuators to deform. The comparison between
the actuators’ deformation was performed by selecting a node that moves
in a straight line. The location of the node was at the highest deformation
point aligned to the x-axis. In Abaqus, the resultant model was brought to
a cross-section to identify the midpoint (node) that moves with the x-axis,
Figure 4.6. From that, data was collected for the displacement of that node for
the 20 steps.

FIGURE 4.6: The pressurised method for the three layers actuator
and the selected node for measuring the displacement (cross-

section). c© 2017 Springer

FIGURE 4.7: The displacement of the proposed chambers upon
the same applied pressure. c© 2017 Springer
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Figure 4.7 shows a comparison of the four models with displacement against
pressure, with a similar pressure applied to all actuators. The models had a mi-
nor difference in terms of 1 to 2 mm displacement, and they were responding
to the pressure in a linear form. The highest deformation was recognised to
the ellipsoidal chamber design of 10.4 mm, followed by the semi-circular actu-
ator of 9.8 mm, then the semi-rectangular of 9.1 mm, and lastly, the cylindrical
chamber of 9 mm.

Figure 4.8 shows the deformation of the chambers in each model. As men-
tioned before, the middle layer of actuators was the deformable target layer.
In contrast, the adjacent ring actuators in the upper and lower layers area
were filled with a pressure of 40 kPa to resist the deformation along the y-axis
and prolongs the deformation on the x-axis. Moreover, the dark (red) spots on
the middle horizontal line represent these actuators’ magnitude, which illus-
trates that the semi-circular and the ellipsoidal models represent the highest
magnitude and deformation.

4.2.4 FEA Results with a Maximum Applied Pressure

In this part, maximum pressure was applied to the four models. The proce-
dure followed was the same as the previous analysis (fixed applied pressure).
However, in this method, the pressure was increased in the middle layer only,
and then the Abaqus system iterations were used. The resultant model in-
cluded a smooth iteration by one step per iteration. When there was excessive
distortion on the model, the Abaqus system solved the problem by dividing
each step with multi-iterations, which led to an incomparable model with a
complex iteration system.

Figure 4.9 shows the maximum pressure applied to the four chambers design.
The comparison of the pressure applied was from 60 kPa to 80 kPa. The ellip-
soidal shape had a maximum pressure of 70 kPa with deformation of 10.4 mm.
The semi-circular design handled a 74 kPa and represented a displacement of
10.4 mm. The cylindrical chamber had the highest pressure of 79 kPa but did
not show the highest displacement of 10.1 mm. Finally, the semi-rectangular
design was maximally inflated with 74 kPa and represented a displacement
of 9.6 mm.
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(A) Semi-circular deflated (0 frame) (B) Semi-circular inflated (100 frame)

(C) Cylindrical deflated (0 frame) (D) Cylindrical inflated (100 frame)

(E) Ellipsoidal deflated (0 frame) (F) Ellipsoidal inflated (100 frame)

(G) Semi-rectangular deflated (0 frame) (H) Semi-rectangular inflated (100 frame)

FIGURE 4.8: Abaqus results of four models with three layers
cross-section actuators by applying the same constant pressure
with a maximum of 70 kPa. The left column represents the
deflated state of 0s, and the right column represents the inflated
state of 2s. The rainbow colours represent the magnitude of the
deformation (the red (dark) colour is the maximum magnitude

of the nodes). c© 2017 Springer

4.2.5 Single-Layers Concept Discussion

The proposed three layers of RiSPAs had shown a significant deformation of
an average of 10 mm on one axis. The four models with different chamber
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FIGURE 4.9: The maximum pressure that can be applied with
the relative displacements of the actuators. c© 2017 Springer

configurations had a relatively small difference in displacements. All models
exhibited a displacement that satisfies the requirements. However, the design
that showed more flexibility by adding extra pressure and exhibits an increase
in displacement was the semi-circular design. This flexibility is essential in
designing the actuator, which provides a range of displacement that could be
achieved, compared to a fixed displacement that fits only the exact require-
ments. From that, the semi-circular RiSPA was selected for more investigation
on the deformation by a physical model.

The symmetrical assumption in Abaqus solver made in the experiments may
not represent the behaviour of the exact deformation in the physical actua-
tor. It was shown in the previous section that the behaviour of a deformable
silicone exhibits an asymmetrical deformation towards the centre of the ac-
tuator. Therefore, a physical prototype was developed to validate the results
of the FEA system. Figure 4.10 shows the physical actuator of the second
concept of semi-circular chambers and an outer shell of silicone that serves
as a rigid shell. The inflation rhythmic and the applied pressure followed
the FEA method. A pressure of 100 kPa was applied. However, the large
deformation of the physical RiSPA showed an asymmetrical shape that was
uncontrollable. The actuator’s build caused an irregular shape because there
were some fabrication errors and uniformity of the material. Those irregulari-
ties influenced the actuator behaviour, which in response cannot perform a
large deformation. The second concept achieved better results in comparison
with the initial concept, which reached a higher contraction. However, it was
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(A) The single-layer RiSPA (B) 50 kPa applied pressure

(C) 75 kPa applied pressure (D) 100 kPa applied pressure

FIGURE 4.10: The physical RiSPA of the single-layer concept
and the responses to different applied pressure.

not suitable for stomach applications. From the results of both concepts, it
was assumed that the current techniques in soft robotics with soft pneumatic
actuators (inflatable chambers) were not capable of producing a ring actuator
with high contractions. Therefore, a novel composite material was required to
design a RiSPA that achieves a large contraction.

The second related point was the width of the deformation. It is challenging
to constrain the deformation’s width because of the pneumatic forces’ action
as they expand in all directions leading to a balloon shape. As the adjacent
chambers enforce the deformation in one direction, it was not enough to
control the radial deformation with a controllable rhythm. More investigation
was needed towards the radial deformation’s performance that provides a
method to control the contraction width’s displacement. Such behaviour was
not investigated in the field of soft robotics.
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4.3 Chapter Summary

Chapter 4 evaluated two concepts of ring-shaped soft pneumatic actuators.
The concept evaluation included FEA testing and an initial experiment on
prototypes. The first concept was the realisation of the initial two-layers model.
The result showed that the contraction that occurred on the surface was not
sufficient for stomach application. Instead, it was suitable for application
with shallow contraction requirements. The prototype illustrated folds on the
actuator surface that mimics the gastric folds.

The second concept had four designs of multi-chambers ring actuators. The
deformation of the ring actuators in the four models had an average of 10 mm
displacement. Two experiments had been investigated in the ring actuators:
the same pressure was applied to all actuators for displacements comparison,
and maximum pressure was applied to each actuator without distorting the
material to achieve the maximum displacement. The first experiment with
a fixed pressure applied resulted in two models that exhibit a displacement
of about 10 mm: semi-circular and ellipsoidal designs, and the other two
models exhibit a displacement of about 9 mm. The second experiment with
a maximum applied pressure resulted in three models that exhibit a 10 mm
displacement: semi-circular, cylindrical, and ellipsoidal models. From the ex-
periments, one model (semi-circular) showed tolerance to excessive pressure
and high displacement. From that, a semi-circular model had been developed
for more investigation about deformation on a physical prototype. This ac-
tuator achieved higher contraction (fully contracted) compared to the first
concept. However, it happened that some irregularities appeared on the de-
formation, which could not be controlled. These two examined concepts were
widely used techniques in soft robotics, and they can be used as ring actuators
for applications where the shape of the deformation profile is unnecessary but
required high occlusion.

A novel ring actuator design was required to achieve high controllable con-
traction and defined deformation width, as existing actuator designs in soft
robotics were not suitable for a stomach robot application. The next chapter
(Chapter 5) introduces a novel soft actuator design that satisfies stomach
application specifications.
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Chapter 5

A Novel Soft Pneumatic Actuator
for the Stomach Simulator

The soft robotics field investigates biological bodies’ movements to develop
soft actuation with similar behaviour seen in nature. The skeletal muscles’
movements are vastly mimicked in soft actuators; however, smooth muscles’
contractions are overlooked in soft robotics. Smooth muscles provide peri-
staltic contractions to the digestive system, such as the stomach, and their
design challenges the limits of soft robot development that simulates digestive
organs. This chapter presents a novel, bellows-driven Soft Pneumatic Actua-
tor (SPA) with a self-sensing capability that generates linear displacement to
simulate a smooth muscle segment in a stomach. This SPA was proposed as a
solution for applications such as stomach simulators.

The SPA concept, design, fabrication, creep model, and experimental valida-
tion are presented in this chapter. A lumped viscoelastic model proposes the
actuator’s modelling to predict the SPA’s displacement from a known applied
pressure. A sensory system embedded in the SPA measures the displacement.
The proposed SPA is a linear soft actuator that can generate a deformation
like a smooth muscle segment. Multi-SPAs were installed in a ring frame to
simulate a circular contraction from a stomach. Although the proposed SPA
was specifically designed to mimic the smooth muscle, the ring actuator’s
contractions can be used for other applications such as gripping soft objects.

As explained in Chapter 2 and investigated in Chapter 3 and 4, the actuation
response of SPAs exhibited axial and radial expansions when pressurised.
In this application, the radial expansion is unwanted from the proposed
actuator. The novel bellows-driven SPA was designed as a generic actuator
that provides a high axial displacement with a sensing capability in composite
modular form. Unlike most SPAs introduced in the literature that resemble the
skeletal muscles, the proposed SPA was formed to simulate smooth muscles’
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movement. This SPA provides a solution to build a stomach-like robot that
can mimic a human stomach’s smooth muscle contractions. Thus, bellows-
driven SPA considers a stomach robot’s application as a case study in this
work. However, the development, modelling, and sensing capability for
SPA were validated for general applications such as muscle actuators. For
example, the proposed SPA can be stacked in the form of a soft table that
generates peristaltic deformation, which has been achieved with hybrid linear
actuators [144].

A novel design was required to derive an SPA axial displacement (one DOF)
and reduce or eliminate the radial deformation. Also, the size of the actuator
imposed another challenge through restricted specification measurements.
From the literature, two main techniques were found in the soft robotics field:
fiber-reinforced actuators and elastomeric origami actuators. The suitable
method for this work was inspired by the origami method. Silicone bellows
provide a linear displacement via retractable folds. Unlike origami, miniature
bellows’ fabrication is plausible by an injection moulding technique, a mature
industrial technique. However, the current applications of soft robots that
use bellows were mainly employed for bending actuation. The proposed
bellows-driven SPA is a novel design built entirely from soft materials to
achieve linear displacement without radial expansion and functions as an
artificial muscle. Multi-SPAs were fitted in a ring frame that transforms SPAs’
linear displacements to a contraction. The ring actuator simulates a stomach
segment with similar contractions specifications. These contractions can serve
other applications in the soft robotics field, such as gripping soft objects with
different shapes and weights [16].

This chapter demonstrates a linear bellows-driven SPA with a sensory system
as a modular soft actuator. The specification, concept, design, and fabrication
are presented. The modelling of the SPA as a linear viscoelastic actuator is
described. The experimental setup of eight experiments that are conducted to
characterise the SPA is explained. The experimental validation and calibration
of the SPA and the sensor are presented.
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5.1 Actuator Development

5.1.1 Specification of the SPA

The specifications of the actuator are formed by the simplification of the bio-
logical system behaviour [24]. As shown in Figure 5.1 (a), the digestive system
has consistent movements that are represented by peristaltic contractions
along the walls of the organs [145]. The Antral Contraction Waves (ACWs)
are contractions travelling along the stomach walls through smooth muscle
tissues (Figure 5.1 (b)). Stomach walls are a thin and stretchable rounded
layer that allows high deformation. The lower part (antrum), where the high
deformation occurs, is averaged about 50 mm in diameter. The form of the
contraction in a 2D sketch is shown in Figure 5.1 (b). Three parameters can
specify the contraction, contraction amplitude(Cc), contraction length at lower
amplitude (Ca), and contraction length at higher amplitude (Cb). The stom-
ach’s circular contractions are measured by the occlusion ratio from Eq. (3.3),
which is the percentage of the change in the contracted diameter (Dc) and the
initial diameter (Dr). The ACWs specifications were illustrated in Table 3.1.

A linear SPA proposed to execute a controllable displacement that simulates
the ACW movements (Figure 5.1 (c)). Linear SPAs can achieve a contraction by
embedding multi-SPAs in a ring frame that simulates a section of the stomach
antrum with an average diameter of 50 mm (Dr), as shown in Figure 5.1 (d). To
perform an occlusion ratio between 0 to 80% from the ring actuator (Dc), every
SPA in the ring frame should deliver a displacement from 0 to 20 mm (Ca).
Thus, the ring actuator diameter reduces from 50 to 10 mm (0 to 80% of the
occlusion ratio). As the average width of the ACW is between 20 mm (Ca) to
10 mm (Cb) [39], the proposed SPA has a width of 20 mm at the retraction state
and 10 mm during the inflation state. The ring actuators provide a contraction
similar to the biological behaviour, which is useful for biomedical applications
such as a stomach robot (Figure 5.1 (e)). The multi-SPAs are actuated on the
soft layer of the stomach where ACWs are simulated.

5.1.2 Concept of the SPA

In order to satisfy the specifications of the ACWs, a modular approach was
followed (Figure 5.1 (c)). The linear SPA actuation was accomplished by
embedding a silicone bellows in a transparent frame with a soft layer attached
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FIGURE 5.1: The concept of mimicking smooth muscle contrac-
tions in a soft actuator. (a) The organs of the human digestive
system that exhibit smooth muscle contractions [145]. (b) A 2D
sketch of stomach walls with contractions that have average
width from Ca to Cb and amplitude of Cc. The diameter of a
segment where high contractions occur is Dr, and the maximum
contraction in a stomach is Dc. (c) The conceptual model of the
bellows-driven SPA that represents smooth muscle contractions
of a stomach. The actuator is illustrated in three states, deflation
state (fully retracted), initial state (set to 0 mm), and inflation
state (fully actuated), while the dimension of the displacement
follows the properties of the smooth muscles contractions. (d)
The conceptual model of multi-SPAs in a ring frame represents
a circular stomach contraction segment with similar characteris-
tics. (e) The conceptual model of a soft stomach layer with a ring
actuator that performs a contraction. Reprinted by permission

from IEEE c© 2020 IEEE.
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to the bellows’ free side. The inflation of a bellows by an external pressure
source produces a net force to the inner chamber, resulting in a displacement
of the SPA. The soft layer’s elasticity and the bellows produce a restoring force
once the external pressure is discharged (initial state). A range sensor was
embedded in the SPA to detect the displacement, using reflective paint inside
the bellows that reflects the sensor signals. The sensor measures the intensity
of the reflected light from the paint.

The SPA’s conceptual design consists of the following considerations: The
SPA is driven by a hollow bellows attached to the frame. The deformable soft
layer of silicone is attached to the top of the bellows and around the frame.
The sensor is centred on the base of the frame to measure the displacement
through the frame. The frame of the actuator was made out of transparent
silicone to allow measurements of the sensor.

The proposed bellows consists of thin-walled and hollow cylinders with deep
convolutions. The top of the bellows was sealed while the base remains open.
The top is movable, while the bottom is fixed to the frame. The convolutions
of a bellows allow displacement longitudinally and reduce radial deformation.
The SPA defined a specific surface deformation profile that was compared
to the deformation in-vivo (Figure 5.1 (b) and (c)). Therefore, the bellows’
diameter is 10 mm, while the frame’s width is 20 mm. Also, the bellows
generates a displacement of 20 mm, which provides an occlusion ratio of 80%
when multi SPAs were fitted in a ring frame (Figure 5.1 (d)).

The soft layer resembles a human stomach’s internal layer, while the bellows
resemble a muscle that acts upon the soft layer. The resultant movements were
displacements for the SPA and contractions for the ring multi-SPAs, which
simulate the smooth muscles. The soft layer pushes against the bellows and
reaches an equilibrium state represented as the SPA’s initial state. Hence, a
negative and positive applied pressure is required to achieve a full displace-
ment from the SPA (Figure 5.1 (c)). To avoid the negative applied pressure,
the bellows (e.g., the wall thickness) require a modification. However, the
adjustment of the thickness reduces the maximum displacement. The soft
layer covers the 20 mm width of the SPA frame and can displace up to 20 mm
of the SPA’s full displacement.

The frame is a translucent silicone that encapsulates the bellows when fully
retracted (Figure 5.1 (c)). The applied pressure is sourced from the side of
the frame. The frame dimensions were influenced by the length of the fully
retracted bellows and the SPA width.
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5.1.3 Design of the SPA

The design of bellows is a vast topic with no superior design method for all
conditions [146]. The bellows’ design complexity involves evaluating pressure
capacity, the deformation due to the applied forces, and the instability of
spring forces (squirm). Such complexity is further hindered by several bellows’
variables, including the wall thickness, diameter, material used, fabrication
technique, and convolutions. Also, the SPA’s bellows are connected with other
materials, which increases the challenge of determining the perfect bellows
variables. Therefore, the bellows’ design was simplified to a few chosen
variables to fit the specification.

The development of a silicone bellows with specific parameters required a
basic knowledge of the bellows’ functionality. A bellows elongation and
retraction operate as a spring. There are two forces present in the bellows
actuator: 1) restoring force and 2) pressure thrust. The restoring force was
derived from Hooke’s law (F = −Kε). The pressure thrust acting inside the
bellows was related to the applied force, expressed as Pth = F/Ae. The axial
deflection (longitudinal) of the bellows represented by the bellows parameters
and expressed as [147]

ε =
2MbCl F
πRbwE

. (5.1)

Table 5.1 lists all the symbols used in this work. Eq. (5.1) is a design reference
for the estimation of bellows parameters but is not suitable to predict the
displacement of an SPA as the bellows is attached with a soft deformable layer.
The relationship between the pressure thrust Pth and bellows’ elongation ε is
linear. This relationship is disrupted when the elastic limit E of the bellows’
material is reached. The number of bellows convolutions M determines the
travelling length of a bellows. A larger M provides a larger elongation range.
A bellows with deep convolutions and thin wall thickness requires a smaller
force than shallow convolutions and dense wall thickness. In the human
stomach, the forces are small with a maximum of 2 N. Therefore, a bellows
with deep convolutions and a thin wall was employed. The convolutions were
hindered with the bellows’ diameters, while the wall thickness was calculated
from Ex. (5.1).

Various diaphragm shapes had been tested such as flat [148], dome [149],
corrugated [148] and bellows [150]. Corrugated and bellows diaphragm
offered the largest displacement, which demands lower applied forces than
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TABLE 5.1: Summary of parameters. c© 2020 IEEE

Sym. Parameter Sym. Parameter

Ae Effective surface Ca Constant
Cl 1/4 length of convolution D Resulted displacement
Dex Exp. displacement D f r Formulated displacement
E Young’s modulus ε Elongation of bellows
H Heaviside function η1,2 Kelvin material viscosity
J Creep compliance K Spring rate
k1,2 Kelvin material elasticity Mb Bellows convolutions
np Obtained data points Pa Applied pressure
Pth Pressure thrust Rb Mean radius of bellows
τ1 Arbitrary time t Time
~V Parameters vector w Wall thickness

the flat and dome diaphragms. Additionally, a bellows shape was the most
common, specifically with bellows created from silicone material.

A squirm is an event occurring to a bellows if the convolutions are free for
sideways movement, and the bellows is fixed on the top and the bottom.
To facilitate the SPA to reduce the squirm, the frame was used to guide the
bellows’ retraction movements. The frame was designed to cover the bellows
when the bellows was fully retracted. As the range sensor measures the SPA’s
displacement through the frame, the range sensor demanded a transparent
frame material to function correctly. The frame dimensions were designed to
accommodate a bellows with a 10 mm diameter and a deformation width of
20 mm when a bellows was fully retracted.

Soft Layer of SPA

The soft layer must accommodate the maximum elongation of the bellows
of 20 mm, as specified earlier. A force versus displacement experiment was
employed on a soft layer that validates the elasticity, as shown in Figure 5.2
(a). The testing device was adapted from another project [151]. Figure 5.2
(b) shows the experimental result of the soft layer’s displacement upon the
applied force. The soft layer can deform up to 22 mm under 2 N of force.
Therefore, the soft layer can accommodate the elongation of the bellows,
which can be used in the SPA.
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FIGURE 5.2: Soft layer displacement test. (a) Experiment set-up
for the soft layer. (b) Force vs. displacement curve for the soft
layer of a material mix of Ecoflex 0010 and Slacker with a ratio

of 1:0.5. c© 2020 IEEE

Sensory System for SPA

A proposed concept introduced a sensory system. The concept illustrated
the use of a proximity sensor on a bellows-driven SPA to measure the soft
layer’s displacement during actuation. Various Infrared Sensors (IR) were
tested with the proposed actuator. The tests were performed to determine the
viability of the sensors with the SPA specification. The sensors were tested
on both translucent and black bellows. Each IR sensor is a miniature, fully
integrated sensor in one package, including a receiver, emitter, and Micro-
controller (MCU). The MCU handles the sensors by filtering sensor readings
and supports communication with other MCUs. The sensor package’s size
decided the sensor’s determination as they should be placed beneath the bel-
lows chamber of 5 mm. These sensors should cover the range of the bellows
displacement, which is between 15 to 35 mm. Two sensors were tested in this
work; Time of Flight (TOF) and Proximity Sensor (RS).

The TOF VL53L0X sensor was tested here. It has a small emitter/collector
exclusion cone for determining the distance of a reflective surface. Also, the
sensor chip includes a linear compensator for linear output. The RS sensor is
the VCNL4040, manufactured by VISHAY semiconductors, with a sensor size
of 4x2x1 mm. This RS sensor consists of an integrated module: an infrared
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emitter (IRED), proximity sensor, and signal conditioning IC. The RS sensor is
based on the intensity of the bounced infrared light. All diodes measure the
upright length to a target. The RS produces calibrated and filtered readings in
counts (cts) based on the reflected infrared light intensity.

5.1.4 Fabrication of the SPA

The SPA geometry was designed with the specification requirements of mim-
icking the smooth muscle contractions in a human stomach. A bellows’ outer
diameter must be 10 mm to achieve a deformation with a 10 mm width. The
inner diameter of a bellows is 5 mm, so the RS can fit as the sensor is 4 mm
wide. The wall thickness of 0.8 mm was estimated from (1). The bellows has a
total height of 35 mm, a deformable height of 30 mm, and a cylindrical base
of 5 mm in height attached to the frame. The deformable height consists of
eight deformable convolutions of the bellows designed with the relation of
the diameters and wall thickness. An injection moulding process manufac-
tured the bellows from translucent and black silicone with a strength of 60
Shore A. The dimensions of the bellows are illustrated in Figure 5.3. White
silicone pigment (Silc Pig, Smooth-On) was added to the internal surface of
the bellows’s cap to reflect IR sensor signals.

FIGURE 5.3: Technical drawing and cross sections of silicon
circular bellows actuator design, isometric view (A), demotions

of the bellows (B), and top view (C).

A schematic illustration of the fabrication process of the SPA is shown in Figure
5.4. The soft layer formation was created by mixing silicone and softener
with a mixing ratio of 1:0.5, respectively. The silicone is room temperature
vulcanisation Ecoflex 0030, and the softener is Slacker (Smooth-On, Easton,
PA, USA). The fabrication technique was moulding and casting. The thickness
of the soft layer is 1.0 mm, and the area is 30.0 x 30.0 mm. The mixture was
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FIGURE 5.4: The fabrication process of a bellows-driven SPA.
The assembly is arranged by gluing the fabricated parts (bellows,
RS PCB, PDMS frame, soft layer, and PCB base). The circular
bottom of a bellows (5 mm height) is glued to its fit in the PDMS
base. The soft layer is centred and glued with the top of the
bellows, while the edges are glued on the frame wall’s outer
side. A channel is drilled on the side of the PDMS base for an
airflow. The PCB is fitted in the mould with a silicone mixture.
The sensor base is attached to the actuator frame. c© 2020 IEEE

placed in a vacuum to eliminate bubbles, which minimises the fabrication
error.

A double-sided Printed Circuit Board (PCB) was designed for the sensors
with a size of 15 x 10 mm. Two bellows colours were used in this study, black
and translucent (Figure 5.5). Both colours were used to verify the best sensor
readings.

The frame material was chosen to be Polydimethylsiloxane (PDMS, Sylgard
184 Dow Corning) for its transparency and high Young modulus. The trans-
parency of this material is essential for the sensing system. The frame has a
material hardness of Shore 50 A, which is necessary for a minimal deformation
of the frame. The fabrication of the frame was created by the moulding and
casting method. The mould was made of acrylic sheets to achieve a flat and
smooth surface, which improves the clarity of a cured PDMS frame. The
PCB base was made of silicone material (Dragonskin Smooth-On). Silicone
adhesive was used for the assembly of separate parts.
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(A) (B)

FIGURE 5.5: Physical prototypes of bellows-driven soft linear
actuators. (A) Translucent bellows-driven actuator with a dis-
placement of 15 mm. (B) Black bellows-driven actuator with a

displacement of 15 mm.

5.2 Lumped Viscoelastic Modeling

5.2.1 Model Formulation

As discussed in the literature review (Modelling of Soft Actuators), FEA can
be a powerful tool for minimising design error for simple actuator design.
However, for challenging actuator design, the FEA model set up and calcu-
lation time can be an obstacle. FEA aided this study by testing simple SPA
designs for achieving a large deformation. The design of bellows-driven SPA
can be achievable by FEA but with a lengthy process (out of scope). The vis-
coelastic model for bellows-SPA is a model that describes the behaviour of the
soft material regarding the response under applied pressure. The viscoelastic
model can predict the displacement linearly from the applied pressure. The
SPA includes soft materials that exhibit a viscoelastic response [129]. Such a
response inherits a creep represented by available viscoelastic models such
as the Kelvin-Voigt model [130]. A Kelvin-Voigt model represents a retarded
elastic behaviour by spring and viscous elements that are connected in parallel.
The retarded elastic behaviour is a response in the model where a viscous
element carries an applied pressure. Then, the load of the stress is transferred
to the elastic element. A single Kelvin-Voigt model results in a step response
similar to a first-order system, which does not fit the SPA response. The SPA
step response exhibits two retarded elastic behaviours upon a continuously
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applied pressure, which are given by the creep compliance of J=J1+J2 (Figure
5.6). Each creep compliance represents a retarded elastic behaviour. There-
fore, the proposed model includes two Kelvin-Voigt elements (four elements)
that are connected in series. The model was introduced to predict an output
displacement (D(t)) from a constant or arbitrarily applied pressure relating to
time (t) according to the equations [130]

D(t) = H(t)Pa ∗ J(t), (5.2)

D(t) =
∫ t

0
J(t− τ)H(t− τ)d[Pa(τ))], (5.3)

J(t) = [1/k1(1− e−k1t/η1)] + [1/k2(1− e−k2t/η2)], (5.4)

the terms 1/k1 and 1/k2 are the instantaneous elasticity and recovery. The
terms −k1t/η1 and −k2t/η2 are the retarded elastic behaviour.

Eq. (5.2) is the displacement response to a Heaviside step function of pressure.
Eq. (5.3) is the integration of a continuous displacement response to arbitrarily
applied pressure. Eq. (5.4) is the creep compliance for two connected Kelvin-
Voigt models in series.
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FIGURE 5.6: The linear four-elements viscoelastic model.The
model combined two Kelvin-Voigt elements in series to predict
the creep response. Each creep compliance (J1 and J2) represents
a retarded elastic behavior as compared to the SPA response. The
Kelvin-Voigt models have elasticity elements k1,2 and viscosity

elements η1,2. c© 2020 IEEE
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The four elements model is used for a linear response. Therefore, the response
of the SPA should hold the linearity law [130]

D[CaPa(t)] = CaD[Pa(t)], (5.5)

The actuation of the SPA may perform nonlinearly from the composite mate-
rial that constructs the actuator. Eq. (5.5) states the linearity law as a principle
to represent the SPA with the linear viscoelastic four elements model.

5.2.2 Identification of the Four Elements

As the bellows-driven SPA included different materials properties, it is chal-
lenging to model it with FEA method. The inverse analysis is a suitable
method to recognise the model parameters using measured data collected
from experiments. This approach is a generic technique that is used across dif-
ferent disciplines to distinguish the parameters of a viscoelastic model [152].
Also, several actuators’ responses were compared to identify the model’s
generalisation over the actuator design. The inverse analysis requires an
optimisation algorithm to distinguish the optimal parameters of the model.
Thus, an objective function was used in this work. The four parameters of the
viscoelastic model that require identification are the elastic coefficients k1,2 and
viscous coefficients η1,2 (Figure 5.6). The four parameters were identified by
model fitting using a nonlinear least square with the Trust-Region algorithm.
An objective function

f (~V) =
np

∑
np=1

i

∑
i=1

(
D(V)

f r
i − Dex

i
Dex

i

)2

(5.6)

is defined as the difference between the experimental displacement and
the model’s calculated displacement under different applied pressure. The
parameters vector which represents the set of the creep variables is ~V =

[k1, k2, η1, η2]
T. The symbols D(V) f r denote the model displacement of the

SPA and Dex denote the experimentally measured displacement. The index i
is the variable of the experiment’s time, while the index np represents several
SPA step responses with different applied pressures.

The initial guess of parameters was obtained by a curve fitting tool in MAT-
LAB (c f tool) that fits a step response with constant pressure. The optimised
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TABLE 5.2: Conducted experiments for each bellows-driven
SPA.

Symbol Experiments Input signal

Ex1 Sensors tests on bellows Ramp 1 Hz
Ex2 SPA and sensors repeatability test Step cycles
Ex3 SPA blocking force Ramp 1 Hz
Ex4 SPA and sensors range of linearity Ramp 1 Hz
Ex5 SPA linearity test Step
Ex6 SPA curve fitting a step response Step
Ex7 SPA optimisation of responses Step
Ex8 SPA model validation response Stairs step

parameters of different applied pressures were derived by an optimisation
tool in MATLAB ( f mincon).

5.3 Experimental Setup

The characterisation of the actuator involves eight experiments (Ex1..8), as
shown in Table 5.2. The tested variables in Ex1 were the colour of bellows
(translucent and black) for different sensor readings (TOF and RS) to identify
the best resolutions of sensor readings. The test recorded 50 samples of each
sensor and estimated the standard deviation of raw sensor values at each
pressure set point.

The quality of repeated experiments of the SPA and the sensors were expressed
in Ex2. The repeatability test determined the standard deviation of repeated
cycles of actuation under the same circumstances.

The aim of Ex3 was to conduct the resulting forces generated on the SPA
surface (normal forces) and compare them with the actuator specification.
The radial forces (shear forces) of the SPA were ignored as the antral stomach
shear forces are small (between 10 to 70 dyne/cm2 [153]). In Ex3, the SPA was
fully retracted (at -80 kPa) and blocked by a load cell (blocking force). The
SPA’s blocking force was achieved by applying a ramp function of applied
pressure from -80 kPa to 120 kPa. The load cell was recording measurements
in Kg. The measurement was converted to Newtons.

The fourth experiment (Ex4) aimed to abstract the SPA’s full displacement
capability from a hysteresis loop. Then, the linear range of the displacement
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was required to model the SPA with the proposed viscoelastic model. The
actuation of the SPA (deflation and inflation stages) was produced via a
triangle function of applied pressure. The range of applied pressure was from
-80 to 120 kPa. The RS was also tested and calibrated with a triangle function
of applied pressure similar to Ex4. This experiment validated the reliability
and repeatability of a range sensor that was embedded in a soft actuator.

Ex5 was conducted to verify if the SPA’s displacement is linear and satisfies the
viscoelastic system’s linearity law, as presented in Eq. (5.5). The experiment
compared three points of different applied pressure at a given time. A step
response technique showed those three applied pressure (10, 20, and 30 kPa).

Ex6 served two purposes: the illustration of 5 prototypes step responses upon
the same applied pressure, while the average of those responses was used
to identify the initial parameters. The differences between the responses
analysed the proposed design and the fabrication influence upon constructing
several actuators.Two experiments (Ex6,7) were conducted to optimize the
parameters of the model (k1,2, η1,2). The initial guess of the parameters was
illustrated by a curve fitting a step response (from Eq. (5.2) in Ex6). The
seven-step responses (-20 to 50 kPa with 10 kPa increment) were used in the
optimisation algorithm to estimate the parameters’ values in Ex7.

The viscoelastic model was validated by Ex8, where the proposed model was
compared with measured data via the step function of applied pressure from
Eq. (5.3).

The experiments are carried out using the setups shown in Figure 5.7. The
following electro-pneumatic system drives the SPA. A 3/2 way solenoid valve
(SV, 005 series microvalve, Koganei) was used to switch between deflation
and inflation states. A proportional solenoid valve (PV, ITV0030, SMC) with
a built-in pressure sensor (KS) was employed for the inflation state through
an air pump. A proportional solenoid valve (VPV, ITV0090, SMC) with a
built-in KS was used for the deflation state through a vacuum ejector (V,
ZK2A12K5RW-08, SMC). A master microcontroller (myRIO) was used to
control the solenoid valves and to receive RS readings. The PCB of the RS
communicates with myRIO through an Inter-Integrated Circuit (I2C) bus. The
control program was written in LabVIEW (National Instruments) to control
both inflation and deflation states. The built-in KS had a minor error of 0.5
kPa; therefore, the error was neglected. A commanded pressure was given to
the control system in all experiments, while the feedback from the built-in KS
used a PID controller of both PV and VPV. In this work, the SMC proportional
valves provided good performance with soft actuators used in previous soft
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FIGURE 5.7: Experiment setup for the bellows-driven SPA. A
laser sensor characterises the displacement of the SPA. A load
cell is placed on top of a fully retracted SPA to measure the

generated forces. c© 2020 IEEE

robots [12,154]. Although the maximum input pressure applied in the actuator
was 150 kPa, there were no safety concerns. The frame and the soft layer,
which encapsulate the bellows, contained the defective state under a bellows
puncture. A script was written in the software to ensure the pressure does
not increase over 120 kPa, which worked as an emergency switch. Also, an
emergency stop pushbutton was equipped according to the international
standard (EN ISO 13850).

Ex1,2,4,5,6,7,8 employed a laser sensor (Wenglor OPT2001 distance measuring)
to measure the displacement as the sensor was centred on the soft layer. Also,
the laser sensor was used to characterise the RS readings. Ex3 applied a load
cell (Beam load cell, TAL220) to measure the blocking force. The load cell was
fixed over a plate that blocks the SPA from displacement. The load cell was
placed at the SPA’s full retraction state (Figure 5.7). All data were acquired
at 20 Hz. All experiments were repeated ten times to obtain sufficient data
for computing the mean and the Standard Deviation (SD). Fitted curves were
applied over experiment outputs. The fitted curves’ quality was defined by
the coefficient of determination (R2) with a scale from 0 (lowest quality) to 1.
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5.4 Results and Discussion

Figure 5.8 shows the results of the TOF sensor reading in both black and
translucent bellows (Ex1). The results showed fluctuations in the sensor
reading regarding the ramp displacement of the SPA. The TOF produced
uncertainty in the sensor readings for both bellows colours. This uncertainty
occurred from the inner bellows edges disturbing sensor measurements, so
the sensor required a larger space. The TOF sensor was not suitable for SPA
displacement.
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FIGURE 5.8: TOF sensor readings against the applied ramp
pressure for black and translucent bellows.

Figure 5.9, the RS sensor readings provided an excellent result with translucent
bellows. The RS sensor readings were quadratic to the pressurising bellows-
driven SPA. Thus, it validated a proximity sensor’s concept as a sensory
feedback system for measuring the displacement through the bellows’ inner
cavity. The translucent bellows showed a better sensor reading sensitivity
throughout the pressurisation range between -30 to 70 kPa. The quadratic
fitting had an excellent standard deviation with the raw sensor’s data by 3
kPa. On the other hand, the black bellows showed nonlinear sensor readings
alongside the non-appropriate fitting of the linear regression. Also, the range
of proximity reading was 75% less than the translucent bellows. From Ex1,
the selected sensor for bellows-driven SPA was determined as the RS sensor
with translucent bellows.

Figure 5.10 shows the repeatability results for the SPA step cycles between
-50 to 50 kPa (Ex2). Five repeated tests were plotted to display the standard
deviation. The results showed excellent SPA responses to the applied pressure
with a minimum standard deviation of 0.5 mm. The results proved the high
quality of the SPA actuation as recorded with the minimal displacement error
of 5% of the total displacement.
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FIGURE 5.9: RS sensor readings against the applied ramp pres-
sure for black and translucent bellows.

Figure 5.11 showed the repeatability results for the RS readings by step cycles
of the SPA between -50 to 50 kPa (Ex2). Five repeated tests were plotted to
display the standard deviation. The results showed excellent sensor readings
with a minimum standard deviation of 0.6 mm. The results proved the high
quality of the RS readings as a suitable sensor for the SPA.

FIGURE 5.10: Repeatability test of SPA responses is measured
by loading and unloading cycles of a step function with 50 and

-50 kPa.

Figure 5.12 shows the result of the SPA blocking force (Ex3). The measured
data exhibits a minimal SD of± 0.1 N. A second-order polynomial represented
the result with a residual error of 0.2 N. The output force was fitted with R2

= 0.99. The output force range was between 0 at -50 kPa to 7.8 N at 120 kPa
(Figure 5.12). Therefore, the SPA can deliver a force of 2 N, similar to the
generated forces on the stomach walls.
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Figure 5.13 showed the result of the full range of SPA displacement (Ex4).
The performance of the proportional valves had a minor error of 0.5 kPa
(Figure 5.13 (a)). The SPA displacement showed a hysteresis response due to
the soft layer. The SD of the five cycles was ± 0.3 mm, which implies good
repeatability of the SPA (Figure 5.13 (b)). The hysteresis loop was averaged by
taking the midpoint of displacement between the loading and the unloading
phases at the same set pressure (Figure 5.13 (c)). A linear fitting was applied
to the averaged displacement, and the maximum displacement error is 1 mm.
The nonlinearity was higher than the inflation state during the retraction state
(from -50 to -80 kPa). The deflation state had more frictional force between the
bellows and the frame wall, and the bellows was reaching the full retraction
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state. The linear regression was the calibration of the SPA displacement
upon pressurisation in Figure 5.13 (c). The calibration was represented by a
linear equation P = Lx + g, where L represents the slope, x is the measured
displacement (mm), and g is the offset of the applied pressure (kPa). The total
linear displacement of the bellows-driven SPA is 20 mm between -8 to 12 mm.

The nonlinear sections appeared during deflation after the bellows’ full re-
traction and during inflation after the maximum elongation allowed (elastic
limit) of the bellows. The standard deviation of the nonlinear sections was
±1.5 mm. The nonlinearity was ignored in this work.

Figure 5.14 presents the range of the RS readings regarding SPA displacement
(Ex4). The RS readings tracked the SPA displacement significantly with five
hysteresis loops. The five cycles SD of ± 0.5 mm and the low standard
deviation of the hysteresis loops proved the repeatability and the compatibility
of the RS as a sensor for soft actuators (Figure 5.14 (a)). The hysteresis loop was
averaged by taking the midpoint of displacement between the loading and
the unloading phases at the same RS reading (Figure 5.14 (b)). A polynomial
fitting was applied to the averaged displacement curve, and a displacement
error of 1 mm occurs. A polynomial fitting was used over the linear one
because of the nonlinearity in two sections. The nonlinear areas appeared
during deflation (from -7.9 to -7 mm) after the full retraction of the bellows
and during inflation (from 8 to 12 mm) while the bellows were reaching the
maximum elongation allowed (elastic limit). The polynomial curve of the RS
readings was fitted with quality of R2 = 0.99. The RS readings were calibrated
upon the displacement by a 6th-degree polynomial curve, which was fitted
with quality of R2 = 0.99 (Figure 5.14 (b)). The result validated the RS as a
sensory system that detects the displacement of linear soft actuators. Also,
the calibration provided feedback for closed-loop control when an advanced
control method is required.

The viscoelastic linearity test (Ex5) is presented in Figure 5.15. Figure 5.15
(a) displays three points that are used in Eq. (5.5). Figure 5.15 (b) shows the
proportional relationship between the displacement and applied pressure of
the three compared points. The linear magnitude in Figure 5.15 (b) exhibits a
displacement error from D1,2,3 of≈ 0.1 mm. Eq. (5.5) applies to the SPA, where
the pressure is proportional to the displacement at a given time. Therefore, a
linear viscoelastic model describes the SPA.

Figure 5.16 (a) shows five SPAs responses to validate the actuator design. The
largest displacement error of 0.5 mm occured at the rising time (less than
1s). Then, the displacement error reduced gradually with an average of 0.26
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IEEE

mm. The fabrication process influenced the five actuators’ responses with
a minor displacement error of 3%. The five actuators exhibited very similar
step responses. This action implied that the proposed viscoelastic model
is generalised for SPAs design. The initial parameters of the model were
abstracted from a fitted curve that is shown in Figure 5.16 (a) (Ex6). The fitted
curve was matched with the measured displacement response with an R2 =
0.99 and a minor displacement error of 0.05 mm. The result of Ex7 is shown in
Figure 5.16 (b). The SD of the repeated experiments is ± 0.2 mm. The model
initial and optimised parameters from Ex6,7 are presented in Table 5.3. The
optimized parameters were fitted with R2 = 0.97.

The validation of the viscoelastic four elements model (Ex8) is illustrated in
Figure 5.16 (c). The proposed model’s optimised parameters were compared
with the measured displacements via a step function from Eq. (5.3). The
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FIGURE 5.15: The viscoelastic linearity test of the SPA actua-
tion response. (a) Three constant pressures (10, 20 and 30 kPa)
applied at time 0 to 10s which produce three time-dependent
displacements responses (D1(t), D2(t), and D3(t)), three points
are set on the three responses at 5s. (b) Comparing the three
points at 5s illustrates a proportional relationship between dis-
placements and applied pressures by a linear magnitude. The
displacement error is 0.1 mm. The linear magnitude implies that
a linear viscoelastic model can represent the SPA response. c©

2020 IEEE

TABLE 5.3: Viscoelastic four parameters model values. c© 2020
IEEE

Estimation method k1 k2 η1 η2

Initial (curve fitted by cftool) 107.1 11.96 1029 1.784

Final (optimized by fmincon) 82.85 11.45 345.6 2.036

model predicted the displacement with a maximum displacement error of
0.3 mm (Figure 5.16 (d)) and R2 = 0.98. The displacement error progressed
nonlinearly by increasing the applied pressure. This reaction occurs as the
inherent nonlinearity of the soft layer is raised upon excessive tensile stress.
The proposed model had a low displacement error of less than 5%. Therefore,
the model was valid for open-loop control of the SPA. For monitoring the
displacement of the SPA, the RS was introduced.
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FIGURE 5.16: The results of Ex5,6,7 that provide the initial pa-
rameters, optimized parameters and the validation of the four
elements model. (a) The step responses of 5 SPAs with the error
bars illustrating the differences. Also, the curve fitting of the vis-
coelastic model on a constant 50 kPa step response to obtain the
initial four parameters. The fitted curve has an error of 0.05 mm.
(b) The optimization of the viscoelastic model on step responses
of applied pressure between -20 to 50 kPa (by 10 kPa increments)
to obtain the optimized four parameters. The quality of the fitted
responses is R2 = 0.97. (c) The validation of the four elements is
described by the comparison of the measured responses and the
model responses. An increment of applied pressure from 10 to
70 kPa (0.05 Hz) is employed. (d) The residuals of the validation

result with a displacement error of 0.3 mm. c© 2020 IEEE
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5.4.1 Pilot Test

Figure 5.17 shows pilot tests to explore the interaction of SPA with loads and
soft objects. Unlike the rigid linear actuators, the SPA that mimics the smooth
muscle contractions was entirely soft. The actuator’s potential application
can be seen in simulating a human stomach’s contraction in a stomach robot
by multi-ring actuators that perform high contractions. Another application
that can be performed with the SPA is gripping soft objects by multi-SPAs in a
ring frame. Figure 5.17 (a) shows the SPA can lift about 2 N of weight with
100 kPa of applied pressure. Therefore, the SPA can generate similar forces
that are observed in a stomach of 2 N. Also, the loads were tested to compare
the blocking force results in Figure 5.12. As the generated force of 6.2 N was
achieved from 100 kPa of applied pressure, a 6 N was placed on the SPA to
validate the estimation. As shown in Figure 5.17 (b), the weight has forced the
SPA to retraction position, as expected from the results. Therefore, the results
of the blocking force are valid measurements for the SPA.

Figure 5.17 (c) shows three soft objects with different shapes and sizes to
be grasped with a multi-SPAs ring actuator. Figure 5.17 (d) illustrates five
SPAs that are fitted in a 3D printed frame with a diameter of 50 mm when
the actuators are fully retracted to resemble a section of the stomach antrum.
The ring actuator achieved an occlusion ratio of 80%, which is similar to the
maximum contraction of a stomach antrum (Figure 5.17 (e)). The holding
of a bellows with a diameter of 10 mm in Figure 5.17 (f) provides evidence
of the high contraction achieved by the actuator. Figure 5.17 (g) and (h)
demonstrate the gripping of soft objects with spherical and semi-rectangular
shapes. Figure 5.17 (i) expresses the lateral loads of 2.65 N that the ring
actuator can hold. Those tests validated the soft actuator’s capability in bio-
mimicking the high contraction of a human stomach with a defined amplitude,
width, and occlusion ratio of the deformation as observed by a segment from
a stomach. The ring actuator performed gripping functionality for soft objects
with a maximum weight of 230 g and a diameter smaller than 50 mm.

5.5 Chapter Summary

Chapter 5 presented a bellows-driven SPA combined with a displacement
sensory system. The actuator was proposed to simulate a segment of the
smooth muscle contractions of a human stomach. The smooth muscles’ func-
tion had not been fully explored in soft robotics, so a novel design of actuation
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FIGURE 5.17: Pilot tests on a single SPA with applied loads
and five SPAs fitted in a ring frame with loads and soft objects.
(a, b) A single SPA is tested with two different loads under
different applied pressure. (c) Three soft objects are tested with
the grasping functionality of a multi-SPAs ring actuator. (d) A
fully retracted ring actuator with five SPAs. (e) A fully actuated
ring actuator. A ring actuator grips a bellows with a diameter of
10 mm in (f), cherry tomato with a diameter of 33 mm in (g), soft
candy with a semi-rectangular shape of 20 x 30 mm in (h), and
c-type battery (70 g) with 200 g of loads on top of the battery in
(i). Those objects verify the grasping performance and the high

occlusion ratio of 80%. c© 2020 IEEE

was needed. The SPA consisted of a soft layer, bellows, frame, and a range
sensor. The soft layer could deform up to 22 mm, which meets the design
requirements in maximum displacement. The soft layer’s fabrication with a
1 mm thickness was accomplished without a fabrication error by removing
the bubbles during casting. Such an error provided different deformation
characteristics. The bellows inflated and deflated to generate the displacement.
The SPA performed a displacement of 20 mm as required for simulating a
segment of a stomach antrum. The response of the SPA was linearised to
form a hysteresis loop. The displacement of the SPA of 20 mm achieved a
required contraction of 80% when multi-SPAs embedded in a ring frame of 50
mm (a segment of an antrum). Therefore, the SPA was adequate for stomach
robot applications. Also, the ring actuator was able to accomplish gripping to
several soft objects.

The maximum axial force of a single SPA was 8 N. The SPA’s generated force
could be altered by changing the wall thickness of a bellows (w), which is
proportional to the applied pressure from (1). In this work, the SPA generated
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forces similar to the smooth muscle in a stomach. The lateral forces of multi-
SPAs in a ring frame was 2.65 N, which specified the allowed weight for
gripping soft objects.

The four elements’ viscoelastic model successfully modelled the SPA perfor-
mance to predict the displacement with the inherent creep upon a known
applied pressure. The experimental validation showed a maximum error of
0.3 mm (about 3%) of predicted displacement. The minor displacement error
proves the model’s viability to represent the actuator in an open-loop control
system. The model’s limitation was highlighted by the linearity requirement,
while most soft robots behave nonlinearly.

The RS system provided excellent performance in measuring the SPA’s dis-
placement with a displacement error of 5%. The sensory system showed a
perfect result with a 50% reduction of displacement error compared to the
inductance-based sensing system for a bellows-driven joint with an error of
10% [114]. Accordingly, IR sensors could conduct measurements with soft
linear actuators. As embedded in the actuator, the sensor can detect the dis-
placement of an enclosed application such as stomach simulators. Accurate
feedback signals are useful for advanced control algorithms for more precision.
This sensory system’s drawback was the calibration required for every actu-
ator, as the transparent frame influenced sensor readings. The performance
was not affected after the calibration of the sensors.

Although the soft actuator specification was structured to simulate a stomach
segment, the actuator development, modelling, and sensing methods apply to
other related soft robot applications. A ring actuator was designed by fitting
multi-SPAs to perform gripping and holding objects as an example of the
SPA’s modularity. The SPA can be fitted in a variety of 3D printed frames to
accomplish required tasks.

The next chapter investigates the ring actuator in-depth to provide an entirely
soft ring actuator with a control model that estimates the occlusion ratio
similar to a stomach antrum segment.
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Chapter 6

Ring Actuator of Embedded SPAs
for Large Contraction

Bio-mimicking physiological functions of digestion organs such as the stom-
ach’s peristaltic contractions can be challenging to design, model, and control.
The mimicking of such a motion advances the knowledge of the digestive tract
system through a physical robot. This chapter proposes a Ring-Shaped, Soft
Pneumatic Actuator (RiSPA), which imitates a stomach segment’s peristaltic
contraction. RiSPA was made of a ring frame with embedded silicone bellows
actuators that generate linear displacements. The displacements of bellows
in the ring frame were translated to a contraction. The proposed actuator
provided contractions up to 80% of the occlusion ratio analogue to a human
stomach. An embedded sensory system in RiSPA measures the occlusion
ratio by Range Sensors (RS). The contraction kinematics and dynamics of
RiSPA were modelled in the state space form, while a state feedback algo-
rithm achieves contraction tracking control. Through the regulation process,
the dynamics and control of RiSPA were simulated. Also, the simulation
results were validated experimentally, and comparisons were conducted ac-
cordingly. RiSPA contractions can be applied to a broad range of applications
in the bio-mimicking sector, such as mimicking the esophagus and intestine
contraction.

The human muscular system has been an inspiration for the development of
new soft robotic technologies. Skeletal muscles have been investigated inten-
sively, though smooth muscles have received less attention in soft robotics.
One of the most challenging soft robotic applications is imitating smooth
muscle peristaltic motions, propagating contractions along digestive organ
walls. As an organ consists of smooth muscles, the stomach has three crucial
tasks: mixing, grinding, and emptying the food particles to the small intestine.
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As discussed in the literature review (Chapter 2), efforts were made to de-
velop human stomach simulators via ring actuation. The proposed simulators
usually imitate the radial contractions by simulating a circular segment of
the organ. The radial contractions can be mimicked by inflating hermetically
sealed chambers. The actuation method lies in the expansion of the ring
chambers toward the centre of the actuator.

The available ring soft actuators in soft robotics had not fulfilled the design,
modelling, and control to accomplish a large occlusion. In response to this
gap, a ring-shaped actuator was introduced in this chapter, representing a
stomach antrum (the lower portion of a stomach). RiSPA should achieve the
maximum occlusion ratio (80%) in a human gut. The actuator was entirely soft,
formed from composite silicones. The contraction of RiSPA was challenging
to observe with available external vision techniques, such as motion capture
systems. To self-measure the deformation profile at each time step, a sensor
system was embedded in the RiSPA prototype. In the previous chapter,
an off-the-shelf infrared range sensor was embedded in soft actuators to
measure displacements. The same sensory system was adapted to calculate
the occlusion ratio of RiSPA. Also, the sensor enhanced the reliability and
control functionality of the RiSPA system. This sensory system is a solution
for an enclosed soft robot and can be used for control purposes.

For modelling and control purposes, some related methods presented in the
literature review. The FEA method and the viscoelastic model were challeng-
ing to adapt for control purposes. In this chapter, the effect of inertia was
considered in the model. RiSPA had been equally broken into decoupled
concentrated masses. Each mass represented a bellows-driven SPA that was
developed in Chapter 5. These masses were individually fixed by a trans-
lational linear spring and damper to present a Mass-Spring-Damper (MSD)
model as a set of ODEs. This modelling type gives a better understanding of
the contraction dynamics and is a suitable and convenient structure for closed-
loop control. For control objectives, an optimal static gain matrix as an offline
control scheme was employed. This method was obtained through matrix
calculations, and then it was applied recursively to the dynamic system.

This chapter presents the RiSPA concept, along with the fabrication steps.
The dynamical modelling described the equation of motion of RiSPA, and
the optimal controller structure on the dynamical model was applied. Sim-
ulation results and validation had been demonstrated. The experimental
setup and sensory system’s implementation was explained, and the numerical
simulation and experimental results had been compared.
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6.1 Concept, Design and Fabrication

6.1.1 Concept

RiSPA concept is inspired by a segment of the general structure of the Gas-
trointestinal (GI) tract [155] (Figure 6.1 (A)). This segment shows the influence
of smooth muscles that cause the lumen to contract through the lumen mem-
brane. As can be seen in Figure 6.1 (A), the lumen does not contract uniformly.
Instead, the membrane exhibits folds during contractions. Those folds are
known as the gastric folds in a stomach or circular folds in a small intes-
tine. The gastric folds present resiliency by enabling the stomach to expand
outward without increasing lumen pressure [156].

Soft layer

Bellows

Frame

Air flow

Sensor

Lumin
contractions

Stomach segment RiSPA

SPA

(A) (B)

(C) (D)

Smooth 
muscles

Soft 
actuators

Membrane
folds

FIGURE 6.1: The concept design of RiSPA. (A) A segment of a
general GI tract [155]. (B) The isometric view of a halved RiSPA
compared with the biological behavior from the GI segment. (C)
A cross-sectional view of a single bellows-driven SPA. (D) A
cross-sectional view of the RiSPA initial state. RiSPA consists of

multi-SPAs.

RiSPA was proposed to resemble the lower part of a stomach, which is known
as the antrum. Figure 6.1 (B) presents RiSPA that resembles the smooth
muscles with soft actuators (bellows). The gastric folds that occur in the con-
tracted lumen were also reproduced in RiSPA. Those folds were implemented
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in RiSPA by identifying how many SPAs can be installed in a ring frame.
The contraction of RiSPA achieves a response analogous to the GI general
segment. A set of bellows-driven SPAs generates the contractions. RiSPA and
SPA components are illustrated in Figure 6.1 (C) and (D).

RiSPA consists of multi-SPAs that produces displacements. The SPAs displace-
ments were measured in real-time by range sensors (RS) embedded in each
SPA. The SPAs were fitted in a ring-shaped, so the linear displacements were
translated to contractions.

6.1.2 Design

RiSPA is designed to resemble a segment of a stomach antrum. The spec-
ifications of this segment should be followed in the RiSPA design. Those
specifications were mentioned in the previous chapter (section 5.1.1), where
a bellows-driven SPA simulated smooth muscles. Briefly, the human stom-
ach’s antrum has an average diameter of 50 mm when fully retracted. The
antrum lumen decreases during contraction till it reaches the maximum con-
traction with a diameter of 10 mm. This action is known as the amplitude
of the contractions and can be calculated by the occlusion ratio (Eq. 3.3).
The contractions have a length that decreases from 20 to 10 mm during the
propagation of those contractions. RiSPA was constructed from multi-SPAs
with similar SPA specifications (Chapter 5), but RiSPA is a ring actuator that
simulates circular contractions. RiSPA represents a segment of the antrum by
three parameters (Figure 6.2): 1) non-contracted diameter (Dr), similar to av-
erage antrum diameter, 2) contracted diameter (Dc), similar to the maximum
contraction, 3) contractions width from Ca to Cb, as discussed in section 5.1.1.

To translate the displacement of SPAs to contractions, the frame and soft
layer in RiSPA are circular shapes compared to SPA square geometries. The
frame was constructed to provide a similar SPA actuation concept, including
contraction lengths and amplitude. RiSPA was designed with a frame and
soft layer that allows contractions with diameters from 50 mm (when fully
retracted) to 10 mm (when fully actuated) to satisfy an antrum section’s
specifications. Like the SPA frame, the RiSPA frame is fully encapsulating
bellows when fully retracted state. The soft layer allows bellows actuators to
displace between 0 to 20 mm, so the occlusion ratios change from 0 to 80%.

As the required maximum occlusion from RiSPA is 80%, it is necessary to
determine the number of SPAs to achieve the maximum occlusion without
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overlapping SPAs. The SPAs were designed previously to provide high dis-
placement. The SPA parameters, such as bellows and soft layer geometries,
are adopted here. One important character was required to construct RiSPA,
which defines how many SPAs can be embedded in a ring frame and generate
an occlusion ratio of 80%. The number of SPAs in RiSPA can be defined math-
ematically, as shown in Figure 6.2. Four parameters influence this method:
Dr, Dc, the minor bellows’ diameter where it is attached to the soft layer
(Bd), and the variation of bellows’ elongations (ε). The diameter of Dr is 50
mm (similar to an antrum segment), while Dc is between 50 to 10 mm (10
represents the maximum occlusion). The diameter of Bd is 6 mm, as specified
with the bellows geometry in the previous chapter (section 5.1.3). ε influences
the occlusion ratios in RiSPA by altering Dc, as defined in Figure 6.2. The
required ε here is between 0 to 20 mm. Those displacements can be translated
in RiSPA to an occlusion ratio between 0 to 80% by Eq. (3.3).

When SPAs are fully actuated in a ring frame, Dr can be assumed as a uniform
circle, while Bd is assumed to be a chord in Dc. Therefore, the number of
SPAs in a ring frame is equal to the maximum number of chords fitted in Dc.
The quantity of chords in a circle requires the value of θ, as shown in Figure
6.2. Then, Bd is determined by dividing the total circle degrees by θ degrees.
Although the soft layer covers the bellows, the small thickness of 1 mm does
not affect Bd. Also, when SPAs are fully actuated, the soft layer stretches,
and the thickness decreases gradually. The effect of the soft layer thickness is
ignored in this work. The calculated maximum number of SPAs that are fitted
in RiSPA is five.

6.1.3 Fabrication

Regarding the fabrication process of RiSPA, illustrations of the 3D design and
fabricated parts are shown in Figure 6.3. The soft layer has a 50 mm diameter,
30 mm width, and 1 mm thickness. The frame has a 52 mm inner diameter,
20 mm width, and 15 mm thickness. The frame thickness was chosen to
accommodate the bellows when fully retracted (15 mm). Other dimensions
were provided from Chapter 5, where the frame width is equal to the SPA’s
frame width, and so forth. RiSPA is different from SPA in the RS and bellows
base, including the bellows and the sensor in a separate package. This package
is attache to the frame.

RiSPA was fabricated by moulding and casting three parts: the RiSPA frame,
the soft layer, and the RS and bellows base. The moulds were designed in the
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Diameter when RiSPA fully retracted = 50 mm
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FIGURE 6.2: The identification of the required numbers of bel-
lows’ actuators in RiSPA.

software CREO (PTC). Then, the parts were constructed by 3D printers (PLA
material) and laser cutters (acrylic material). The materials of RiSPA followed
the previous work of the SPA. Polydimethylsiloxane (PDMS, Sylgard 184 Dow
corning) material was chosen for casting RiSPA and RS base, and silicone
rubber Ecoflex-0030 mix with a slacker (Smooth-On, Inc.) of a ratio of 1:0.5
for the soft layer. The liquid silicone was injected into the moulds through
injection channels.

RiSPA was assembled by glueing the parts together with silicone glue in four
steps, as shown in Figure 6.3. The parts are glued as follows: the bottom
of the bellow with the RS base’s cavity walls, RS boards with the manifolds
located at the bottom of the base, the soft layer with the outer sides of the
frame, bellows’ caps with the soft layer through the frame chambers, and the
RS and bellows base with the outer frame side. The fabricated RiSPA was
then connected with pneumatic tubes and I2C wires in the RS base.
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FIGURE 6.3: The fabrication process of RiSPA. On the top side,
modelling and casting three parts: RiSPA frame, soft layer, and
RS and bellows base. On the middle assembling and gluing of
the RiSPA by four steps: 1) the open side of the five bellows are
glued with the opening in the RS base, 2) the soft layer is glued
to the outer sides of the RiSPA frame, 3) the top of the bellows
are glued to the soft layer, 4) the RS bases are glued to the RiSPA
frame. The fabricated RiSPA has air channels engraved in the

RS bases, and pneumatic tubes are glued into them.

6.2 RiSPA Dynamical Modeling

RiSPA is a soft ring actuator driven by independent SPAs (n) to simulate
smooth muscles’ contraction. Figure 6.4 shows the proposed five SPAs design
that each SPA is modeled by a translational spring and dashpot connected in
parallel to a concentrated mass.

To describe the motion of the system, a set of independent generalised coor-
dinate vectors q(t) = [q1(t) ... qn(t)]T are defined where qi(t), (i = 1, ..., n)
is the radial coordinate of the SPA in the polar plane. Based on the free-
body-diagram in Figure 6.4, the coordinate through the forward kinematics
is global/general coordinate (r(t) = q(t)), Xi(t) = ri(t)cos(2π/n), Yi(t) =
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FIGURE 6.4: (A) Schematic of RiSPA with n-SPAs, and (B) the
model of an antrum section with five SPAs.

ri(t)sin(2π/n). The state variable (r(t)) is the longitudinal displacement to-
ward the centre as considered in the model. The rotational and bending
movements are ignored in this model.

The generalised force vector F(t) = [F1(t) ... Fn(t)]T is also defined, in which
Fi(t), (i = 1, ..., n) is the radial force applied on the ith SPA. According to the
Euler-Lagrange mechanics, the system dynamics are governed by

d
dt
(

∂L(qi(t), q̇i(t))
∂q̇(t)

)− ∂L(xi(t), q̇i(t))
∂q̇(t)

= Fi(t); (i = 1, ..., n). (6.1)

where

L(qi(t), q̇i(t)) =
n

∑
i=1

Ti(qi(t), q̇i(t)))−
n

∑
i=1

Ui(qi(t)); (i = 1, ..., n), (6.2)

which is called Lagrangian, expressing the subtraction of the kinetic and the
potential energy of the system.

For the model illustrated in Figure 4 (a), the kinetic energy Ti, (i = 1, ..., n),
potential energy Ui, (i = 1, ..., n), and generalised forces Fi are Ti(qi(t), q̇(t)) =
1
2 mq̇2

i (t), Ui(qi(t)) = 1
2 ktq2

i (t), Fi(t) = fi(t) − ctq̇i(t); (i = 1, ..., n), where
mi, kti, cti and fi are mass, translational stiffness of the spring, the dashpot’s
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constant and the external force applied on each mass, respectively. The system
dynamic can be converted into the matrix form,

Mq̈(t) + Cq̇(t) + Kq(t) = u(t) (6.3)

in which:
M = diag[m1 ... mn],

K = diag[kt1 ... ktn],

C = diag[ct1 ... ctn],

UT(t) = [ f1(t) ... fn(t)].

(6.4)

By defining the state variable vector as xT(t) = [q(t) q̇(t)] ∈ R2n, the system
dynamics turns into the state-space model as follows:

ẋ(t) =

[
q̇(t)
q̈(t)

]
=

[
q̇(t)

−M−1Cq̇(t)−M−1Kq(t) + M−1u(t)

]
,

ẋ(t) =

[
0n∗n In∗n
−M−1K −M−1C

] [
q(t)
q̇(t)

]
+

[
0n∗n
M−1

]
u(t).

(6.5)

Employing the State-Dependent Coefficient (SDC) parametrisation technique
to Eq. (6.5) yields the state space form

ẋ(t) = Ax(t)Bu(t),

A =

[
0n∗n In∗n
−M−1K −M−1C

]
,

B =

[
0n∗n
M−1

]
.

(6.6)

Where x(t) ∈ R2n and u(t) ∈ Rn for each t ∈ R+. Constant time-invariant
dynamics matrices, A ∈ R2n∗2n and B ∈ R2n∗n, make Eq. (6.6) a Linear,
Time-Invariant (LTI) system, which was a proper realisation for our control
aims.
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6.3 RiSPA Contraction Tracking Control

RiSPA can track the desired contraction profile up to any predetermined
occlusion ratio. By applying the control signals (i.e., applying generated
pressures to SPAs), each mass moves to reach a predetermined position and
eventually stops at the end of the regulation process within a sufficient time
interval. To control a recursive process like a continuous contraction motion
that repeats several times, a state-control effort tradeoff was required. This
tradeoff had to compromise between the system performance (state errors)
and the control cost. Thus, a Linear Quadratic Regulator (LQR) was designed.
LQR is an applicable optimal feedback control scheme in engineering since it
generates the static gain matrix and produces a compensation between the
speed of actuator response and the control cost. In the case of contractive
motion, LQR regulates the error between states and their desired values to
zero (x(t)− xdes(t)→ 0).

For designing the LQR for a dynamic system, an assumption was made that
the pair of (A, B) is stabilisable for all tx(t) ∈ R2n [157]. Then, for an LTI
system such as Eq. (6.6), the static gain was calculated offline such that
state feedback control u(t) = K(x(t)− xdes(t)) minimises the scalar quadratic
performance index given in by

J(x(0), u(.)) =
1
2

∫ ∞

0
[xT(t)Qx(t) + uT(t)Ru(t)]dt, (6.7)

in which Q and R as state and input weighting matrices are real symmetric
positive semi-definite and positive definite matrices, respectively. Note that
choosing the Q and R values depends on how much each state or input
contributes to the system. Their relative chosen values determine the relative
emphasis on each state and control cost. For instance, should a fast response,
regardless of saving the energy, be important, then the values of Q must be
chosen more significantly than those of R. However, Q and R were chosen
to be diagonal for ensuring that they are non-negative and positive, and the
diagonal element penalises each state and input. On the other hand, all the
unstable modes of the system must be controllable. To minimise J(x(0), u(.))
for all x(0), the symmetric matrix K must satisfy the necessary condition

K = −R−1BTP, (6.8)
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where P is positive definite and satisfies the algebraic matrix equation, known
as algebraic Riccati equation [158]:

ATP + PA− PBR−1BTP + Q = 0. (6.9)

To prove the stability, the Lyapunov principle had been considered. It states
that ẋ(t) = g(x(t), t) is stable in the sense of Lyapunov, if there exists a scalar
candidate V(x(t), t) > 0 in a way that V̇(x(t), t) is negative semi-definite in a
specific domain. A scalar Lyapunov candidate can be as follows:

V(x(t), t) = xT(t)Px(t),

V̇(x(t), t) = ẋT(t)Px(t) + xT(t)Pẋ(t).
(6.10)

Substituting Eqs. (6.6), (6.8) and (6.9) in (6.10), and using matrix calculus
principles, V̇(x(t), t) is obtained as

V̇(x(t), t) = xT(t)(−Q− PTB(R−1)TBTP)x(t). (6.11)

As P and R are symmetric positive definite, and Q is positive semi-definite, it
can be concluded that if B is positive definite, then V̇(x(t), t) < 0 holds and the
system can be stable. Consequently, the sufficient condition for the stability is
B > 0. According to Eqs. (6.6) and (6.8), the control law u(t) = k(x)− xdes(t))
regulates Eq. (6.6) towards the desired points while P ∈ R2n∗2n, Q ∈ R2n∗2n

and R ∈ Rn∗n hold.

6.4 Model Numerical Simulation

In this section, the LQR controller was applied to the proposed model numeri-
cally to imitate the stomach antrum’s occlusions through RiSPA. Considering
Figure 6.4 together with Figure 6.1, each mass has only one degree of freedom
in the direction of the centre of the ring and is actuated by a pneumatic force
toward the centre. Besides, for the sake of simplification, all the springs and
dampers were considered linear.

Note that identical bellows were used within the fabrication process of an SPA.
In the following simulations, all springs and dashpots’ constants were con-
sidered equal, and the system was entirely symmetric. The LQR’s weighting
matrices and physical characteristics for the simulation are stated in Table 6.1.
The given numbers in Table 6.1 are physically measured in the lab, according
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to RiSPA, and silicone bellows that are shown in Figure 6.3. Note that since
the model is symmetric and actuators are the same, Q and R are chosen to
be identical matrices in Table 6.1. Also, stiffness and dashpot constants, and
cross-section area that is used in converting the applied force into the pressure,
were obtained through measurements of actual SPAs (section 5.1.4). All other
physical characteristics, including radii and masses of SPAs, and upper and
lower bounds of the proportional valves, were measured according to the
design and fabrication of SPAs and RiSPA.

TABLE 6.1: Physical and control parameters of RiSPA with five
SPAs.

Description Parameter Value Unit

Radius of the ring r 0.025 m
Spring constant kt 153 N/m
Dashpot constant ct 0.1 N.s/m
Cross section area a 0.00942 m2

Mass of each element m 0.0227 kg
State variable weighting matrix Q 10 ∗ I10∗10 -
Input weighting matrix R I5∗5 -
Upper bound of actuators UB 120 kpa
Lower bound of actuators LB -80 kpa

The state-space model of RiSPA is expressed in Eq. (6.6), where n = 5 and
x(t) ∈ R10. It can be proved easily that the system is stabilisable [157]. The
system must be given enough time to achieve full contraction and stability.
Since the LQR asymptotically stabilises the system, simulations time were
considered 10s, long enough to achieve a full occlusion. This means that for
this simulation, the error between each state variable (axial displacement of
each SPA) and its desired value (80% occlusion of RiSPA) converges asymptot-
ically to zero, and 10s is enough time to complete the convergence. The initial
position of all SPAs is fully retracted (fully vacuumed position q0[r r r r r])
and the final position is 80% occlusion, q f [0.2 ∗ r 0.2 ∗ r 0.2 ∗ r 0.2 ∗ r 0.2 ∗ r],
similar to maximum occlusion of the actual antrum.

Figure 6.5 demonstrates the regulation results for RiSPA with five SPAs that
displace uniformly, forming a symmetrical occlusion. In Figure 6.5 (a and
b), it is shown that the occlusion starts from the fully retracted position (25
mm) and stops at 80% occlusion (5 mm), which is the desired position for the
regulation (this result is achieved in the experiments section as well). In fact,
the LQR asymptotically stabilises each SPA to its desired condition (5 mm and
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Fig. 5. Simulation results for symmetric occlusion. (a) Displacement of 1st concentrated mass. (b) Velocity of 1st concentrated 

mass. (c) Pressure generated for the regulation for 1st. (d) Contraction process of the RiSPA of 5 SPAs by 80% inflation. FIGURE 6.5: Simulation results for symmetric occlusion of RiSPA
with 5 SPAs providing 80% occlusion. (a) Displacement of 1st
concentrated mass. (b) Velocity of 1st concentrated mass. (c)
Pressure generated for the regulation of 1st concentrated mass.

(d) Contraction process of five concentrated masses.

0 velocities) within 10s. Figure 6.5 (c) implies that the generated pressure for
the occlusion remained within the predetermined upper and lower bounds
of the proportional valves (Table 6.1). Red dashed lines represent the desired
position of the occlusion in Figure 6.5 (d). Black arrows also illustrate the
directions of occlusion of each concentrated mass (SPA). It starts from the
outside edges of the polygon and actuates toward the red polygon.

Although Figure 6.6 shows a uniform radial contraction, the actual living
organs often do not contract axisymmetrically due to their shape and being
surrounded by other organs. For example, the general GI tract segment in
Figure 6.1 (A) shows an unsymmetrical contraction in the lumen. As the
concept of RiSPA includes n district SPAs, RiSPA can provide unsymmetrical
contractions hindered by the number of SPAs in a ring (5 SPAs in RiSPA). The
model and controller must also support asymmetric occlusion, which was
examined through asymmetrical simulation. This simulation used the same
weighting matrices given in Table 6.1. Figure 6.6 shows the simulation of
irregular contraction of RiSPA with five SPAS. The initial position was fully
retracted (same as the symmetric occlusion), and the final position had been
arbitrarily chosen q f [0.16 ∗ r 0.8 ∗ r 0.25 ∗ r 0.2 ∗ r 0.4 ∗ r] to have an irregular
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Fig. 6. Simulation results for the RiSPA of 5 SPAs, considering the asymmetric occlusion. FIGURE 6.6: Simulation results for RiSPA of 5 SPAs, considering
the asymmetric occlusion.

occlusion. These numbers had been chosen to show that even if each SPA’s
displacement is different, the controller performs accurately. The simulation
result in Figure 6.7 suggests that the average error of the SPAs’ displacements
and their desired value is asymptotically zero. The asymmetrical simulation
illustrated RiSPA’s capability for delivering irregular contractions, though
further validation was ignored as it is out of this work scope.
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FIGURE 6.7: The average error of SPAs for the asymmetric oc-
clusion.
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6.5 Experiments Setup

Two experiments were carried out. The first experiment was employed for the
calibration of RiSPA’s five actuators and sensors. The calibration represented
five hysteresis cycles for each SPA. The hysteresis loops were averaged, and a
mean hysteresis loop with error bars represented the five actuators deviations
from each other. The hysteresis loop was linearised to simplify the displace-
ment of RiSPA’s actuators. The same steps were followed for the sensors. As
the sensor readings of the RSs were in measurements called counts (cts) as
explained in section 5.1.4, a measurement conversion from cts to mm was
required to define the occlusion ratio during actuation. A triangle function
supplied the experiment with applied pressure from -80 to 120 kPa by 4 kPa/s.
The displacement response was measured by an electromagnet tracker (Pol-
hemus LIBERTY), as shown in Figure 6.8. The recorded measurements were
scaled and averaged. The measurements then were converted to occlusion
ratios. Moreover, sensors readings were recorded against the displacement
response for calibration purposes.

The second experiment validated the controlled RiSPA with three different
occlusions of 40%, 60%, and 80%. In this test, there was one input of applied
pressure to the five SPAs in RiSPA. The simulation results were compared
to ones from the experiment to define the errors of the occlusion ratios. The
occlusion ratio was measured with the calibrated range sensors. A gridded
platform (with 10 mm in each square) was fixed on the RiSPA background for
illustration purposes.

The experiments were carried out using the electro-pneumatic setup shown
in Figure 6.8. The control program was written in LabVIEW (National In-
struments) to control both retraction and contraction states. As the built-in
pressure sensors had a small error of 0.5 kPa, the error was neglected. The
experimental results were obtained according to the flowchart in Figure 6.8.
The flowchart also illustrates that the desired occlusions are achievable by
importing the simulation’s control signals into the RiSPA’s system.

6.6 Results and Discussion

Figure 6.9 (A) shows the mean hysteresis loop of the five actuators in RiSPA.
The error bars illustrate the deviation of the SPAs regarding the applied
pressure. The individual SPAs in RiSPA resulted in different displacements
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Fig. 8. (a, b) Experimental setup and (c) its flowchart. (1) fabricated RiSPA. (2) Proportional 
solenoid valve (ITV0030, SMC) with a built-in pressure sensor for the contraction state through the air pump. (3) Proportional solenoid 
valve with a built-in pressure sensor for the retraction state (ITV0090, SMC). (4) 
Vacuum ejector (ZK2A12K5RW-08, SMC). (5) 3/2-way solenoid valve to switch between retraction and contraction states 
(005 series microvalve, Koganei). (6) Master microcontroller to control the solenoid valves and to receive RS readings 
(myRIO). (7, 8) PCBs of the RS communicates with myRIO through a multiplexer (Adafruit TCA9548A) via an I2C bus. 

FIGURE 6.8: (a, b) Experimental setup and (c) its flowchart.
(1) fabricated RiSPA. (2) Proportional solenoid valve (ITV0030,
SMC) with a built-in pressure sensor for the contraction state
through the air pump. (3) Proportional solenoid valve with
a built-in pressure sensor for the retraction state (ITV0090,
SMC). (4) Vacuum ejector (ZK2A12K5RW-08, SMC). (5) 3/2-
way solenoid valve to switch between retraction and contrac-
tion states (005 series microvalve, Koganei). (6) Master mi-
crocontroller to control the solenoid valves and to receive RS
readings (myRIO). (7, 8) PCBs of the RS communicates with
myRIO through a multiplexer (Adafruit TCA9548A) via an Inter-

Integrated Circuit (I2C) bus.

(2 mm maximum) at the same applied pressure. However, the averaged
displacements of the SPAs (hysteresis loop) resulted in a maximum deviation
of about 0.5 mm, which occurred at the maximum applied pressure of 120 kPa.
The deviation was influenced by fabrication errors, such as parts assembling.
The hysteresis loop was characterised by the linear fitting, which resulted in a
displacement error of 0.2 mm. The SPAs delivered the required displacement
of 20 mm with a minimal displacement error.
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Figure 6.9 (B) shows the mean hysteresis loop of the five sensors in RiSPA. The
error bars illustrate the deviation of the RSs regarding the displacement, which
shows a good result with a maximum deviation of about 0.6 mm (3%). The
deviation of the sensors follows the deviation of the separate SPAs. Also, the
sensors are sensitive to the surrounding light condition. Therefore, a consistent
light environment is necessary. The sensors’ hysteresis loop was characterised
by the quadratic fitting, which resulted in a displacement error of 0.1 mm
(0.5%). As the displacement error was minimal, the sensors presented a valid
method to monitor RiSPA during actuation for the full displacement range of
20 mm.
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FIGURE 6.9: The occlusion range of RiSPA. (a) The calibration
of the displacement of the five SPAs through the mean of the
hysteresis loop. The average of the hysteresis is linearised. (b)
The calibration of the sensor readings of the five RSs through
the mean of the hysteresis loop. A quadratic equation fits the

average of the hysteresis.

The results in Figure 6.10 validate the proposed model and the applied control
method on RiSPA for 40%, 60%, and 80% of occlusions. The model can predict
the occlusion ratio of RiSPA. The occlusions from the simulations and ten
repeated experiments on RiSPA are presented in Table 6.2. RiSPA achieved the
required occlusion with about 3% of occlusion error and a standard deviation
of 0.5% of 10 repetitions. Also, the actuator achieved a large occlusion of about
80%. The occlusion responses of RiSPA in Figure 6.10 show a settling time
of about 3s. As the average speed of the stomach contractions is 2.5 mm/s,
the time required from RiSPA to simulate the contractions is 4s (the actuator
width is 20 mm). RiSPA simulates a segment of the antrum contraction with
similar membrane folds, average speed, and large occlusion. The validation
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Fig. 10. The validation results of the model and the applied controller on the RiSPA. (a) The input pressure from the simulation and 
the experiment for 40%, 60%, and 80% of occlusion.. (b to d) The occlusion response from the simulation and experiment with 40%, 
60%, and 80%, respectively. (e to h) The contraction of the RiSPA with a gridded background (each square equal to 10 mm) and a drawn 
circle to clarify the occlusion ratio with 0%, 40%, 60%, and 80%, respectively. 

FIGURE 6.10: The validation results of the model and the applied
controller on RiSPA. (a) The input pressure from the simulation
and the experiment for 40%, 60%, and 80% of occlusion. (b to
d) The occlusion response from the simulation and experiment.
(e to h) The contraction of RiSPA with a gridded background
(each square equal to 10 mm) and a drawn circle to clarify the

occlusion ratio.

of RiSPA proved our hypothesis as a soft actuator that can be controlled to a
desirable occlusion for a biomedical application that required a contraction
motion. The input signals employed in the experimental setup were generated
through the model and the controller offline. This confirmed that, by applying
the control signals obtained from the model-based controller, actuators reach
the desired positions as predetermined in the simulation results with an
agreeable estimation (Table 6.2). RiSPA was simulated and symmetrically
validated the contractions, though the asymmetrical performance was only
illustrated in the simulation. Although the asymmetrical performance is out
of this work scope, the simulation confirmed the model’s capability to achieve
arbitrary contraction shape. In the future, real-time control of RiSPA needs
to be investigated to have an instant response to deal with uncertainties and
unknown disturbances. Also, the methods and strategies of fabrication and
designing the setup can be extended to imitate the living organ as precisely as
possible.
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TABLE 6.2: The occlusion ratio of RiSPA for simulation and the
average of 10 repeated experiments.

Results Occlusion percentage

Simulation 40% 60% 80%
Experimental 38% 57% 79%
Occlusion error 2% 3% 1%

6.7 Chapter Summary

A ring-shaped soft pneumatic actuator that imitates the human stomach’s
contraction was proposed. The novel RiSPA was conceptualised, designed,
and fabricated. The actuator was designed from soft composite materials and
fabricated with a simple moulding and casting fabrication process. The con-
traction of RiSPA was generated by a set of linear soft actuators embedded in
the frame. The number of linear actuators fitted in a ring frame was calculated,
and five linear actuators were defined. The specification of a stomach segment
led to the calculated number of actuators. The five actuators were calibrated
by defining the average of each actuator’s hysteresis loops, and the maximum
deviation error was 2.5%, which provided excellent results considering the
fabrication error during the assembling process. To monitor the contractions
of RiSPA, a self-sensing system was designed and implemented for each linear
actuator. Those sensors were similarly calibrated to the five actuators. They
provided excellent results by following the actuator’s displacements with a
maximum deviation error of 3%. The sensory system measured the occlusion
of RiSPA and was used for feedback control schemes.

A mass-spring-damper mathematical model representing contractions of
RiSPA was proposed. Applying the LQR to the RiSPA model, control signals
were generated for both symmetric and asymmetric occlusions. The obtained
experimental results proved the ability and precision of RiSPA in preforming
the contraction motion under control signals with different occlusion ratios
(40%, 60%, and 80%) for symmetrical contraction and the maximum occlusion
error was 3%. The experimental results also verified the proposed dynamical
model and showed that this model was suitable for implementing offline state
feedback control schemes like LQR. The actuator design and modelling were
applicable to other soft ring actuators that replicate smooth muscle contraction
such as the stomach, intestine, and lower esophagus.
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RiSPA was developed to produce a contraction similar to a human stomach.
RiSPA was compared with medical literature to validate the capability of
the actuator. The results proved the concept of RiSPA as a valid actuator for
the Soft Robotic Stomach Simulator (SoRSS). The next chapter explains the
implementation of multi-RiSPAs in a stomach frame to provide a peristaltic
actuation and simulate a human stomach’s digestion process.
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Chapter 7

Integration of RiSPAs in the
Stomach Simulator

Soft robotics introduce soft actuators that simulate some parts of the human
body. Several soft robots mimic the functionality of the esophagus, heart,
and stomach. However, stomach robots are still primitive in replicating the
peristaltic contractions of the human stomach. Such robots are essential for
the food industry [58].

In a healthy stomach, the human stomach’s peristaltic waves are a rhythmic se-
ries of circumferential contractions [48, 159]. The contractions are determined
by physiological conditions such as pressure, frequency, and amplitude. Those
physiological conditions are necessary for mixing, grinding, and emptying the
stomach content [35]. The peristaltic waves are organised and initiated from
the pacemaker region, located in the stomach’s upper body. The contractions’
frequency is three cycles per minute, traversing from the pacemaker to the
pylorus through the stomach body. The average pressure of the contractions
is 60 mmHg, as recorded from the biological stomach. The peristaltic waves
travel the stomach body with an occlusion ratio that gradually increases up to
80% [2].

As discussed in the literature review (Chapter 2), several stomach simulators
have been produced to duplicate the digestion of food in a human stomach for
the food technologies field. However, the current robots require modifications
regarding stomach anatomy and motility.

A set of concepts, designs, and developments of soft actuators had been pro-
posed in the previous chapters, which led to the development of the Soft
Robotic Stomach Simulator (SoRSS). A human stomach’s physiology was
analysed in terms of geometry and motility; the robot’s geometry was ab-
stracted from medical CT images. The motility was replicated by soft actuators
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(bellows-driven SPA and RiSPA). The soft actuators provided a maximum
occlusion ratio of 80%, similar to a human stomach. However, a stomach
simulator required multi-soft actuators to perform peristaltic actuation. The
techniques in both SPAs and RiSPAs were combined in the process of the
stomach simulator.

In this chapter, SoRSS is proposed to simulate the stomach geometry and
motility realistically. SoRSS includes multi-RiSPAs that were designed with a
stomach frame and fabricated by soft robotics methods. The robot provides
an occlusion ratio and antral pressure that were validated with the aid of
medical literature. As the robot actuation was inaccessible with vision sys-
tems, the occlusion ratios of SoRSS were investigated by a medical device.
Videofluoroscopy was used to investigate the robot during actuation. The
stomach contractions generate antral pressure that was examined by a catheter
and pressure sensor. SoRSS provides a peristaltic actuation that simulates
the Antral Contracting Waves (ACWs) by regulating the actuation pattern of
RiSPAs. The peristaltic pattern in the robot accommodates the transition and
the mixing of the robot content. The digestion process was investigated and
compared with the biological stomach by comparing both videofluoroscopy
frames.

7.1 Development of SoRSS

The specification of a human stomach was simplified into two points, the
stomach’s average geometry and the contractions’ types, as mentioned in
Chapter 3. The contractions were specified by the occlusion ratio, which is
the ratio of contracted diameters over the non-contracted diameters (Eq. 3.3).
The types of contractions and the occlusion ratio were divided into different
zones, as shown in Figure 7.1 (a). The tonic contractions (in the fundus)
were translated to a uniform occlusion over Zone A. The ACW was split into
four zones from the contraction initiation at the pacemaker (Zone (B)) till the
termination before the pylorus at Zone E. The pylorus (Zone (F)) works as
a flow valve that opens and closes depends on the sequence of the ACWs.
Those divisions followed the division of the actual stomach motility (section
2.1.2).

Figure 7.1 (b) shows the translation of contractions specifications to the engi-
neering interpretation with soft actuators distributed over a correct average-
sized stomach conduit. SoRSS consists of 95 bellows-driven SPAs that are
acting inward to perform ACWs. The figuration of the bellows-driven SPAs
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L = 15 cm
The length of the ACW from initiation to termination
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FIGURE 7.1: The concept of SoRSS compared to a human stom-
ach body. (a) A human stomach is divided into six zones from A
to F (copied here for simplicity (section 3.2)). Zone A provides a
tonic contraction (arrows on the fundus). Zones B to E provides
a peristaltic contraction initiated three times per minute. Zone
F provides a passage gate that responses with the peristaltic
contraction. (b) The proposed soft actuators are divided into six
zones, similar to a human stomach. The conduit has a geome-
try of an average-sized of 1 L. The soft actuators acting on the
conduit are bellows-driven SPAs. The zones of the conduit are
divided into RiSPAs actuators. (c) A single RiSPA. The proposed

SoRSS is made entirely from composite soft silicone.

is presented with a ring design (RiSPAs), as developed in Chapter 6. RiSPAs
were fitted over the stomach conduit with a phase-shifted design; thus, the
adjacent actuators were not in a collision. RiSPAs were divided into different
zones that follow the different contractions zones. The distances between
RiSPAs are 20 mm in Zone A, and 10 mm in Zones B to F. Zone A distances
were an estimation, as the tonic contraction on that zone is shallow. The dis-
tances in Zone B to F were attended by the specification of ACWs, as discussed
in Chapter 2 and 3. The distances were measured from the median curvature
of the conduit. Figure 7.1 (c) is a single RiSPA that shows the stomach con-
duit and the construction of the layers of the robot. Figure 7.1 (d) shows the
fabricated SoRSS body with the pneumatic tubes. The characteristics of the
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zones in SoRSS are illustrated in Table 7.1, including parameters that simulate
a stomach’s segmentation.

TABLE 7.1: SoRSS zones characteristics.

Zones No. of
SPAs

No. of SPAs
in RiSPAs

Zones mid
curve length

Zones avg.
diameter

Zones
speed

Zone A 26 5 150 mm 95 mm 3 cpm
Zone B 1 1 20 mm 76 mm 7 mm/s
Zone C 18 3, 4, 5, 6 40 mm 62 mm 2.5 mm/s
Zone D 24 6 40 mm 59 mm 2.5 mm/s
Zone E 24 6 40 mm 58 mm 7 mm/s
Zone F 2 2 15 mm 12 mm N/A

To exhibit contractions from soft actuators, each RiSPA was connected to a
pneumatic tube for applied pressure to inflate and deflate the bellows. The
bellows act on the stomach conduit to perform contractions. The mechanism
of the RiSPA’s actuation was explained in Chapter 6. The amount of applied
pressure in RiSPAs was related to the required occlusion ratio from each zone.

7.2 Fabrication Process

The fabrication of SoRSS included 3D printed moulds (Prusa i3, Prusa Re-
search, Czech Republic), elastomer (Ecoflex 00-30, Smooth-on Inc, USA),
elastomer softener (Slacker, Smooth-on Inc, USA), (silicone adhesive (Sil-Poxy,
Smooth-on Inc, USA), PDMS (Sylgard 184 silicone elastomer, DOW, USA).
The CAD files of the moulds were modelled in CREO (PTC). The moulds were
sliced and then 3D printed.

SoRSS includes six zones: robotic fundus, pacemaker, proximal antrum, mid-
dle antrum, terminal antrum, and pylorus valve relevant to the anatomy of
the human stomach. The fabrication of SoRSS involved 3D-printed parts,
moulding and casting technique, and assembling moulded parts by adhering
with silicone glue. SoRSS body consists of four parts: the frame, bellows, con-
duit, and pneumatic connectors. The frame was fabricated in two halves, and
the conduit was fabricated in five segments. The pneumatic connectors were
made from the same frame material. The bellows geometries were specified
in Chapter 5. All parts used moulding and casting techniques, as shown in
Figure 7.2. The frame’s two halves’ assembling used PDMS material and a
heat gun to speed the curing and serve as glue. The five conduit segments
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were attached using the same mix of the conduit materials with a heat gun to
connect the segments. This technique provides the same material properties,
so the soft layer’s behaviour does not change across the entire area. A silicone
glue used to attach the pneumatic connectors and the bellows. The steps of
the fabrication are shown in Figure 7.2.

Outer mold

Inner mold

Acrylic 
sheet

Fasten bolts

Tubes 
channels

Bellows chambers PDMS mix

Acrylic 
glue

Oven  45 °

Right half

Left half

SoRSS frame fabrication 

SoRSS conduit fabrication

Ecoflex 10 &
slacker ratio 1:0.5
 Thickness: 1mm

 

I

II

III

IV

V

I

II

III
IV V

Pneumatic connectors

Fabricated 
conduit 

PDMS
 mix

Tubes 
channels

Fabricated
connector

SoRSS Assymbling

1 2 3Bellows

20 mm

Bellows fully retracted

Gluing bellows 
with conduit

Gluing the second half, 
tubes & connectors

FIGURE 7.2: The fabrication of three parts of SoRSS: the frame,
the conduit, and pneumatic connectors. The frame is fabricated
into two halves. The conduit is fabricated into five sections, and
then all sections are glued with the same material and a heat gun.
The pneumatic connectors are fabricated for each bellows (95
connectors). The assembly of the fabricated parts is by gluing
the bottom of the bellows on the frame (1), then, bellows are
fully retracted, and the conduit is glued with the bellows (2), the
second half of the frame is followed steps 1 and 2, both halves
are glued, and pneumatic connectors with tubes are glued on

the frame (3).

The assembly of SoRSS started with installing bellows on both frame halves.
The area where the bellows were glued was similar to the previous work on
bellows-driven SPA and RiSPA (Chapters 5 and 6). Silicone glue was applied
to the bottom of the bellows. Then, bellows were placed on the bellows’
chambers in the frame (95 chambers). For the first half of the frame, temporary
pneumatic connectors were attached to the installed bellows. The temporary
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pneumatic connectors supplied vacuum pressure to retract all bellows. Silicon
glue was applied to the retracted bellows caps; then, the conduit (filled with
air) was placed on the first half of the frame over the bellows’ caps. After
the glue curation, an observation was performed to visualise any unattached
bellows with the conduit. The second half of the frame followed the same
procedure of attaching the bellows with the frame and the conduit. When
the conduit was fully attached with all bellows, the two halves of the frame
were glued together. Finally, the fabricated pneumatic connectors and silicone
pneumatic tubes were glued on the frame. Tests were performed on each layer
with an input applied pressure to identify any leakage and fix them.

SoRSS was intended to be used in various testing locations. Therefore, the
prototype was designed with a portable frame. The robot body was elevated
on a platform, while a lower connected platform (aside) holds the controller’s
electro-pneumatic system (Figure 7.3). The platform was made from acrylic
sheets that were outlined by a laser cutter. Engraved holes were designed
between the robot body platform and the electronics platform to protect the
electronics from any water damage in the case of leaking issues are encoun-
tered.

SoRSS

Switch 
valves

Proportional
valves

Controller

Pneumatic 
tubes

Pneumatic 
connectors

FIGURE 7.3: The experimental setup of SoRSS with the platform
and electro-pneumatic system.

The electro-pneumatic system was used to regulate the applied pressure
in SoRSS. The electro-pneumatic system consists of six proportional valves
(four positive pressure and two negative pressure, ITV00 series; SMC, Japan),
thirteen 3/2 way solenoid valves (005 series; koganei, Japan), a controller (NI
myRIO1900; National Instruments, USA), and a custom circuit. The controller
was programmed with LabVIEW scripts.
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7.3 Experimental Setup of SoRSS

SoRSS was developed to mimic the stomach peristaltic contractions similar
to the biological stomach. Three objectives were planned to accomplish this
purpose:

• the identification of the antral contraction pressure,

• examining each zone occlusion ratio when SoRSS was filled with food
contents of various thickness,

• the emulation of the physiological digestion process of three phases.

7.3.1 Applied Pressure Patterns

The stomach robot was controlled with open-loop signals that provide two
scenarios for experiments. The first one was for testing the maximum occlu-
sion ratio in each stomach zone. Each zone’s control signal is a ramp function
of applied pressure from -75 to 0 kPa for Zone A and C, -75 to 70 kPa for
Zone B, 0 to 100 kPa for Zone D and E. The cycle of each ramp is 20s. The
applied pressure set values were adapted from the previous work on RiSPA,
which estimated applied pressure for a demanded occlusion ratio (Chapter
6). Zone A generates tonic contractions in the stomach robot with an estimate
of 20% of the occlusion ratio. This value was an estimation as there was
insufficient evidence on the occlusion ratio of a stomach fundus (represented
by tonic contractions). The pacemaker (Zone B) generates a contraction by
one bellows actuator as the contraction is semi-circular and short (Chapter
3). The occlusion ratio is larger and faster than the robot’s proceeding layer,
which was estimated to be about 20%. The proximal antrum (Zone C) has a
maximum contraction of 40%, while the middle antrum (Zone D) has about
80%. Zone C and D maximum contractions were estimated from related
literature [5,11]. The terminal antrum (Zone E) has a maximum contraction of
80%. The estimation of the occlusion ratios across the robot was introduced
through medical and biomedical literature and implemented to generate a
smooth propagation of contraction waves.

The second open-loop control system provides a series of contraction waves
in the robot. The contractions emulate a human stomach’s peristaltic waves,
hindered by each zone propagation speeds and occlusion ratios. Figure 7.4
(a) shows the pneumatic system’s connections with each RiSPA in SoRSS.
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FIGURE 7.4: The connection of the electro-pneumatic system of
SoRSS (a), applied the tonic contraction signal (b), applied the
pyloric valve signal (c), applied the peristaltic contraction signal

(d).

Proportional valves generate the source of inflation and deflation for the
robots. For Zones C to F, solenoid valves were introduced to switch between
ring actuators and simplify the control system. Figure 7.4 (b) illustrates the
tonic contractions of the fundus that is generated in Zone A and provides three
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cycles per minute, as compared to the tonic contractions of a human stomach
[35]. Figure 7.4 (c) presents the sequence of switching the pylorus on/off
every 20s. This sequence is explained in the next section of the peristaltic
contractions.

Figure 7.4 (d) shows the applied signals for the electro-pneumatic valves
to generate a peristaltic wave that starts from the pacemaker (Zone B) and
terminates in the terminal antrum (Zone E). The black line in the figure is
the reference for the proportional valves for the targeted zone. The shaded
areas under the black line are shifting signals (on and off) for the switch
valves. The signals are overlapped with adjacent layers to provide peristaltic
behaviour during the actuation between ring actuators. The pacemaker (Zone
B) is combined with the proximal antrum (Zone C) as one region, where the
antral contraction starts by Zone B and propagates in Zone C. The lifespans of
Zone B-C, D, and E are estimated regarding the full cycle of ACWs, each zone
lifespan being about 20s. The lifespan of each ring actuator is related to the
lifespan of each zone.

The complete time frame was determined to simulate the lifespan of the
ACWs. The biological stomach has an average of three ACWs that coincide
with the stomach body, and they are repeated every 20s. Therefore, Zones C,
D, and E in SoRSS are imitating a human stomach’s ACWs with a continuous
actuation every 20s. The signal in Zone A is a sinusoidal wave to mimic the
tonic contraction. The signal for Zones B to D is a ramp function that increases
the pressure from -75 to 100 kPa. The pressure increases in ring actuators
progressively, which increase the contractions on those actuators.

A steady signal of 100 kPa is applied for all the layers in Zone E. The fast con-
tractions between the layers in this zone imitate the fast stomach propagation
in the terminal antrum. This peristaltic signal mimics the ACWs and the three
phases of the physiological digestion in a human stomach (Table 7.1).

7.3.2 Stomach Robot Food Contents

SoRSS was filled with three liquids with different viscosities to serve as stom-
ach contents for experimental purposes: water (thin), nectarine-thick (mildly
Thick), and pudding-thick (extremely thick). The thickness (viscosities) levels
were decided by the international dysphagia diet standardisation initiative
(IDDSI). The three contents were selected for their relative similarities to
stomach contents. Also, they are medically used as food bolus for testing on
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dysphagic cases. The use of the three contents was to validate the proposed
robot functionalities. Nectarine-thick and pudding-thick contents were made
from a food thickener in powder form (Altrix Rapid Thickener; Douglas Nutri-
tion Ltd., USA). The product manufacturer suggested the powder and water
mixing ratio to produce nectarine-thick (3.5 scopes in 700 ml of water) and
pudding-thick (14 scopes in 700 ml of water). The contents were quantitatively
evaluated in the literature, where water is 0.001 Pa/s, nectarine-thick is 0.325
Pa/s [160], and pudding-thick is 1.36 Pa/s [9].

7.3.3 Antral Contracting Pressure

The Antral Contraction Pressure (ACP) in a human stomach is usually inves-
tigated at the antrum where the stomach lumen is highly contracted (about
80% of occlusion ratio). Therefore, the investigation of the ACP in SoRSS was
performed in Zone D and E (middle and terminal antrum).

Pressure
sensor

Catheter
balloon 10cc

Syringe 

LED
light

FA

CB D
E

(a) (b) LED
light

FIGURE 7.5: The experiment setup of antral contracting pressure.
(a) A customised catheter (10 ml) with an LED installed at the
tip, a pressure sensor, and a syringe for inflating catheter balloon
with 10 ml. (b) SoRSS with the catheter inserted in the lumen.

The LED aids define the location of the catheter balloon.

To define the ACP, a standard method that measures stomach contractions in
the medical field uses a catheter. In this method, a catheter is inserted into an
antrum of a stomach. The catheter balloon is inflated while inside the stomach
by a syringe. Pressure on the balloon occurs by the stomach contractions. A
pressure sensor is connected to the balloon measures the ACP, as shown in
Figure 7.5 (a). In this work, a catheter was customised to measure the ACP of
SoRSS. As the stomach’s lumen is invisible, an LED light was attached to the
catheter’s peak. The LED light helped to locate the balloon inside the lumen
(Figure 7.5 (b)). The catheter in this work was a 2-way standard specialty foley
10 ml (Bard Medical, USA). A syringe was used to inflate the balloon with 10
ml of air. The pressure sensor was connected with LabVIEW via a controller
to acquire the data. The catheter was inserted from the pylorus area and then
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aligned with the targeted zone. The measurement of ACP was performed
during the actuation of the stomach with the peristaltic wave. The experiment
was repeated five times for reproducibility. Similar procedures were applied
for both Zones D and E. The sampling frequency was 20 Hz.

7.3.4 The Occlusion Ratio of SoRSS’s Lumen

The occlusion ratio in a stomach varies over the stomach body. The proposed
robot was validated by comparing the occlusion ratio of a human stomach
with the robot. As the robot lumen is inaccessible with the visual systems, a
videofluoroscopy was used to inspect the robot’s lumen (Figure 7.6). Videoflu-
oroscopy is usually used in the medical field to observe organs functionalities.
In this experiment, each stomach section’s maximum occlusion ratio was
compared with the maximum occlusion ratio in each zone of SoRSS. Vide-
ofluoroscopy testing requires a radio-contrast agent to observe the internal
movement of the robot. Barium was used as a contrast agent with the three
prepared stomach contents of water, nectarine-thick, and pudding-thick. Bar-
ium was mixed thoroughly with the 700 ml of each content. The examination

Generator Detector

SoRSS

FIGURE 7.6: The characterisation of the occlusion ratio, peri-
staltic waves and stomach digestion functionalities with a vide-

ofluoroscopy.

of the occlusion ratio was performed by specifying a single ring actuator
located in each zone. In this way, the time of the experiment was reduced.
The experiment in the hospital was hindered by limited time. The actuators
that tested were as follows: Zone A, Zone B, Zone C (C3), Zone D (D3), Zone
E (E3). The pylorus gate (Zone F) was left closed the entire experiment to
retain the stomach contents. Also, Zone F achieved either an open or close
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state, which both were examined with videofluoroscopy. The tested actua-
tors were pneumatically actuated with prescribed pressure for each zone in
SoRSS. The tests were repeated three times for each liquid content of water,
nectarine-thick, and pudding-thick. In the hospital, the videofluoroscopy
device recorded a video with 30 frames per second. The recorded videos were
edited with a customised Matlab script and image processing tool to identify
the maximum occlusion ratio by abstracting the relevant actuators’ diameters.

7.3.5 Peristaltic Waves

The function of peristaltic waves in a stomach was adapted in the robot by
coordinating the actuation sequence for multi-RiSPAs according to the medical
literature that describes stomach motility [5, 48]. The peristaltic waves start
at the pacemaker (Zone B) and migrate distally (Zone C, D, and E) toward
the pylorus (Zone F) every 20s. The signals and the lifespan of the actuators
were discussed in section 7.3.1. The robot generated five full peristaltic waves
(5 minutes) for the videofluoroscopic experiment. The recorded videos were
processed by abstracting ten frames for each full cycle of the peristaltic wave.
The frames were then used to abstract the occlusion ratio as a function of time
by a customised MATLAB script and image processing tools.

7.3.6 Digestion Phases

During the peristaltic waves, three phases of digestions occur in a human
stomach, the phase of propulsion, the phase of emptying, and the phase of
retropulsion [35], as discussed in section 2.1.2. After realising the robot’s
peristaltic contractions, videofluoroscopic films were used to validate the
three phases of digestion, as explained in the literature [4, 161]. The three
phases are related to the three sections in a stomach. The first phase starts
at the proximal antrum (Zone B-C), pushing contents toward the second
phase in the middle antrum (Zone D) while the pylorus opens for emptying
(Zone F). The third phase in the terminal antrum (Zone E) contracts faster
to force back the remaining contents while the pylorus closes. Those three
phases were examined when the robot was filled with pudding-thick content.
Also, biological stomach digestive phases were compared with the robot by
comparing both videofluoroscopy results.
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7.4 Results of SoRSS

7.4.1 Applied Pressure Results

The results of the proportional valves are shown in Figure 7.7. These results
show the responses of the robot actuators relative to the input pressure. Also,
the results indicate whether there is a leakage in the pneumatic system. The
responses were measured by the built-in pressure sensors in the proportional
valves used in the experiment. The proportional valves were tested with
four cycles of actuation for Zones A to E with a repeated test of five times
to estimate the standard deviation. The response of the Zone A valve was
excellent, with a standard deviation of 3 kPa. Zone B had similar results
with a 1 kPa of standard deviation. The low standard deviation indicates the
minimal leakage of the chambers in both zones during the actuation and the
agreement of the reference applied pressure with the measured responses. The
proportional valve in Zone B controls only one bellows, as a single actuator
has fewer leakage issues than many actuators that are controlled at the same
time. In Zones C, D, and E, each proportional valve has four switch valves
controlling four layers in each zone. During the switching between the layers,
some spikes occur on the proportional valves’ response.

The spikes are introduced by switching from a vacuum state to follow the
ramp function of the specific zone. The valves’ switching pulls down/up
the measured applied pressure of the proportional valves for less than a
second. This effect does not encounter the actuator’s overall performance, and
the proportional valves recover fast to follow the reference applied pressure.
The standard deviation is 5 kPa, 6 kPa, and 10 kPa for Zones C, D, and E,
respectively. In Zone E, the standard deviation is the highest in all the zones as
the switch valves are switching on in a shorter time than other zones, and all
four switch valves stay on at the same time, as explained in the experimental
setup. When the four layers are pressurised simultaneously, the controlling
pressure valve inflates all soft actuators on those layers while stabilising all
the leakage issues encountered on those layers. The stabilised input pressure
is less than the reference for about 5 kPa. Therefore, the reference applied
pressure was increased from 100 kPa to 105 KPa to compensate for the input
pressure error. Figure 7.7 shows the compensated applied pressure, while the
measured pressure is settling at about 100 kPa as required for Zone E.
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7.4.2 Characterisation of Antral Contracting Pressure

The physiological digestion process delivers a significant function in mixing
and emptying food, played in the stomach’s antrum part. To mimic this
process in the soft robot, the ACP was tested in Zone D and E (in the antrum
of SoRSS). In a human stomach, the ACP is measured between 45 to 90
mmHg [162].

The ACP was examined in Zone D and E with a customised catheter when
SoRSS was empty. The catheter was equipped with a balloon and filled with
air (10 ml). The contraction in the robot created pressure on the balloon.
The pressure on the balloon was measured by a pressure sensor that was
connected with the catheter tube. This pressure was the surface pressure
between the catheter balloon and the contracted surfaces of the robot conduit.
The measurements of the antral pressure were conducted for the entire area
of the targeted zone. Each zone is equal to 40 mm in length, and the catheter
balloon is about 20 mm of balloon height. The balloon was placed in the centre
of the targeted zone with the aid of the LED light. The ACP was measured by
the pressure sensor in kPa and converted to mmHg. The measurement method
followed the traditional way of measuring in-vivo stomachs, which estimates
the pressure in a specific region. The ACP vary throughout the contraction of
the targeted zone. This difference in ACP is caused by the applied pressure of
a ramp function over 20s, and the settling time of the inflated soft actuators
demands about 3s of settling time, as resulted previously in RiSPA (Chapter
6). The contraction pressure was assumed to be uniform over the catheter
balloon as the actuators are controlled by the same bellows (same diameter of
all bellows used over the stomach robot, Chapter 5).
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FIGURE 7.8: The antral contracting pressure of SoRSS. (a) The
antral contraction response in Zone D. (b) The antral contraction

response in Zone E.
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The antral contracting pressure (ACP) is shown in Figure 7.8 as a function
of time. The input pressure for Zone D and E are also shown to realise
the trend of the ACP. Other zones were ignored in this study as the ACP is
usually neglected on other parts of the stomach, and the ACP increases in the
middle and terminal antrum. The results show that the ACP measurements
are within the estimated measurements reported from a human stomach’s
medical literature. In Zone D, the ACP increases following the ramp function
of applied pressure with a spike from switching between layers, as explained
in the previous section. The ACP continues to increase in Zone E till it reaches
about 48 mmHg. All the layers in Zone E were pressurised with a maximum
applied pressure to provide an occlusion ratio of 80%. Therefore, the ACP
trend is different from the one in Zone D. The continuous increments between
43 to 48 mmHg in Zone E causes by the stabilisation of the input pressure, as
explained in the previous section. From the results, SoRSS can simulate the
antral contracting pressure of a human stomach. Such functionality can aid in
the mixing and emptying of the stomach contents.

7.4.3 Characterisation of the Maximum Occlusion Ratio

The ACWs’ amplitudes play a role in breaking down and moving the stom-
ach’s food contents. The amplitude was described as the occlusion ratio from
Eq. (3.3). The occlusion ratio is influenced by stomach contents, condition,
and digestion phases while increasing gradually from 0 to 80%. The proposed
robot follows the stomach functions by distributing occlusion ratios from 0 to
80% over the robot body. Although the proposed robot is made from multi-
RiSPAs and follows the principles, the occlusion ratio of SoRSS is different
from the structure perspective.

The occlusion ratios were examined with a videofluoroscopy, while the robot
was filled with three different stomach contents mixed with barium. The
robot’s actuation was explained in the experimental setup, while the actu-
ation caused deformation on the conduit that was continuously recorded
by a videofluoroscope in a hospital. As the experiment was performed in a
hospital (limited available time), three repeated tests were managed to ensure
repeatability results.

From the recorded videofluoroscopy, the abstracted frames from those videos
show the deformation of the conduit inside the robot (Figure 7.9 (a–c)). The
frames were handled to define the contracted diameter of dm and the Dm’s
initial diameter of each zone. The abstracted frames at the maximum applied
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FIGURE 7.9: The characterisation of the occlusion ratio of each
zone in SoRSS. (a) A screenshot of a videofluoroscopy with
SoRSS filled with water, nectar-thick (b), and pudding-thick (c).
(d) The abstraction of the filled conduit with water, nectar-thick
(e), and pudding-thick (f) to measure the maximum occlusion

ratio regarding the maximum applied pressure (g) to (i).

pressure for three contents are shown in Figure 7.9 (d–e)). The inflated ring
actuators are specified in white lines. The occlusion ratio of each zone is
plotted as a function of input pressure when SoRSS was filled with water,
nectarine-thick, and pudding-thick (Figure 7.9 (g–i). The middle and terminal
antrum (Zone D and E) produce a maximum occlusion ratio of about 78%
and 82%, respectively. These results are similar to the reported function of a
human stomach.

The proximal antrum (Zone C) achieves the required response of about 40%.
It is noted that the maximum occlusion ratio of the nectarine-thick content
was unable to be attained as the visibility of the contraction is very poor. The
visibility issue was related to the barium-laced content that might be leaked
between the conduit and the robot frame. Also, Zone C has fewer SPAs in
their RiSPAs than Zone D and E, which means the videofluoroscopy does
not film them with the horizontal alignment of the robot x-ray. The results
of Zone C with the other contents are sufficient to identify the maximum
occlusion ratio. The results of Zone B and C are under 20% of the occlusion
ratio. The pyloric actuator in Zone F was fully actuated to keep the content in
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the robot’s lumen during testing. The results slightly vary among the three
liquid contents. The difference in the density of the three contents influences
the performance of the occlusion ratio. The videofluoroscopic experiment
provides a possible technique to measure the internal contraction of the robot.
The results validate the maximum occlusion ratios that were compared to a
human stomach.

7.4.4 Simulation of the Peristaltic Waves

The propagation of antral contraction waves is shown in Figure 7.10. The
applied pressure for those actuators is shown in Figure 7.7. The contractions
start at Zone B and propagate downward to Zone E with a full contraction
cycle taking about 60s. Each zone has a repeated contraction every 20s. The
ring actuators’ responses in each zone are shown on the left side of Figure
7.10 (a, c, and e). The results show the propagation of the contraction over
time. In Zone E, the applied pressure is a steady 105 kPa, while the actuators’
responses increase with time. This response occurs because the four cham-
bers’ actuation begins simultaneously, influencing the proportional valve
from providing a faster-regulated response. The valves regulate the pressure
concurrently against some pneumatic leakage in the four-ring actuators. The
overall response results of each zone are presented on the right side of Figure
7.10 (b, d, and f). The results were abstracted from 10 frames of the videofluo-
roscopy when the robot was filled with pudding-thick content. The responses
of the zones show the propagation of the contraction waves. The peristaltic
contraction of the robot exhibits a similar pattern to the behaviour of a human
stomach contraction. The results validate that SoRSS can emulate the biologi-
cal peristaltic contractions by applying regulated pressure in soft actuators to
generate contraction force, amplitude, and frequency. Therefore, SoRSS serves
as a test environment for digestion and food technology researches.

7.4.5 Bio-Mimicking the Digestion Phases

After identifying the antral contracting forces and occlusion ratios of SoRSS,
the robot’s actuation was organised in a sequence to imitate a human stom-
ach’s peristaltic waves. The ACWs in a sick stomach are different from the
normal stomach regarding force, amplitude, and frequency, but this work
focused on the regular physiological ACWs. The contractions are repeated
from the pacemaker every 20s, and the third wave ends at the pyloric within
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FIGURE 7.10: The simulation of the peristaltic waves in SoRSS.
The ring actuators’ responses in each zone are shown on the left
column (a, c, e). The overlapping sequences of the actuators are
presented to ensure the continuity of the peristaltic waves. The
right column (b, d, f) shows the peristaltic wave’s propagation
in each zone. The sequence patterns of the results have similar

properties to the biological example.

60s. Therefore, three contractions occur at a time with a 20s distance between
them [5, 35]. In SoRSS, the contractions start at the pacemaker (Zone B) and
propagate over the robot body. Three contractions occur and are repeated
every 20s over the robot in Zones B-C, D, and E. The actuation sequence
was described in the experimental setup, which emulates the peristalsis of a
healthy stomach. The investigation of the internal contraction of the robot was
accomplished via videofluoroscopy screening. This method is used for ob-
serving a human stomach. The robot was filled with pudding-thick contents,
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which were mixed with barium before the screening. This content was trans-
ported inside the robot by the peristaltic actuation of the robot conduit. The
videofluoroscopy characterises the three phases of the physiological digestion
process, propulsion, emptying, and retropulsion.

The phase of propulsion is shown in Figure 7.11 (a and b). The model il-
lustrates the sequence of the actuation of each zone. In this phase, Zone C
contracts to transport the food to the middle and terminal antrum. The second
phase of emptying is represented in the model in Figure 7.11 (c and d). In
this phase, Zone D starts the contractions to propel stomach content to the
terminal antrum and empty some of the contents while the pyloric is open.
The third phase is presented by the model in Figure 7.11 (e and f). In this
phase, Zone E contracts faster than the other two zones, and all the layers in
this zone are contracted simultaneously to create a pumping pressure that
mixes and grinds the content while pushing the remaining contents back to
the stomach as the pyloric is closed. Screenshots of videofluoroscopy are
shown in Figure 7.11 (b, d, and f) for the three phases.

In Zone C (proximal antrum), the contractions appear slight, as the actuators
in this zone are scattered around the bottom of the robot body (the greater
curvature). This design follows the human stomach’s medical literature on
propagating the peristaltic contractions [4, 161]. In Zone D (middle antrum),
the contractions are increased to push and empty the content as the pyloric
is open. It is noted that the actuators are not fully retracted between cycles.
This issue was related to the vacuum generator, which cannot simultaneously
manage all the actuators, mainly from the leakages that occur with those
actuators. In Zone E (terminal antrum), the occlusion ratio is 80%, which
forces back the remaining contents to the stomach conduit while the pyloric
is closing. It was seen that some remaining contents were stuck in a gap
between the last actuator in zone E (E4) and the pyloric valve. This gap has
no actuator. The design of this gap was followed by medical literature as
the contractions end before the pyloric about 7 mm [48]. In SoRSS, the gap
was designed with 10 mm for the robot’s geometrical design consistency.
Despite the drawbacks, the robot can simulate the three phases of digestions.
SoRSS can transport, empty, and force back stomach contents simultaneously,
mimicking the digestion phases. Comparing the digestion phases between the
robot and biological stomach was conducted with specific literature [4,35,161].
SoRSS was designed to mimic an average human stomach’s functionality
within a healthy state.
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FIGURE 7.11: The replication of the three physical digestion
phases during the peristaltic waves in SoRSS as compared with
a biological stomach [4]. The phase of propulsion is illustrated in
a model in (a), biological stomach from a videofluoroscopy in (b),
SoRSS from a videofluoroscopy in (c). The phase of emptying is
represented in a model in (d), biological stomach in (e), SoRSS
in (f). The phase of retropulsion is shown in a model in (g),

biological stomach in (h), SoRSS in (i).
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7.5 Discussion

The performance of SoRSS was tested by examining the ACP and the occlusion
ratios of the ACWs. The ACP in the middle and the terminal antrum of SoRSS
was within a close range of the human stomach. The ACP was examined, and
the results showed similar data to those reported in the literature. Similarly,
the occlusion ratios results showed the occlusions’ performance and the influ-
ence of the contents’ viscosity on those occlusions. The results continued to
prove that SoRSS can mimic the peristaltic actuation by applying a pattern
of input regulated pressure in the temporospatial domain to the robot’s soft
actuators. The generated peristaltic contractions presented the physiological
digestion phases of transporting, emptying, and grinding of stomach con-
tents. These results implied that SoRSS could serve as a test environment that
simultaneously reproduces the peristaltic actuation for simulation proposes.

The proposed robot extensively improves on earlier work of the concept,
design, and development of soft linear and ring actuators that generate dis-
placement and radial contractions similar to the stomach’s smooth muscles.
These studies provided the milestone of the specification and technical re-
quirements to devolve a soft robotic stomach simulator. The bellows-driven
actuator was the first step to design a soft actuator that provides the required
displacement amplitude, width, and force as specified in stomach literature.
The ring-shaped actuator provided a contraction similar to the maximum
contraction that occurs in a human stomach. The ring actuator validated the
soft-bodied design to be implemented in a stomach robot shape. Although
these studies contributed to translating a human stomach’s biomedical knowl-
edge to the engineering domain, previous studies are different from SoRSS
regarding the results and functionalities that the robot can achieve. The robot
was validated and compared upon medical evidence to prove its similarity
to a biological stomach. The specification of SoRSS was compared with the
biological specification abstracted from the medical literature and presented
in Chapter 3. Table 7.2 summarises the comparison of SoRSS with an average
human stomach specification.

SoRSS is an entirely soft robot made with composite silicone to serve as an
in-vitro simulator. SoRSS mimics the in-vivo peristaltic contraction of the bio-
logical stomach. The contribution of SoRSS compared with previous stomach
robots is the design and functionality. The robot’s design was abstracted from
a medical scan of a human stomach and scaled with an average geometry. The
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TABLE 7.2: The comparison of specification between biological
stomach and stomach robot.

Property Biological stomach Stomach robot

ACW lifespan ≈ 60 s [39, 142] 60 s
ACW cycle 3 cpm [39, 142] 3 cpm

ACW average speed ≈ 2.5 mm/s [39, 142] ≈ 2.5 mm/s
ACW occlusion ratio ≈ 0− 80% [11] 0− 80%

ACW contraction width ≈ 8 to 20 mm [39] ≈ 10 to 20 mm
ACW antral pressure ≈ 45 - 75 mmHg [17] ≈ 35 - 50 mmHg

ACW pacemaker from pylorus ≈ 150 mm [11, 48] ≈ 150 mm
Stomach widest diameter ≈ 100 mm [3, 11] 100 mm

Stomach pyloric valve diameter ≈ 10-15 mm [11] 12 mm
Stomach average volume ≈ 0.35-4 L [4, 142] 1 L

robot’s construction was made from entirely soft materials and generated con-
tractions with soft actuators, unlike the current stomach simulator, where they
have a shape of a stomach conduit and apply rigid actuators on the conduit.
This method presents an unrealistic shape and actuation. The functionality of
SoRSS includes the three phases of the digestion process, as explained in the
medical literature. The imitation of those phases was not found on the other
stomach simulators. Therefore, it is a significant contribution that advances
knowledge in the field of the digestion process. The robot is controlled with
a pattern of a healthy peristaltic wave. However, the controller can mimic
ill peristaltic actuation by applying a sick stomach pattern in the robot. The
patterns are described in medical literature as an electrogastrogram signal.
Therefore, SoRSS is customisable to generate a series of controllable patterns
through the robot’s soft actuators. The generated contractions are quantitative
and repeatable.

The functionalities of SoRSS present a simulator capable of performing useful
purposes for food technologies, biomedicals, and soft robotics. The experi-
ment of new drugs and proposed food for ill patients require a test environ-
ment that closely functions like a stomach. In the biomedical domain, the
abstraction of electrogastrogram signals necessitates more examination to
advance the knowledge and provide a solution to known stomach diseases
such as dysrhythmia. Microendoscopic capsules replace the traditional endo-
scopic wires, though the capsules need more testing in-vitro to realise their
response. Soft robotics is in the fundamental stage of development. SoRSS can
add to soft robotics knowledge by implementing advanced available control
techniques on the robot to achieve soft actuation that closely mimics human
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stomach contractions.

7.6 Chapter Summary

The existing state-of-the-art stomach simulators were either rigid robots with
unrealistic shapes or simulators with stretchable conduits, but they replicated
the contractions by rigid actuators. In both scenarios, these robots’ draw-
back was research limitation into the digestion process, as they were not
anatomically correct. On the other hand, SoRSS provided a realistic shape
and functionalities comparable with the biological example. SoRSS benefited
from soft robotics techniques to translate the peristaltic contraction to a soft
robotic stomach simulator. This translation provided an entirely soft robot that
emulates the phases of stomach digestion through peristalsis patterns. Such
functionality advanced the soft robotics field by introducing soft actuators
(SPAs and RiSPA) that mimicked the stomach’s smooth muscles via a series
of radial contractions generated from those actuators. Further, ring actua-
tors’ radial contractions were a novel movement compared to other actuation
methods in soft robotics, serving bio-mimicking applications.

SoRSS mimicked the antral contraction waves of a human stomach by entirely
soft-bodied actuators. The stomach robot advanced the previous work of soft
actuators (SPA and RiSPA) by combining the previous steps to achieve a robot
function like a stomach. The advantages of SoRSS over previously developed
SoGut [9] were the functionality of simulating the three phases of digestion
and the emptying of the contents during the peristaltic actuation. SoGut had
a limited number of actuators in the robot, which provided a discontinuous
peristaltic wave. SoRSS had comparable results with a human stomach re-
garding the shape, contracting force, occlusion ratios, and digestions phases.
SoRSS is a test environment that assists in the innovations relate to a human
stomach, such as the investigation of pacemaker and microendoscopy.

Despite the achievements of SoRSS, few limitations were defined in the per-
formance. SoRSS mimicked the physiological digestion process, though solid
foods had not been tested, and the influence of the contractions on the di-
gestion of the food required further investigation. Also, the absence of a
stretchable sensor over the conduit restricts the online assessment forces and
the occlusion ratios. The development of a stretchable sensor laid over the
conduit could be the solution, but the stretchable sensory system is a vast
topic that is not included in this work. Moreover, although the peristaltic
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actuation was achieved with the current setup, the actuators’ retraction is not
fully attained, and another vacuum ejector can be applied.

For future work, studies on the patterns to generate peristaltic waves that
simulate a sick stomach can be implemented on SoRSS. Such an implemen-
tation of actuation advances pathological stomachs’ knowledge and helps
researchers find solutions to complicated situations. More results have been
found about stomach’s disorders in recent years, and some require in-vitro
investigations to achieve a solution. SoRSS can help advance the understand-
ing of healthy and ill stomachs of any age by examining specific cases on a
realistic stomach simulator.
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Chapter 8

Conclusion and Future
Recommendations

8.1 Research Outcomes and Contributions

This study aimed to consolidate and merge knowledge from soft robotics,
food technologies, and biomedical engineering to achieve a novel soft robot
stomach simulator that mimics human stomach peristalsis via the robot’s
internal surface contractions. This thesis showed the concept, design, develop-
ment, fabrication, control, and validation of a bellows-driven soft pneumatic
actuator, a ring-shaped soft pneumatic actuator, and a soft robot stomach
simulator. These soft actuators were an accumulative work to establish the
milestone for developing a soft robot stomach simulator. This stomach robot
presented a method to simultaneously and reproducibly emulate a biological
stomach’s antral contraction waves. Its entirely soft structure provided a
deformable soft internal surface that is comparable with human stomach spec-
ifications. The robot can also simulate the three digestion phases’ functionality,
as described in the medical literature. These are advantages over existing
stomach simulators, particularly for the robots that partially include soft and
stretchable materials as an internal surface for deformation.

The four objectives of this research have been fulfilled, which include: (1)
Design concept of a soft robot stomach simulator; (2) A modular soft pneu-
matic actuator; (3) A modular ring-shaped soft pneumatic actuator; (4) The
development of soft robot stomach simulator.

In Chapter 2, a literature review was provided on the topics of the human
stomach’s fundamental anatomy, bio-inspired soft robotics, and state-of-the-
art stomach simulators. The three topics presented the fundamental insight
into basic medical knowledge and available soft robotics technologies to
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distinguish the research gap. A concept of a soft robot stomach simulator
was established to investigate a human stomach’s specification regarding its
geometry and mortality (Chapter 3). The geometry of the proposed robot
with the anatomically correct shape and an initial actuation method was also
provided. The combined knowledge of different fields transfers from the
medical and biology sectors to the engineering realm and, in this case, can
motivate future researches in the domain of soft robotics.

The above preliminary actuation method was estimated by soft actuators that
should result in radial contractions. The design analysis, including FEA and
initial prototypes of proposed actuators, was introduced in Chapter 4. Two soft
actuators concepts were investigated to verify the actuation results compared
with the stomach’s specifications and requirements. The actuators’ designs
were progressively enhanced through FEA simulations. The results showed
that the available soft robotics techniques for generating a radial contraction
with a soft actuator made from the same material did not achieve high radial
contractions satisfying the stomach robot’s requirements. However, the two
actuators presented novel techniques in the design and fabrication process
that benefit other soft robotic studies with different specifications.

A bellows-driven soft pneumatic actuator towards a soft robot stomach
simulator was presented, including concept, fabrication, modelling, electro-
pneumatic system, and sensory system (Chapter 5). The concept combined
composite materials of silicones to achieve an actuation that satisfies a stom-
ach’s smooth muscles’ specifications. The actuation is driven by pneumatically
actuated bellows to create a displacement over a soft layer. A range sensor
measured the displacement. The electro-pneumatic system was modularised
to facilitate various configurations and scalability for other related studies.
The open-loop control design and installed script were also included. The
bellows-driven actuator has presented a milestone for concept verification,
actuator modelling, system characterisation, and experiment validations pro-
ceeding to the stomach robot’s development. The transformation rule from a
novel concept to a modular soft actuator can assist related fields.

A biologically inspired, ring-shaped, self-sensing, soft pneumatic actuator for
large deformation was presented in Chapter 6. This actuator is a succeeding
work to the bellows-driven actuator. The ring frame in this actuator included a
number of the bellows-driven actuators that provide a contraction movement.
In this technique, the achievement of high contractions that satisfy a human
stomach’s specifications was attained. The ring actuator concept presented
the method of identifying the number of bellows required in a ring frame to



8.1. Research Outcomes and Contributions 147

achieve a specified large occlusion. Range sensors were applied to validate
the contraction measurements with a similar method to the bellows-driven
actuator. As the ring actuator was proposed to provide a peristaltic contrac-
tion, dynamics modelling of the peristaltic response was implemented. The
contraction of the actuator was controlled numerically, and the results were
compared with simulations. The results proved the actuator’s performance
that can generate a contraction comparable with a biological stomach. The
ring actuator advances the field of soft robotics in terms of contraction move-
ment as there is limited research in this focus. This actuator can also be used
in other related studies, such as mimicking the peristaltic actuation of the
esophagus or intestine.

The accumulated previous works in developing soft actuators led to develop-
ing a soft robot stomach simulator that mimics human stomach contractions
(Chapter 7). The concept, fabrication, and experimental validations were
introduced. The robot’s concept consisted of staking ring-shaped actuators
with a realistic stomach frame, and the inflation of those actuators generated
contractions in the lumen of the robot. The implementation of designed pat-
terns of actuation transformed the contractions to peristaltic waves. In order
to examine the peristaltic waves, characterisation experiments were carried
out to identify the dynamics of the stomach robot. The characterisation was
performed by videofluoroscopy when the robot was filled with three contents,
water, nectarine-thick, and pudding-thick. The characterisation of the robot
included the occlusion ratios and the simulation of the three digestion phases.
Another aspect of the stomach robot was the generated contracting force,
which was characterised by a catheter. The results verified the robot as a
test environment that mimics a human stomach’s antral contraction waves
through a bio-inspired robot. The closeness of mimicking the contractions
and the digestion process through an entirely soft robot is an extensive contri-
bution that had not been established earlier. The stomach robot’s importance
was mentioned, and future works are explained next.

To conclude, the soft robot stomach simulator has shown its capability in
producing peristalsis waves similar to a human stomach. The robot system
presents intrinsic soft actuation that simultaneously emulates the digestion
process via multiple soft actuators, improving existing systems.
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8.2 Proposed Future Works

As no previous researches have been carried on the soft robot stomach sim-
ulator that simulates the mechanical digestion phases, several new research
possibilities were distinguished throughout this study. The research scope
can be extended and investigated to improve the soft robotic stomach regard-
ing design, sensing, control, and performance. These study possibilities are
suggested as follows:

• Implementing the stomach’s juices in the robot can be developed to
emulate the chemical digestion with food contents. This implementation
can be achieved by following a standardised protocol of preparing stom-
ach enzymes and simulated salivary mixed with food for testing in the
robot [163]. Stomach juices have an essential role in breaking down food
to test the mixing and emptying of solid food in the proposed robot. Ap-
plying the stomach’s juices in the robot’s experimental routine presents
a complete functional robot regarding the shape, material, mechanical
digestion (presented in this thesis), and chemical performance. Also, the
implementation of stomach juices can help research the effects of the
contraction force and chemical reactions on solid food.

• Characterisation of a sensory system for the soft robot that measures
the robot’s contractions is necessary to implement more predetermined
actuation patterns. This work presented an off-the-shelf range sensor
that is already characterised with soft actuators. However, the imple-
mentation of the sensory system on the stomach robot requires another
characterisation. Range sensors can provide a feedback system aid in ex-
ecuting an advanced closed-loop control system of different contraction
patterns that can be applied to the robot.

• The establishment of the robot’s mathematical model can improve the
simulation results. The absence of fundamental principles that can
mathematically model the robot’s peristalsis waves limited the robot’s
analytical modelling. The development of a model is a challenging chore,
which requires extensive research. This research can be supported by
the mathematical model of the peristaltic waves in the medical literature.
Additionally, the robot is expected to follow the mathematical model by
simulating contraction patterns similar to the model. This model can
provide a full analysis of the robot dynamics and its open-loop control
system.



8.2. Proposed Future Works 149

• A closed-loop control system can help replicate different stomach con-
traction patterns, such as the contraction pattern when the stomach is
filled with solid or liquid foods. The closed-loop control system can pro-
mote a resourceful robot that accommodates different testing scenarios.
The closed-loop requires the feedback signals from the sensory system.
Therefore, the limitation of such a control is rendered by the conditions
of the sensory system. One of the control system’s main advantages
can be highlighted in replicating an ill stomach (dysrhythmia). The abil-
ity to mimic the irregular pattern assists scientists to examine stomach
illnesses in more depth.

• The current electro-pneumatic system in the robot is simplified to reduce
the number of valves. However, the system can be expanded to control
each bellows-SPA on the stomach robot separately. This expansion
can improve each radial contraction, as explained with asymmetrical
contraction in Chapter 6. Another improvement to the electro-pneumatic
system is by adding another vacuum ejector as the current setup resulted
in shortcoming in the ring actuators’ retractions, as described in Chapter
7. The fabrication process’s improvement may also reduce the leakage
in the soft actuators that limit the current setup’s performance.
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