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Abstract

At present, soft robotic engineering is rapidly emerging as a significant part of the
robotics. Recent research concerns a range of potential applications in terms of
manipulating and transporting delicate work-pieces in the industrial production line.
With the characteristics of soft materials, soft robots can bring a higher level of safety
for human and operating objects during the interaction. Additionally, the flexible and
soft structure of these robots allows them to adapt naturally to various environments
without complicated control systems. Inspired by the caterpillar’s crawling gait, a
particular kind of soft robot called a “soft table” has been proposed to solve applications
in the bio-mimetic, medical and industrial field. This table is capable of translating and
rotating objects on the top surface deriving from the deformation of its top surface. For
constructing this deformation, an open-loop controller has been adopted to the soft table
to produce surface movements in the current studies. Several studies have replicated
this locomotion in their prototypes such as a novel soft machine table (Deng, Stommel
& Xu, 2016) and other one developed at Auckland University of Technology (AUT)
(Maratas, 2018). If Deng’s prototype has been consisted of a soft upper surface and
rigid, non-moving sidewalls. Whereas, Maratas’s prototype achieves a more excellent
working range by flexible sidewalls. The drawback of this fashion, however, is that the
actuators bend unpredictably along their length. Additionally, operated by an open-loop
control, the system does not sense the deformation of the actuators. In this study,

these shortcomings are solved by integrating a sensor to measure the system state,



and by enhancing either the stability or the flexibility of the soft sidewalls by origami

techniques.

The new soft XY-table proposed in this research study consists of an array of
actuators, each of which is made by origami paper covered with a soft material. Origami
folding paper technology from Japan has proved its ability related to high stiffness
and broad elongation. Consequently, the soft origami actuator is capable of extending
or contracting more widely along the vertical direction. This actuator hence not only
expands its working range flexibly, but also creates a transformation on the top surface.
Without rigid sidewalls, the proposed table is able to reduce the limitation of the
movement amplitude on the top surface. Furthermore, an infrared sensor is embedded

inside the actuator to control and monitor the robot’s operation.

To validate the proposed methodology, several techniques have been applied with
regards to constructing a system fashion, a pneumatic system, manufacturing of soft
origami actuator, integrating the sensor, and calibrating the sensor as well. Working
principle of the control system is based on inflating or deflating the air inside the
actuator. It leads to an up and down movement of the actuator. A combination of these
movements is to construct an object manipulation on top. A feedback signal from the
sensor is necessary to monitor the operating state of the system. Our findings show that
the working range of the new model is better than the previous one, and the sensors

work correctly.

In conclusion, this study manages to develop an entirely soft XY-table created from
soft origami actuators, the pneumatic system and the feedback controller. This table
offers potential applications in industrial and medical fields to handle fragile objects.

Because of the modularity of the system, the soft actuators can be easily assembled



in other designs apart from the table to meet the demands of further applications in

healthcare, industrial automation, and food processing.
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Chapter 1

Introduction

1.1 Overview

In recent years, the term “Soft robotics” has gained numerous interest with different
industrial and medical applications. The soft robot is generally de ned as a robot
which is either partly or entirely made from soft materials, especially the softness
of the actuating components. There are many prototypes of soft robots which have
been researched for applications in various elds. Some of these potential applications
are proved to be applicable in industrial production lines for transporting fruits and
gripping fragile goods. Medical applications, which support patients and the elder
in their movement, are also considered as another potential eld of soft robots. The
shapes of soft robots are also very diverse, they can be like a star sh, a worm, a round
shape, or a square shape. The transformation in shapes of soft robots is made by
the driven force and characteristics of their materials to get adapted to the different
surrounding environments. As a consequence, soft robots are entailed with far more
exible and adaptive abilities than the rigid robots which are generally manufactured
by rigid linkages and discrete joints. The soft robots can, therefore, replicate the

morphology and mechanical functions of animals in nature; for example, the elephant

14
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(a) Partly soft gripper robot (b) Entirely soft gripper robot

Figure 1.1: Examples of soft robot

trunk (J. Wilson, Li, Chen & George, 1993), star sh shafiao et al., 2014), caterpillar
movements (Stommel, Xu, Lim & Kadmiry, 2014), and octopus arms (Kier & Stella,
2007). Nevertheless, soft robots cannot displace hard robots completely; they instead
provide such new capabilities which cannot be found in rigid robots as movements with

a high degree of freedom and safe contact in human-robot interaction.

1.2 Rationale

At present, the soft robot has been investigated to determine more and more feasible
applications for human life. These robots can exibly operate with their partially or
completely soft body, as shown in Figure 1.1. Different studies have been implemented
successfully and show that the advantages of soft materials for soft robots to adapt to
diverse environments. However, it is still found to be challenging to handle the delicate
work-pieces, to maintain the working safety when human and robots are in close contact,

to expand the elongation range, and to monitor the state of the system.
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Figure 1.2: A novel soft machine table robot (Deng et al., 2016)

First of all, the rigid part that is used to construct the robots poses hazards when being
in close contact with human or delicate work-pief@thitesides, 2018). Furthermore,
it is challenging for robots to work simultaneously with multiple objects. A novel shape
of soft robots called XY-soft table robot has been then developed by Deng et al. (2016),
as shown in Figure 1.2, to improve the capability of manipulating objects. Inspired
by the caterpillar's crawling gait, this table robot is able to create either translational

movements or rotational movements on the top surface (Deng et al., 2016).

Secondly, this prototype of the table robot manipulates work-pieces by the deformation
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of the top layer. The softness or deformation of the surface material in uences
signi cantly its extension and contraction range along the vertical direction. Thus,
it is necessary to develop a prototype which is capable of operating in a broad range.
Maratas's design (2018) proposed a wider working range of the table's deformation with
origami actuators, but this deformation is derived from an open-loop control algorithm
with xed time steps. The system, therefore, cannot sense the manipulation of actuators
to send out suitable control signal which corresponds to changes during the operating

process.

Several studies have been conducted to apply the closed-loop controller. Computer
vision and the sensor are adopted to measure the deformation dhlashem et
al., 2016). Nevertheless, the drawback lies in the object's dimension. The external
camera cannot detect the deformation beneath the object because the object blinds this
deformation. Another solution has been proposed with an ultrasound sensor being
located at the end of the extensor actudfdribadi, Nefti-Meziani & Davis, 2018)
to measure its elongation. This sensor, however, only performs properly with a rigid
re ecting plane. When being applied in a completely soft design, most of the re ecting
energy is absorbed; thus, this measurement result is no longer accurate. To handle this
issue, several studies have managed to develop theory and experimental prototype of

the closed-loop controller for the soft robot.

To work out solutions to the above-mentioned challenges, this study proposes a
practical model which manages to solve these drawbacks with more proper technical
solutions. In particular, this research proposes an entirely soft XY-table that consists
of soft origami actuators, a pneumatic system, and a feedback controller. The origami
actuator can bring about a better working range, which means that the magnitude

of deformation on the top layer is wider. A sinusoidal wave which is created and
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represents the deformation is also shown to be smoother and more powerful. In addition,
a proximity sensor is embedded into the soft origami actuator to measure the elongation
of each actuator without any obstacles. Consequently, working states of the system are

monitored properly, and there are better adaptive responses to the changes.

1.3 Objectives and Scope

The overarching goals of the thesis are to present (1) the fundamental structures of soft
robotic XY-table which is able to manipulate the objects by translating and rotating
within a broad elongation range along the vertical direction, and (2) the closed-loop
controller based on a feedback signal from the sensor to monitor the operation states of
the system. The proposed prototype consists of three major components including a soft
origami actuator, a pneumatic system, and a feedback controller. These components
not only provide more exible applications but also higher possibilities to improve the
system's performance. In depth, the study proposes a novel prototype with very high

practicality and manages to present signi cant contributions to the eld as follows:

A soft origami with a broad range of extension and contraction.

A solution to integrate sensor to monitor operating states of the system.

A design of soft origami actuators with the high level of stability and tightness,

and easy maintenance of its components.

A feedback signal controller to enhance the performance of the system.

This leads to the following research questions (RQs):

RQ 1: How can a sensor embedded inside the soft origami actuator operate properly?

RQ 2: How can a soft origami actuator operate to create the translational and rotational
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locomotion?

RQ 3: How can the prototype be controlled by a closed-loop controller?

1.4 Thesis structure

A brief overview of the remaining chapters is provided here:
A wide ranging background review of soft robotics is provided to help set the context for

the research and depict the relevant information about the soft table raBbajter 2.

Chapter 3 then presents several conceptual models of the current research and its

parts.

Chapter 4 describes several designs of the prototype and how to fabricate them.

Chapter 5 introduces actual experiments to test the operation of the system and

validate the results.

Chapter 6 begins with a review of the main ndings of all experiments conducted
in the research before comparing these ndings with those from other studies reported

in the literature.

Chapter 7 gives an overview of what the thesis has achieved and a brief summary
of the method. It then summarizes the implications and limitations with reference to the
research questions posed in chapter one. Finally, areas of further research are sketched

out.



Chapter 2

Literature Review

Recently, soft robotics is emerging as an exciting eld. Its applications are able to
apply to many aspects of life. It is considered the solution to major drawbacks of
conventional robots with regard to the safety in close contact, the diversity in shape, and
movement methods. Meanwhile, the classical robot is made from rigid materials and in
xed shapes, the soft robot is constructed from soft materials with high capability of
changing its shapes to suit different operating environments. Therefore, the soft robot
has such bene ts as handling delicate objects properly, quickly adapting to changes in
the working environment without any refurbishments. As a result, a large number of
research studies have been conducted to propose and investigate the reliability of soft
robots, one of which is a soft table robot. The soft table robot is investigated to deliver
delicate objects in the industrial production lines. This table transports the objects
based on the deformation of its top surface. However, these prototypes are still under
the developmental stage due to the absence of a closed-loop control algorithm and a
feasible design. Thanks to the development of materials and sensor technology, these
issues are now possibly solved. This chapter begins with a brief look at table robot
with its de nition and then provides detailed information about its classi cation and

principal components.

20
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2.1 De nition of soft robot

To provide a precise interpretation of the “soft robotic” term, some de nitions have
been presented. Chen et al. (2017) de ne soft robotics as a eld investigating how to
make use of the soft materials to build up a robot which can provide a required level
of softness to both its own environment and its receiver. Based on this de nition, the
researchers who investigate in the speci ¢ branch of soft robotics also present their
de nitions of the soft table robot. It is de ned as a soft XY machine table which is
capable of manipulating objects not only in translational direction but also rotational
direction on the surfac@eng et al., 2016). However, this de nition has not presented

insights into how movements are made.

A complete and detailed de nition of the soft table robot is necessary to understand
about this research and support to future work as well. In this study, the soft table
is de ned as a robot which has the top surface made from a soft material and is
capable of manipulating an object in both translational and rotational movement through
deformation of its surface. This soft table robot is called "The Tabbot" in this current

research.

2.2 Types of soft robots

Thanks to the properties of soft materials, the soft robots are designed in diverse shapes
to adapt to various functional features. From these identical shapes or functions, soft
robots can be subdivided into three categories including walking robots, grippers, and

soft tables.
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(a) Schematic representation (b) Operating to pass through an obstacle

Figure 2.1: Tettrapod (Shepherd et al., 2011)

Figure 2.2: GoQBot (Lin et al., 2011)

2.2.1 Walking robots

Shepherd et al. (2011) presented a walking robot, named Quadrupedal, as shown in
Figure 2.1. This robot is able to generate locomotion relied on ve pneumatic actuators
which are the representative for two front legs, two rear legs, and one body. A unique
combination of these actuators makes them exible to lomocate and easy to pass through

an obstacle, as shown in Figure 2.1b.

Another prototype of walking robots, called the “GoQBot" was propdtéeudet
al., 2011). Itis inspired by the caterpillar rolling to produce its movement, as shown in

Figure 2.2. Beside the normal crawling gait, this robot is capable of curling up to speed
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Figure 2.3: Soft gripper robot (Laschi et al., 2012)

up.

However, the sensor has not been adopted in both of these robots. Their movement
is controlled by human or xed time steps. The deformation ability of the robot mostly

depends on the deformation of soft material behaviour.

2.2.2 Gripper robots

The gripper robot or hand robot is inspired by star sh or octopus rofiaschi et

al., 2012). It uses its " ngers" to grab and lift up the object, as shown in Figure 2.3.
When these ngers are in ated with air, they curl to t the object and lift it (Ipevski,
Mazzeo, Shepherd, Chen & Whitesides, 2011). Inversely, when the pressure in these

ngers is decompressed, they get back to the rest position and release the object.

In this type of gripper robots, no sensor is adopted in the operating process. They

are mostly controlled manually like the walking robots.
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(a) Peristaltic table (Stommel & Xu, 2015) (b) Hybrid soft table (Hashem et al., 2016)

(c) Soft machine table (Deng et al., 2016) (d) Braille design (Mosadegh et al., 2014)

Figure 2.4: Examples of soft machine table

2.2.3 Soft table robots

The soft table robots can be categorized into rigid actuators, hybrid actuators, and
soft actuators. These actuators exert a deformation on top to move the object. To
guarantee the continuous manipulation and safe interaction when working with the
delicate work-pieces, several prototypes of the XY-soft table robot have been proposed;
for instance, a peristaltic sorting table, a hybrid soft bodied XY peristaltic table, and

a soft machine table in Figure 2.4. The Braille design adopts the deformation of the

air chamber to move the objects. These air chambers around the object are controlled
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to guide the movemeriMosadegh et al., 2014). However, this prototype just works
properly with the round objects. Deng et al. (2016) and Hashem et al. (2016) replicate
the caterpillar's crawling gait to manipulate the objects. The ef ciency and quality of
the table robots have been improved when this table is capable of manipulating at
objects in both translational and rotational movements. On the other hand, Hashem et al.
(2016) design generates movements by rigid rods underneath the top surface. It causes
damages to the delicate objects. Additionally, most of the tables have xed side-wall

in between the actuators. The deformation only occurs on the top surface. Thus, an
overarching challenge of these tables is the limitation of the deformations on top. It
depends on the expandable feature of the soft materials. These deformations are quite
small, thus resulting in the restrictions of moving objects. Finally, these soft tables are
controlled by an open-loop controller. Several previous studies has adopted an external
camera to get feedback sign&tommel & Xu, 2015). They, nevertheless, faces a
challenge from the object itself when these cameras cannot detect any deformation

beneath this object.

To deal with the limitation of elongation of the sidewall, Maratas (2018) proposed
his design which is constructed by an origami actuator, as shown in Figure 2.5. This
prototype has improved the elongation of the table thanks to the characteristics of the
origami structure. It can extend and contract in a wider rghg®Vvilson et al., 2013).
However, origami actuators in Maratas's (2018) design are not homogeneous. They
bend unpredictably in any direction. It is challenging in the control process when these
actuators' height is not detected properly. Moreover, his prototype is still controlled by

the open-loop controller. A sensor has not been adopted in this prototype yet.

From these drawbacks mentioned above, inspired by underlying theories and

experimental prototypes, this study proposes a new prototype of the soft table robot
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Figure 2.5: First prototype of the origami table robot (Maratas, 2018)

which is able to expand the deformation range of the top surface and create the feedback
signal through a sensor. It is also useful to improve the quality and ef ciency of the soft

table and able to bring this table closely to practical applications in the industry and life.

2.3 Soft actuators

In general, an actuator is a signi cant part of a robot. The actuator converses energy
from a power generator to a desired mechanical pg@een et al., 2017). With regards

to the material behaviours and functions of the actuators, actuators are categorized into
different groups. Within the scope of this study, the soft actuator is the main focus to

construct the soft table robot.
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2.3.1 Types of soft actuators

The soft actuator can be de ned as a device that is made of soft materials and capable of
transforming energy from the generator to manipulate other de(\¢bgesides, 2018).

The soft actuator is one of the main components to make the soft robot. To adapt to
various movements, several existing prototypes of the actuators have been developed

such as:

« Dielectric elastomeric actuator (DEA): it adopts high voltages to exert an electrostatic
force and actuatio(O'Halloran, O'malley & McHugh, 2008). Furthermore, it
requires a rigid stage to support the elastomer. Therefore, it does not suit the soft

robot, and it is not safe, either.

» Shape memory alloys (SMA) actuatqkim et al., 2009): it bases on an alloy
behavior to create a shape of the actuator. However, this actuator is in uenced

dramatically by heat (Zhakypov, Huang & Paik, 2016).

» Piezoelectric actuatof@driaens, De Koning & Banning, 2000): it uses the
electric eld to change the geomet(€hee, Tong & Steven, 1998). It, therefore,
leads to their dependence on the polarization of the dielectric materials which are

used to make the actuators.
 Electro-active polymer actuators (Benslimane, Kiil & Tryson, 2010).

* Pneumatic/hydraulic actuato(Binlmaier, 1982): it uses air or uid to make
movements. This actuator is clean and safe, and it is suitable to be applied to the

soft robots.

» Soft origami actuators inspired by Kresling modle! Wilson et al., 2013): it
bases on the pneumatic actuator. An origami structure, however, has been applied

with its support structure to increase its stiffness and moving exibility. It is the
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(b) Medical application - Capsuled
(a) Aerospace application - Parabadjiastrointestinal microsurge(yohnson et
antenna (Morgan et al., 2016) al., 2017)

(c) Packaging application - Contain@ai (d) Architecture application - Building
& Caldwell, 2010) structure (Tachi, 2010)

Figure 2.6: Examples of origami applications

rst time when the origami structure is applied successfully in Maratas's soft
table (2018). Nevertheless, there are still drawbacks in the manufacturing process
to acquire the homogeneity among the samples, stiffness, and air tightness of the

actuator.

To Il the gaps in the literature, this research adopts Kresling's folding pattern and
eco ex00-30 silicone to construct the soft origami actuator and the soft origami table

robot.

2.3.2 Soft origami actuator

The origami soft actuator is constructed by the origami paper and eco ex00-30 silicone.
The origami paper acts as the support structure of the actuator. This structure is to shape

the actuator. Eco ex00-30 is coated on both internal and external sides of this origami
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structure so that the actuator can be softer and stronger. Maratas (2018) presented the
rst prototype of the origami actuator, which is used to construct a soft table robot,

relying on these advantages of this origami structure.

The origami term is to describe the Japanese art of folding paper. From a at sheet,
it is able to build up various 3-D shapes with high strain and stal{ilié¢hi, 2010). It
IS increasingly being applied in the engineering designs in various elds. Thanks to its
advantages such as lightweight and high strain performance up to @V0%esides,
2018), this technique has been applied in such a variety of mechanical engineering
elds as the aerospace applicatiofddorgan et al., 2016), biomedical applications
(Johnson et al., 2017), packaging applicati(idai & Caldwell, 2010), and architectural

applications (Tachi, 2010), as shown in Figure 2.6.

Inspired by the origami sunshield for space telesc@pe¥vilson et al., 2013) and
Maratas's (2018) design, this study proposes a prototype of the soft origami actuator
with high softness, moving exibility, and easy manufacturing to solve the existing

drawbacks raised in the previous research.

2.4 Pneumatic system

In general, several soft robots including the soft gripper, walking soft robots often use a
pneumatic network (Pneunef@yhitesides, 2018). These robots are normally small

in size, and the deformation of their actuators is different along their length. These
actuators are constructed by a number of small air-chambers, as shown in Figure 2.1 &
2.2. The structure and deformation of each actuator determine the shape of the robot
and its movement. It is dif cult to apply the Pneunets to the soft table robot because

the actuators of table robot operate independently and only deform along the vertical
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Figure 2.7: Schematic of pneumatic system proposed by Deng (2016)

direction.

The pneumatic system is bene cial in exerting a high force and is not affected by
temperature. It also uses clean energy and is easy to be main{ined_aschi &
Trimmer, 2013). Thus, the pneumatic system is suitable to be applied to the table's
actuators to manipulate work-piedg¥eng et al., 2016), as shown in Figure 2.7. This
design uses one air pump to in ate air into each air-chamber through corresponding
2/2 solenoid valve. In the de ating process, an exhausting valve is set on, and the air
inside the air-chamber is evacuated outside by the atmosphere difference between inside
air-chamber and the environment. This actuator returns its rest position when the air
goes out completely. This system is restricted in the downward movement because
there is no vacuum force to make the actuator go downward, thus leading to limitations

in the elongation range of the actuator.
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Figure 2.8: Schematic of pneumatic system of Maratas (2018)

In another research, Maratas (2018) has presented a schematic of the implemented
pneumatic system, as shown in Figure 2.8. This system just adopted one air pump for
pressurizing the air and one 2/2-way solenoid valve for de ating the air. This principle
faces a challenge when de ating the air outside. It is impossible to control this de ating
process because the air that is de ated outside naturally depends on the difference
between the inside and outside pressure of the actuator. Especially, when there is an
object on top of the table, the object's weight produces a force that makes the actuator

move downward unpredictably and uncontrollably.

Inspired by a double-acting cylinder's operatiGrhomas, Maul & Jayawiyanto,
2005), as shown in Figure 2.9, the cylinder is replaced by the soft origami actuator,
and the exhaust valve (2/2-way solenoid valve) is removed. The pneumatic system
in this study is maximized with one air pump and two 3/2-way solenoid valves to
create upward movements and downward movements through the pressure and vacuum

process respectively.

2.5 Proximity sensor

Technically, many different methods are proposed to measure deformation on the top

surface of the robot by using an internal or external sensor. With the external sensor,
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Figure 2.9: Schematic of pneumatic system of Thomas (2005)

a major challenge of detecting the deformation is that it is blinded by the working
object itself. It is therefore not capable of detecting the deformation beneath this object.
Meanwhile it is easier to detect the deformation with the use internal sensor that is

planted directly into the object. It is able to avoid disturbances caused by any obstacle.

2.5.1 Types of proximity sensors

A proximity sensor is a sensor which is capable of detecting the present or appropriate
location of an object without any contgdibhnston, 1977). Based on the principle of
the sensors, they are subdivided into classes inclu@egniu, Jungian, Kaihong &

Zhixiang, 2007):

* Inductive sensor: uses the magnetic eld to detect an object. It only applies to
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detect metallic objects.

» Capacitive sensor: based on changing capacitance between two electrodes. It is

not suitable for small objects.

» Optical sensor: uses a special kind of light, such as laser and infrared light to

detect the objects. However, the laser sensor has a narrow detecting area.

» Ultrasound sensor: based on the re ection of an ultrasound. It is easy to be

disturbed by the resonance of re ected sounds.

2.5.2 Infrared sensors

The purpose of this study is to integrate the sensor inside the soft actuator. An infrared
(IR) sensor is considered as the most suitable because it has small dimensions, wider
sensing range, fewer disturbances and more proper working with the soft materials.
Thien et al. (2016) proposed an infrared sensor, named APDS-9960, to detect the
elongation of an actuator. A major function of this sensor is gesture detection. Hence,
a sensor which is specialized on detecting the distance is in need. Furthermore, this
research just presented an experimental model. It, however, revealed that the infrared
sensor was capable of working properly under the soft actuator with a white re ecting

plate.

An IR proximity sensor specialized for distance measurement that is adopted is
called VCNL4010. This sensor is able to measure the height within 20(dn@ola,
n.d.). However, the height of this sensor is measured in the raw unit, and there is not
any general equation to directly converse from the raw unit to the height unit. The
dependency of this conversion is non-linear, so it is necessary to investigate this sensor

and determine the sensor's regression function.
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2.5.3 Colour effect on IR sensor performance

Figure 2.10: Colour effect on re ection of IR sensor (Thien et al., 2016)

One of the important factors that affect the sensor performance is the colour of the
re ected plane. The previous studies reveal that the sensor performs the best with the
re ected plane being coloured in whif®lollah, n.d.; Thien et al., 2016), as shown

in Figure 2.10. However, the colour of the sidewall has not been considered in these
studies yet. The method to embed the sensor inside the actuator has not been described
thoroughly since their research just presents the principle and experimental model

without any actual prototype.

This study, hence, proposes a complete prototype of a soft actuator which is
integrated with the infrared sensor. In addition, the sidewall's colour is investigated to

present the best working condition of the sensor. Consequently, the elongation of the
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Figure 2.11: General concept of PID controller

actuator is able to be measured properly prior to getting back to the micro-controller.
It is useful to construct a closed-loop controller which has not been employed in the

working process of the current soft robotic table.

2.6 PID controller

A PID controller is a control loop feedback mechanism. The PID controller uses
three components including proportional, integral, and derivative terms to control the
performance of an object, as shown in Figure 2.11. This PID controller calculates an
error which is de ned by the difference between the set point value and the process
value (Araki, 2009; Oguntoyinbo et al., 2009). Depending on the magnitude of the
error, this controller sends out the appropriate control signal so that the object can reach

the set point value in the shortest time period.
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2.6.1 Types of PID controller

Based on the principle of signal processing, the PID controller is classi ed into two
types: continuous-time PID controller and discrete-time PID contréMerhamed,

Abdalaziz, Ahmed & Ahmed, 2017).

» Continuous-time PID controller works based on analog signal in time domain

(MathWorks, n.d.).

 Discrete-time PID controller works based on digital signal in Z don(lsliath\Works,

n.d.).

2.6.2 Finding PID gains

It is challenging to nd out the best suitable gains of the PID controller. Ogata and Yang
(2010) proposed several methods to nd the PID gains related to fuzzy logic and neural
networks. Adopting a micro-controller to nd PID gains is also investigated by Fadali
and Visioli (2013). This process requires a large amount of time to determine the gains
of PID controller. Hence, this research chooses to implement a built-in tool in Matlab

software to simplify the nding process.

2.7 Movement control

To manipulate the objects on the soft table robot's surface, many researchers have
investigated various methods of the movement control by replicating the caterpillar's

crawling gait to create the sinusoidal wave of the surface deformation.
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2.7.1 Replication of caterpillar's crawling gait

Figure 2.12: Operating of proleg

Figure 2.13: Inverted locomotion concept (Deng et al., 2016)

The locomotion of caterpillar has been investigated with more focus on the bene ts of its
easy manufacturing and simple operation. Deng et al. (2016) proposed a soft table robot
which mimics the caterpillar's crawling gait to produce manipulation. Deng's research
investigated the principle of rear legs (prolegs) to make the caterpillar movement, and

then applied this principle to create this soft table robot. Theoretically, the proleg is



Chapter 2. Literature Review 38

lifted up and swung ahead to create movement. Depending on the moving velocity, the
adjacent proleg is also lifted up and swung forward but in a delayed period of time, as
shown in Figure 2.12. This process is repeated and propagated among different prolegs
to create the caterpillar movement. This principle is proved to be suitable to create the
movement on the top surface of the table by swapping the role of the ground and the
caterpiller(Deng et al., 2016). To be speci c, the prolegs still make a move; however,
the moving object is the ground, and the static object is the caterpillar, as shown in
Figure 2.13. In each typical operating cycle of the proleg, these legs are lifted up and
down simultaneously. Thus the ground, but not the caterpillar, is translated by a speci c

distance.

Figure 2.14: Movement concept (Deng et al., 2016)
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To create the translational movement on top, two air chambers in one actuator are
tested, as shown in Figure 2.14. Initially, two air chambers are in ated with air to create
the numerous contact points between the object and the actuator, and the object is lifted
up by the movement of these contact points. When chamber A is de ated, and the air
in chamber B is kept stable, a new contact point between the object and chamber B
is created. This process is similar to operation of the prolegs. As a result, the object

moves from chamber B to chamber A.

To generate rotational movement on top, it requires four air chambers of one actuator
to work together. With regards to the clockwise rotation, two upper air chambers create
a translational movement from left to right, while two lower air chambers create an
opposite movement from right to left. Two opposite moving patterns play the role
of a pair of torques that is applied to the object to create its rotational movement.
Meanwhile, counter-clockwise rotation is produced with the same method but in the

opposite direction.

However, Deng et al.'s prototype (2016) has the rigid sidewalls in between actuators.
Each actuator consists of four air chambers with the soft sidewall in between the
air chambers. With the rigid sidewalls, there is no interaction among actuators, and
the horizontal movement of the object merely depends on the deformation of the air
chambers' surface in each actuator. Consequently, the movement of the object is small,
and this prototype only lifts the object up to 4mm height. The average horizontal speed

Is approximately 30mm/min, and the average rotational speed is 1 degree/second.
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2.7.2 Sinusoidal wave of surface deformation

Figure 2.15: Deformation on top with a typical sinusoidal wave (Hashem et al., 2016)

To create a sinusoidal wave of the table's surface deformation, Hashem et al. (2016)
controls the upward and downward movement of each actuator by a discrete sinusoidal
wave, as shown in Figure 2.15. The sampling period in the research of Hashem et al.
(2016) is equal to the number of the actuators. When the actuator contacts the object,
a contact point is created. This contact point is moved by the translation of the sine

wave. However, the rotational movement is not mentioned in his research. Besides,
there are still rigid sidewalls in between the actuators, so there is no interaction between

actuators. Fixed points on the rigid sidewall prevent the movement of the table's surface.

Inspired by the sinusoidal wave and the caterpillar's crawling gait, this research
proposes a movement method of the top surface. The caterpillar's crawling gait is
to rotate the object, while the sinusoidal wave is to make the object slide on this
wave's gradient. By adopting soft actuators without rigid sidewalls, xed points are
completely removed, thus creating smooth movement of the table's surface. The
proposed movement method that is named Tabbot wave by the researcher is capable
of propagating movements on top to produce either the translational movement or the

rotational movement.
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Theoretical modelling

The signi cant advantage of the soft robots is that they are capable of replicating
completely the locomotion of some animals in nature and removing the limitation of the
degree of freedoms (DOFs). Therefore, the soft robot is able to operate more exibly
and easily in diverse environments. Inspired by the caterpillar's crawling gait, Deng et
al. (2016) presented a rst prototype of the soft table robot which is able to manipulate
objects on top. To further develop improvements of the rst prototype, this research
approach is to construct a fundamental soft table robot which is capable of manipulating
the objects in both translating and rotating movement. In addition, the elongation ability
of the table also needs to be improved to create a more powerful deformation. The
deformation is, hence, helpful to handle either round objects or at objects. Finally,
this table is provided with a closed-loop controller through the sensor to monitor the
operation states of the system properly. This chapter aims to present the underlying

theories to model the Tabbot.

41
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3.1 Soft origami table robot

Inspired by Deng et al.'s prototype (2016) and Maratas's prototype (2018), this study
proposes a new prototype of the soft table being constructed to manipulate objects on
top. This table consists of four main components including origami actuators, pneumatic
system, feedback controller, and electrical system, as shown in Figure 3.1. These soft
origami actuators are able to extend and contract in the vertical direction. The pneumatic
system exerts a pressure and vacuum force to produce the extension and contraction
movements respectively. The feedback controller is to measure and monitor the system
state during the operating process. The electrical system is to supply power to electrical

components including the air pump, solenoid valve, sensor, micro-controller, and others.

Figure 3.1: Schematic of table robot structure

The research approach is to propose a complete prototype of the soft table robot
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with seven actuators that are arranged in the honey comb shape. This honey comb shape
is simple to be scaled up to larger dimensions. The hexagonal shapes are arranged
together like honey comb or square shape. In the honey comb shape, the gaps in between
actuators that are the smallest and the most homogeneous, as shown in Figure 3.2. The
proposed soft origami table robot, called Tabbot, is capable of elongating in both up and
down directions. Each actuator is controlled by an air pump with two 3/2-way solenoid
valves. The elongation process is sensed by an embedded sensor. These basic elements
are combined together to construct the Tabbot. A micro-controller is adopted to monitor

and control the operation states of the system.

Figure 3.2: Actuator arrangement
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3.2 Soft origami actuator

Figure 3.3: Natural Folding: Top: Illustration of Force + Matter. Middle: Expression of
Folded Form. Bottom: crease patterns. a/A- Yoshimura, b/B- Miura, c/C- Waterbomb
d/D- Kresling, e/E- Resch (Gardiner et al., 2018)

The actuator is considered an essential part of the robot. It affects how the robot operates
and how the robot is controlled. Furthermore, it also affects the performance of the
whole system. Several origami patterns, which are applied to the support structure of
the actuator, have been investigated to determine the best performance; for instance, the

waterbomb, Kresling, or Miura pattern, as shown in Figure 3.3.
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Figure 3.4: Kresling model in operating process (L. Wilson et al., 2013)

Origami engineering is derived from the Japanese paper-folding art. This engineering
has proved its potential applications in numerous areas. From a at sheet, a 3-D object
is folded by speci ¢ origami patterns such as Yoshimura, Miura, Waterbomb, Kresling,
or Resch. There are, however, some drawbacks displayed in these prototypes. For
instance, Miura and Resch patterns create the rotational movement when elongating.
Waterbomb pattern creates the deformation along the horizontal direction. Therefore, it
is dif cult to fabricate an origami actuator with these patterns to control the motions
properly. Yoshimura and Kresling patterns are considered suitable with elongation, but
Kresling pattern is nally chosen after it is improved with the hexagon pattern, as shown
in Figure 3.4. The Kresling patterns has been presented with numerous advantages.
First, it is easier to be fabricated, assembled together and arranged in a broader array.
Adjacent levels are arranged oppositely to remove the rotational movement of the
actuator when elongating. The movement of the actuator is merely linear along the

vertical direction.

Finally, the Kresling pattern is seen as a suitable design for the cylinder actuator

which is adopted in this study. The origami actuator is capable of contracting or
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extending along the vertical axis of the actuator without any singular deformation in
other directions before it reaches the minimum or maximum elongation. This pattern
is applied to the soft origami actuator which is able to meet operating requirements
of the system in terms of the stiffness, air tightness, and easy maintenance. The soft
origami actuator is constructed with a broad elongation, ease of attaching a sensor, and

possibility of building up a larger scale table.

3.3 Pneumatic system

Figure 3.5: Schematic of pneumatic system applied to the cylif\@ear Varseveld &
Bone, 1997)

With the features of easy maintenance and cleanliness, the pneumatic system is more
suitable for the applications that are required to be lightweight and cost-effective. It is
applied widely in both manipulating robots and gripper robots. This study is inspired by

Van Varseveld and Bone's principle (1997). Their proposed principle is implemented
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to control a double-acting cylinder driven by On/Off solenoid valves, as shown in
Figure 3.5. Firstly, a left hand side valve is on, and a right hand side valve is off. At the
time, the right air chamber is connected to the environment outside via the right valve.
An air pump is used to in ate air to the left chamber through the left-hand side valve.
The pressure in the left chamber rises and forces the stroke to move. Consequently, the
air in the right chamber is compressed out through the right valve, and a stroke moves
to the right side. Inversely, when the right valve is set on, and the left one is set off, the
air is pumped into the right chamber. At the time, the left chamber is connected to the
environment via the left valve. Following the same way, the air in the left chamber is

compressed out via the left valve. It leads the stroke to return to the initial position.

Figure 3.6: Operating pneumatic system schematic

Based on this principle, the cylinder is replaced by the soft origami actuator, and
a different method of connecting the solenoid valves is adopted to create the actuator
movement, as shown in Figure 3.6 because the proposed actuator consists of only one

air chamber. An air pump has its input and output port connected to the in ating and
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de ating valve respectively. The air is in ated into the actuator from outside through

the in ating valve in the pressuring phase. Meanwhile, the air inside the actuator is
compressed out the environment through the de ating valve in the compressing phase.
The air pump takes over the pressuring process and vacuum process to create the upward

or downward movements of the actuator respectively.

3.4 Movement method

Based on the research approach, the pneumatic system is employed for seven actuators.
However, the in ating or de ating process for each actuator is synchronised and
controlled by the micro-controller to produce translational and rotational movements.
These actuators take the similar role to the caterpillar's prolegs. The elongations of
different actuators are combined together to generate the deformation like the propagated

wave on top.

To generalise the movement of each actuators, a sine equation is used to represent

the actuator's movement, described as below:

y Asin"2ft n e (3.1)

where:
A: is the amplitude of the actuator movement.
f: is the frequency of the actuator movement.
t: is the time.
. is the initial phase of the actuator.
n: is the constant which depends on the number of segments into which a period of the

sine wave is divided.
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y: the height of the actuator.

In this research, a series of three actuators is investigated. The constants in the
equation including A, f, are the same for different actuators. The graph that shows
the movement of these actuator is presented in Figure 3.7. Depending on the desirable
characteristics of the movement of the object, these constants are changed to suit the

Speci ¢ scenarios.

Figure 3.7: Example of moving wave of actuators

The translational movement is created by a series of actuators. In Figure 3.8a, the
right actuator goes to the highest amplitude, the middle actuator is at the rest position,
and the left actuator is at the lowest amplitude. A combination of the heights of three
actuators creates a gradient like the sinusoidal wave's grafeshem et al., 2016;
Mosadegh et al., 2014). Thanks to the gravity force, the object tends to slide on this
surface. The sliding movement is not made in the models of Deng et al. (2016), Hashem

etal. (2016), and Mosadegh et al. (2014) because there are the xed sidewalls in between
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the actuators. Hence, the deformation of the actuator in their research just follows the
upward direction. Meanwhile, the movement in this current research is created by
the extension and contraction of the actuator following the equation 3.1. Indeed, the
Tabbot wave is capable of propagating among these actuators to translate the object, as
shown in Figure 3.8b. Furthermore, with the same movement principle, two series of
these actuators, which travel in the opposite moving directions, create pairs of opposite
Tabbot waves. These pairs are considered the pairs of torques to produce a rotational
movement, as shown in Figure 3.9. A new movement method is nally proposed to

manipulate the objects in either translational movement or rotational movement.
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(a) Front view of translating movement

(b) Top view of translating movement

Figure 3.8: Principle of translational movement
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Figure 3.9: Principle of rotational movement
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Chapter 4

Design and Fabrication

Based on the above-mentioned theoretical principle in Chapter 3, several designs and
fabrications of prototypes of a soft origami actuator with an embedded sensor, pneumatic
system, electrical system, and PID model have been presented to answer three research
guestions in Chapter 1. This chapter rst describes the designing and fabricating process

before making nal decisions on the design of these prototypes.
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4.1 Soft origami actuator with an embedded sensor

Figure 4.1: A hexagon origami pattern

Based on the literature review and theoretical modelling, the Kresling's pattern has been
chosen as the support structure of the actuator, as shown in Figure 4.1. This actuator is

divided into three parts including, as shown in Figure 4.2:
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Figure 4.2: Structure of actuator

» Upper layer is cast by silicone with 6mm thickness. It covers one end of the

origami cylinder and sticks to the top surface of the Tabbot.

» Origami cylinder is made from origami paper covered by silicone on both sides.

The origami cylinder is able to extend and contract along the vertical direction.

» Bottom layer is a fringe that is made of silicone to connect the origami cylinder

and the support stage.

With different combinations of these three parts, three designs of the actuators are
manufactured to evaluate the ability of attaching a sensor to the actuator, as well as the

air tightness of the actuator. Three designs, as shown in Figure 4.3, are described as

below:
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(a) Design 1 (b) Design 2 (c) Design 3

Figure 4.3: Origami cylinder

 Design 1, the origami cylinder is coated with silicone on both internal and external
sides of the sidewall by painting. The upper layer is then stuck down the origami
cylinder by silicone glue. This design does not have the bottom layer, and the

origami cylinder is connected directly to the support plate by glue.

» Design 2, the origami cylinder is manufactured in the same way as in design 1.
However, the upper layer is dipped in the cylinder and sealed by glue. Moreover,
the origami cylinder has a bottom layer to increase the contact area with the

support stage.

» Design 3, the origami cylinder has several cantilevers on top, it is dipped in the
silicone liquid. With support of the cantilevers, the upper layer and the cylinder

is cast as one integral unit, and the bottom layer is the same as that of design 2.
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4.1.1 Upper layer

(a) Establishing a mould

(b) Silicone lled in mould

(c) Final product

Figure 4.4: Process to mould upper layer
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