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Abstract
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DEVELOPMENT OF A SOFT PNEUMATIC ACTUATOR FOR

MODULAR ROBOTIC MECHANISMS

by Ahmad Mahmood Tahir

Soft robotics is a widely and rapidly growing field of research today. Soft

pneumatic actuators, as a fundamental element in soft robotics, have gained

huge popularity and are being employed for the development of soft robots.

During the last decade, a variety of hyper-elastic robotic systems have been

realized. As the name suggests, such robots are made up of soft materials,

and do not have any underlying rigid mechanical structure. These robots are

actuated employing various methods like pneumatic, electroactive, jamming

etc. Generally, in order to achieve a desired mechanical response to produce

required actuation or manipulation, two or more materials having different

stiffness are utilized to develop a soft robot. However, this method intro-

duces complications in the fabrication process as well as in further design

flexibility and modifications. The current work presents a design scheme of

a soft robotic actuator adapting an easier fabrication approach, which is eco-

nomical and environment friendly as well.

The purpose is the realization of a soft pneumatic actuator having func-

tional ability to produce effective actuation, and which is further employable

to develop modular and scalable mechanisms. That infers to scrutinize the

profile and orientation of the internal actuation cavity and the outer shape of
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the actuator. Utilization of a single material for this actuator has been consid-

ered to make this design scheme convenient. A commercial silicone rubber

was selected which served for an economical process both in terms of the

cost as well as its accommodating fabrication process through molding. In

order to obtain the material behavior, ‘Ansys Workbench 17.1 R©’ has been

used. Cubic outline for the actuator aided towards the realization of a body

shape which can easily be engaged for the development of modular mech-

anisms employing multiple units. This outer body shape further facilitates

to achieve the stability and portability of the actuator. The soft actuator has

been named ‘Soft Cubic Module’ based on its external cubic shape. For the

internal actuation cavity design, various shapes, such as spherical, elliptical

and cylindrical, were examined considering their different sizes and orienta-

tions within the cubic module. These internal cavities were simulated in or-

der to achieve single degree of freedom actuation. That means, only one face

of the cube is principally required to produce effective deformation. ‘Creo

Perametric 3.0 M 130’ has been used to design the model and to evaluate the

performance of actuation cavities in terms of effective deformation and the

resulting von-mises stress. Out of the simulated profiles, cylindrical cavity

with desired outcomes has been further considered to design the soft actu-

ator. ‘Ansys Workbench 17.1 R©’ environment was further used to assess the

performance of cylindrical actuation cavity. Evaluation in two different sim-

ulation environments helped to validate the initially achieved results. The

developed soft cubic actuator was then employed to develop different mech-

anisms in a single unit configuration as well as multi-unit robotic system

developments.

This design scheme is considered as the first tool to investigate its ca-

pacity to perform certain given tasks in various configurations. Alongside

its application as a single unit gripper and a two unit bio-mimetic crawling

mechanism, this soft actuator has been employed to realize a four degree
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of freedom robotic mechanism. The formation of this primitive soft robotic

four axis mechanism is being further considered to develop an equivalent

mechanism similar to the well known Stewart platform, with advantages of

compactness, simpler kinematics design, easier control, and lesser cost.

Overall, the accomplished results indicate that the design scheme of Soft

Cubic Module is helpful in realizing a simple and cost-effective soft pneu-

matic actuator which is modular and scalable. Another favourable point of

this scheme is the use of a single material with convenient fabrication and

handling.





xi

Acknowledgements
I would like thank my PhD advisor, Professor Matteo Zoppi, for supporting

me with patience during the past three years. He has provided insightful

guidance and leads. I am thankful to him for redundant degrees of freedom

to comprehend the accomplishments during this time. I would like to ex-

press my gratitude to the Prof.ssa Rezia Molfino. Her presence in the lab

was a great privilege and to have valuable suggestions and recommenda-

tions whenever required.

I am very grateful to Giovanna Naselli, for innovative ideas, insightful

discussions, suggestions, and being instrumental to crank out this thesis. I

am thankful to all the PMAR lab members: especially to Michal and Cuong

for collaborative support in projects.

I cannot forget and I am thankful to all those who offered me a coffee; a

none less than a significant ingredient to remain restive, and sometimes that

was I just needed.

I would like to thank the city of Genova, for hosting and facilitating this

journey; Yes! the journey of Ph.D. Highlighting one striking aspect of the city

apart from many wonderful attractions around, "the stairs of via all’opera

pia" that I swarmed up daily to reach my lab would always remind me to

pursuit a stride step by step towards the crest! . . .





xiii

Contents

Declaration of Authorship iii

Abstract vii

Acknowledgements xi

1 Introduction 1

1.1 Background and Motivation . . . . . . . . . . . . . . . . . . . . 1

1.1.1 Dental Implants Force Evaluation Robotic Mechanism

(DIFERM) . . . . . . . . . . . . . . . . . . . . . . . . . . 2

1.1.2 Inspiration Concerning Soft Robotics . . . . . . . . . . 4

1.1.3 The Main Motivation . . . . . . . . . . . . . . . . . . . . 5

1.2 Rationale and the Contribution . . . . . . . . . . . . . . . . . . 5

1.3 Thesis Outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

2 State-of-the-Art: a Literature Review on Soft Actuator 9

2.1 A Brief Note on History of Soft Robotics . . . . . . . . . . . . . 9

2.2 Outfit of a Soft Robot . . . . . . . . . . . . . . . . . . . . . . . . 12

2.3 Soft Pneumatic Actuators (SPA) . . . . . . . . . . . . . . . . . . 14

2.4 Concept of the Current Modular Soft Actuator . . . . . . . . . 15

3 Soft Cubic Module (SCM): Design and Analysis 17

3.1 Geometrical Design and Internal Actuation Chamber . . . . . 17

3.2 Actuation Chamber Design and Analysis . . . . . . . . . . . . 19

3.3 SCM: the Soft Actuator . . . . . . . . . . . . . . . . . . . . . . . 21



xiv

3.3.1 Cylindrical Actuation Chamber Configuration . . . . . 21

3.3.2 Material . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

3.3.3 Fabrication of SCM . . . . . . . . . . . . . . . . . . . . . 23

3.4 SCM Actuation Characteristics . . . . . . . . . . . . . . . . . . 23

3.5 SCM Design Evaluation and Results . . . . . . . . . . . . . . . 28

4 PASCAV Gripper: a Pneumatically Actuated Soft Cubical Vacuum

Gripper 31

4.1 Introduction to Soft Gripper and the PASCAV Gripper . . . . 31

4.2 PASCAV Gripper . . . . . . . . . . . . . . . . . . . . . . . . . . 33

4.2.1 Application of SCM as PASCAV Gripper . . . . . . . . 33

4.2.2 Actuation Scheme . . . . . . . . . . . . . . . . . . . . . 34

4.2.3 Performance Analysis . . . . . . . . . . . . . . . . . . . 35

4.2.4 Surfaces Deformation and Gripping Effect . . . . . . . 37

4.2.5 Experimental Results Analysis . . . . . . . . . . . . . . 38

4.3 Overall PASCAV Gripper Evaluation . . . . . . . . . . . . . . . 39

5 PASCAR: a Pneumatically Actuated Soft Cubic Archetypal Robot 43

5.1 PASCAR . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

5.1.1 Orientation of SCMs in PASCAR Model . . . . . . . . . 44

5.1.2 Actuation sequence . . . . . . . . . . . . . . . . . . . . . 45

5.1.3 Stability . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

5.2 Finite element simulations . . . . . . . . . . . . . . . . . . . . . 47

5.3 Overall Performance of PASCAR . . . . . . . . . . . . . . . . . 48

6 PASCAM: a Pneumatically Actuated Soft Chewing Articulation Mech-

anism 49

6.1 Dental Implants Force Evaluation Robotic Mechanism (DIFERM) 50

6.1.1 Robotics in Medical Field . . . . . . . . . . . . . . . . . 50

6.1.2 The Need for Robotic Chewing Mechanism . . . . . . . 50



xv

6.1.3 Robotic Masticatory Systems: a Brief Review . . . . . . 51

6.2 Stewart Platform Based Robotic Chewing Simulator . . . . . . 52

6.2.1 Hydraulic Actuation System . . . . . . . . . . . . . . . 54

6.2.2 DIFERM Prototype Design . . . . . . . . . . . . . . . . 57

6.3 The PASCAM . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

6.3.1 PASCAM Design Considerations . . . . . . . . . . . . . 59

6.3.2 PASCAM System Modules . . . . . . . . . . . . . . . . 60

6.3.3 Key Design Considerations and Constraints . . . . . . 62

7 Conclusion and Future Directions 65

Bibliography 69





xvii

List of Figures

1.1 Human lower jawbone mandible and the temporomandibular

joint [7]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

1.2 Later movement during mastication and loading effect of den-

tal implant on the jawbone and adjacent teeth [10]. . . . . . . . 4

1.3 SCM and respective developed applications. . . . . . . . . . . 6

2.1 Three Channel FMA Structure [20]. . . . . . . . . . . . . . . . . 10

2.2 Arm, finger, hand, legged, mobile (pipeline inspection) robots

based on FMA [23, 24]. . . . . . . . . . . . . . . . . . . . . . . . 11

2.3 McKibben Muscle Design and applications [29]. . . . . . . . . 11

2.4 Bio-robotic correspondence to Biological and Synthetic Sys-

tems [14]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

3.1 SCM with cylindrical, spherical and elliptical actuation cham-

bers: For load testing, SCM subjected to fully constrained bot-

tom plate whereas a rigid plate simply attached to top surface

of SCM. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

3.2 Selection of actuation chamber shape: Von Mises Stress (kPa)

against applied load set. Resultant stress against 1kPa to 3kPa

applied pressure to the actuation chambers. . . . . . . . . . . . 19

3.3 Selection of actuation chamber shape: output deformation (mm)

against applied load set. Deformation at the actuating surface

against applied pressure from 1kPa to 3kPa. . . . . . . . . . . . 20



xviii

3.4 Side view of the SCM. The soft actuator with its internal actu-

ation chamber in cylindrical shape which is visible in dashed

lines. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

3.5 Molds and respective molded parts to build the SCM. 3D printed

molds and the molded silicone. . . . . . . . . . . . . . . . . . . 23

3.6 SCM model. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

3.7 SCM actuation. Normal (a) and actuated configuration (b). . . 24

3.8 Directional deformation (dt) along ζ, coincident with Z axis in

the system of reference of the simulation environment. The

internal applied pressure is 3 kPa. Only a quarter of the SCM

is shown. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

3.9 Directional deformation (ds) along X axis in the system of ref-

erence of the simulation environment. The internal applied

pressure is 3 kPa. Only a quarter of the SCM is shown. . . . . 26

3.10 Displacements ds (full blue line) and dt (dashed red line) vs.

internal pressure inside the chamber of the SCM. . . . . . . . . 27

3.11 Relationship between directional deformations dt and ds . . . 28

4.1 (a) PASCAV Gripper at rest state; (b) Actuated state. . . . . . . 34

4.2 Directional deformation (dm) along ζ, coincident with Z axis

in the system of reference of the simulation environment. The

internal applied pressure is 1KPa. . . . . . . . . . . . . . . . . . 35

4.3 Area of contact between the internal surfaces of the pnuematic

suction chamber: minimum (left) at 200Pa and maximum (right)

at 1KPa. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

4.4 Distortion or deformation dc at the edges of the cubical grip-

per: effective for minimum gripping (left ) at 0.2Pa and for

maximum gripping (right) at 1kPa. . . . . . . . . . . . . . . . . 36



xix

4.5 Maximum defromation (dm) along principle axis ζ and maxi-

mum defrormation (dc) orthogonal to the principal axis ζ. . . . 38

4.6 Applications: PASCAV Gripper effectively holding an apple,

cell phone, bottle, an egg, and a coin. . . . . . . . . . . . . . . . 40

5.1 Schematic drawing of the SCMs in PASCAR. The channels for

the pipelines are not represented . . . . . . . . . . . . . . . . . 44

5.2 Actuation sequence to make PASCAR perform locomotion to-

wards right direction: PASCAR is placed on the ground (a),

MSC1 is actuated (b), MSC2 is actuated (c), MSC1 is deacti-

vated (d), MSC2 is deactivated. . . . . . . . . . . . . . . . . . . 46

5.3 Actuation pressure set in finite element analysis: p and s are

the pressure and the number of step respectively; subscripts 1

and 2 refer to SCM1 and SCM2 . . . . . . . . . . . . . . . . . . 47

6.1 Geometrical representation of Base and End-effector plates, and

vertices distribution. . . . . . . . . . . . . . . . . . . . . . . . . 54

6.2 Hydraulic actuation system for the PKM. . . . . . . . . . . . . 56

6.3 The design of the DIFERM chewing simulator machine. . . . . 57

6.4 Jawbone movement planes and the PASCAM 4 Dof motions:

pitch, yaw, roll and heave. . . . . . . . . . . . . . . . . . . . . . 59

6.5 PASCAM design representing its 3 main modules. . . . . . . . 60

6.6 PASCAM archetypal 3D prototype for initial design valida-

tion. SCMs A and B are in fully actuated state gripping the

actuation unit while C and D are generating pitch. . . . . . . . 62





xxi

List of Tables

3.1 Dimensions of the SCM . . . . . . . . . . . . . . . . . . . . . . 21





xxiii

List of Abbreviations

SCM Soft Cubic Module

DIFERM Dental Implants Force Evaluation RRobotic Mechanism

PDL Periodontal Ligament

SPA Soft Pneumatic Actuator

Dof Degree of freedom

FMA Flexible Micro Actuator

HMI Huma Machine Interface

PAM Pneumatic Artificialc Muscle

FEA Fluidic Elastomer Actuator

EAP Electro Active Polymer

PDMS Poly Di Methyl Siloxane

EAP Electro Active Polymer

CT Clomputed Tomography

PKM Parallel Kinematic Mechanism

SPS Spherical Prismatic Spherical

PASCAV Pneumatically Actuated Soft Cubical Aacuum Vacuum Gripper

PASCAR Pneumatically Actuated Soft Cubical Archetypal Robot

PASCAM Pneumatically Actuated Soft Chewing Articulation Mechanism





xxv

List of Symbols

d deformation mm (millimeter)

P pressure/stress kPa (kilopascal)

w weight g (grams)

F Force N

T Torque N m

L edge of the SCM cube mm

D diameter of SCM chamber mm

h height of SCM chamber mm

t thickness of top layer of SCM chamber mm

W Wrench - combined force-torque effect N m

ζ principal axis of SCM

M parametric configuration





xxvii

Dedicated to all in the loop. . .





1

Chapter 1

Introduction

This chapter presents the general introduction about the research idea and

the relative work accomplished. It describes the need of a soft robotic ac-

tuator named as Soft Cubic Module (SCM), motivation of the work and the

goals to be achieved. It introduces the method of realization to accomplish

the requisite tasks. This thesis describes SCM design, its archetypal applica-

tions and consideration towards the development of advanced design. The

work on SCM has been carried out as a fundamental study towards the real-

ization of an advanced soft robotic manipulator to execute wrench cycle on

the interacting surfaces.

1.1 Background and Motivation

The work towards the consideration of soft actuator development arises while

addressing a fundamental design requirement for a Dental Implants Force

Evaluation Robotic Mechanism (DIFERM). It seems pertinent to describe the

requisition for the DIFERM briefly.



2 Chapter 1. Introduction

1.1.1 Dental Implants Force Evaluation Robotic Mechanism

(DIFERM)

Dental implants in various forms are arranged with the help of hinges or

screws into the jawbone for the replacement of teeth. These implants might

not be much helpful in preserving the health of the host jawbone, at least not

effective actively [1], however, they interact with the jawbone directly. In this

case, the health and strength of jawbone plays very important role not only

for the successful placement and long life of dental implants, but for itself as

well. The selection of screw or hinge placement and its orientation becomes

more critical if the jawbone is weak or damaged [2].

The strength of the bone is generally estimated either from indentation

and bending stiffness of the implant after its stabilization into the bone [3],

or from imaging technology [4]. Furthermore, the dentists from their expe-

rience, try to tailor the flexibility/stiffness of the prosthesis for best possible

load distribution between the implant screws and the bone. There is still no

way to measure or assess quantitatively the strength of the bone [5].

Upper jaw, maxilla, is uniquely placed for every individual with respect

to her/his lower jaw, the mandible [6]. Furthermore, the joint of these jaw-

bones, temporomandibular joint, varies person to person (1.2). These struc-

tural variables make the jaw movements and, hence, applied forces and mo-

ments distinctive for every person. While opting for implants, the profile of

applied forces and moments may affect strength of both the implants and the

jawbone.

Considering a generalized forces dissemination by the mastication move-

ment to a natural tooth and to an implant, stem cell derived periodontal lig-

ament (PDL) cell sheet has been arisen as a solution [8]. However, for the

current practice, due to the lack of PDL that hold natural teeth inside the

bone, the implants lack lateral forces and exert a larger linear vertical force.
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FIGURE 1.1: Human lower jawbone mandible and the temporo-
mandibular joint [7].

In this case, an intrusive loading on adjacent teeth or implants increase the

risk of bone fracture [9] (??). Hence, the determination of interactive loading

among the dental prosthesis and the host jawbone at any specific location is

critical for proper orientation and placement of the dental prosthesis.

The mechanism developed to address this requirement has a well known

structure of Stewart mechanism. The use of this conventional robotic mech-

anism for this application is with the focus of forces execution at or around

a point of interest on the end-effector with a control loop of the actuators

closed in in force cycle, instead of position or velocity. The design is Appli-

cable for the assessment of interacting forces among the two interfacing sur-

faces. However, this solution is based on complex kinematic design, heavy

mechanical composition and is expansive in terms of overall system costs. In

pursuit of finding a suitable, simpler and cost effective solution to execute

forces on interfacing surfaces, the exploration leads to the development of an

actuator which turns out to be diversely exploitable for realizing a range of
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FIGURE 1.2: Later movement during mastication and loading
effect of dental implant on the jawbone and adjacent teeth [10].

robotic mechanisms.

1.1.2 Inspiration Concerning Soft Robotics

Soft Pneumatic Actuators (SPAs) have gained huge popularity and are being

employed in the field of soft robotics during the last decade to realize variety

of hyper-elastic robotic innovations. In the developed soft robots [11], SPAs

not only provide actuation means for the system, but also craft and repre-

sent a main body part of its robotic structure. Frequently, such actuators are

made up of at least two parts having different stiffness characteristics. Mate-

rials with different elasticity are employed in a certain combination to limit

and utilize the interacting strains in an optimized manner. This arrangement

helps to achieve a desired mechanical response to produce actuation or ma-

nipulation.

The core of soft robotics technology is to implant all required compo-

nents of a robotic system in the body material making it dexterous enough to

concert as brain and body simultaneously [12]. Furthermore, bio-inspiration
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does not necessarily copycatting natural system. The intention is to imitate

capabilities of biological systems, conforming to their abilities to generate

actions through body deformation ensuing their inbuilt capacities and con-

straints [13] to produce intrinsic mechanical compliance [14].

1.1.3 The Main Motivation

The motivation of the current work is towards utilizing the promising advan-

tages that SPAs offer, and to mediate an effort towards developing a scheme

with simpler methodology yet effective and useful for realizing soft robotic

mechanisms. This dissertation presents an effort aiming at the development

of an SPA utilizing single material, with a single internal pneumatic actu-

ation chamber to form an adaptable multipurpose actuator with a simple

construction. The module is cost effective both in terms of its developmen-

tal process and disposal of the impaired or damaged components. The aim

is to develop a pneumatically operated soft actuator, named as SCM to real-

ize modular soft robots including grippers, bio-mimetic and multi Degree of

freedom (Dof) mechanisms (1.3).

1.2 Rationale and the Contribution

A soft actuator is to be realized with the above mentioned objective keeping

in view some basic considerations: the design should be simple, the fabri-

cation should be convenient, and with the capacity to be employable for the

development of soft robotic mechanisms in a cost effective manner.

The objective of this thesis is to explore an effective design to realize a

soft actuator. Various configurations have been examined and developed to

achieve the following objectives:
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FIGURE 1.3: SCM and respective developed applications.

(a) Realization of a suitable SCM design: Designing a system capable

of generating deformation and exhibit relevant force on the inter-

facing or interacting surface for required actuation.

(b) Modularity and scalibility: Realizing an architecture that can facil-

itate for best possible utilization of the developed SCM in various

combinations and sizes for a range of different applications.

To achieve the design and thesis objectives, SCM has been finalized based

on its applicability and flexible design scheme. The proposed soft robotic ac-

tuator SCM is a silicone rubber material based modular design with internal

fluidic chambers that can generate forces mainly in single Dof. This design

has been validated as a soft vacuum gripper [15]. Furthermore, thanks to the

external cubical shape of the SCM, several cubes can be arranged to config-

ure multi-unit soft systems. An elementary assembly of two modules, which

is able to perform locomotion on a flat ground, has been developed as well. It
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is further aimed at evaluating and validating the design for the development

of more efficient and effective modular soft robots employing the developed

scheme.

1.3 Thesis Outline

• Chapter 1: This chapter provides the overview and presents the gen-

eral introduction about the research idea, its emerging background, the

motivation to carry out the efforts in the specified direction, and the

relative accomplishments. It briefly reviews the relevant literature and

describes the rationale for the developed soft actuator.

• Chapter 2: It presents the background information and detailed litera-

ture review on the state of the art related to the developments of SPAs.

It also prescribe the line of action and methodology being followed for

the development of SCM and consequent applications.

• Chapter 3: This chapter is the description of the architecture and de-

sign of the SCM. It highlights the material characteristics, design analy-

sis, and fabrication procedure for the SCM. It introduces the developed

SCM module as well.

• Chapter 4: The developed SCM has been employed for its validation.

Chapter 4 is reserved to enumerate application of SCM as a gripper.

One SCM module has been employed for this application to describe

and analyze the gripping capability of the soft gripper named as PAS-

CAV.

• Chapter 5: The developed SCM has been further employed to evaluate

its capacity in multiunit combination. Chapter 5 provides the details

about the application of SCM as a bio-mimicking crawling mechanism.
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two SCM modules have been employed for this application to describe

and analyze the mechanism named as PASCAR.

• Chapter 6: This chapter presents a mechanism under consideration

based on SCM leading towards the future work direction.This SCM

based configuration of a multi-Dof Mechanism, aiming at replicating

human chewing movements. It presents the potential design of the

soft chewing mechanism, PASCAM, comparative to a system employ-

ing conventional Stewart parallel mechanism.

• Chapter 7: It briefly discusses and evaluates the contributions and ana-

lyze the overall capacity of developed SCM and consequent configured

models. It will be discussing the suitability of the effort for realizing

soft robotic mechanisms. It concludes by indicating the shortcomings,

future directions and requirements for proceedings.
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Chapter 2

State-of-the-Art: a Literature

Review on Soft Actuator

2.1 A Brief Note on History of Soft Robotics

The recent state-of-the-art of bio-inspired soft robotics has been revolution-

ized from a state which was presented by way of fiction just a few decades

ago. Although they are still abstract, now they are being transformed from

fictional to factual entities. The development of robotic actuators employing

soft materials initiated in late 1980’s. Toshiba Corporation’s flexible actuator

can be considered as the foremost development in the field of soft robotics as

shown in Fig. 2.1.

Toshiba realized a flexible micro-actuator (FMA) for maneuvering micro-

manipulators and robotic mechanisms in 1989 [16, 17, 18, 19]. Made of fiber-

reinforced rubber, the FMA was a three Dof actuator capable of producing

miniaturized movements pretending fingers, hand, arm and leg actuation.

Three Dof were designed through three channels which were actuated by

electro-pneumatic or electro-hydraulic pressure thus causing axial stretch or

bending effect [20, 21]. Series of connected FMAs can produce increased Dof

for various applications as shown in Fig. 2.2 [22, 23]. Later on in late 90’s,

based on nature of application, material and FMA actuation characteristics;
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FIGURE 2.1: Three Channel FMA Structure [20].

different fabrication techniques like molding [24], extrusion molding [25],

and stereo lithography [26] were implemented to craft compliant FMAs [27].

While demonstrating FMA as the foremost soft robotics innovation, it is

appropriate to recall, in the context of soft robotics, the invention of artificial

muscle for prosthetics introduced as McKibben Muscle in 1957. Although

some other fluidic actuators are even older, McKibben Muscle can be consid-

ered as the prominent invention in robotics. It was implemented in 1957-58

to actuate hands and fingers of polio affected Karen McKibben, the daugh-

ter of Dr. Joseph Laws McKibben [28, 29]. The innovative design, by German

scientists, incorporated bellows cylinder inflated by carbon dioxide, thus act-

ing as a muscle generated pinching movement of attached paralyzed fingers

(Fig. 2.3).

Therefore, it is perceptible that the ground breaking work for soft robotics

was accomplished in late 1980’s in the form of FMA development in collab-

oration of Toshiba Corporation and Yokohama National University Japan.
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FIGURE 2.2: Arm, finger, hand, legged, mobile (pipeline inspec-
tion) robots based on FMA [23, 24].

FIGURE 2.3: McKibben Muscle Design and applications [29].
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During 1990’s, major work was accomplished on the development of soft

grippers [30] like human finger tips, and on the soft skin development which

was utilized both as skin and for touch sensing to improve the human-robot

interaction [31, 32]. It is also worthy to mention that efforts were made to

introduce soft joints making it possible for robotic structures to be more com-

pliant and safer especially while interacting with humans [33]. Most of those

primary undertakings were originated in Japan, USA and UK.

2.2 Outfit of a Soft Robot

A soft robotic system generally consists of same elements like a conventional

robot including body structure, actuation mechanism, sensors and transduc-

ers architecture, electronic and control interface, and power sources [12].

Some of the soft robotic systems may include Human Machine Interface (HMI)

as well. It is necessary to distinguish between soft bodied robots and hard

bodied robots with soft-like actuation. Both categories may have imperson-

ation of bio-inspiration and may represent flexible and compliant actuation,

however, the objective of soft robots is to embody all elements of a robotic

system into soft material avoiding rigid links and mechanisms. This ambi-

tion indeed set apart soft bodied robots, composed of soft materials of vari-

ous grades, as soft-robots [12, 34]. More specifically, both of these categories

may have similar morphology, but they will be differentiated substantially

based on materials they are built from. The soft robots are usually fabricated

from elastomeric materials which are organic in nature [35]. The advantage

of relying on soft materials for body construction of soft robots is the vari-

ability of conceivable motions that such materials can offer with a simple

structural mechanism [35, 36]. Soft actuators which have been employed

and are being investigated for soft robots are mainly of four types namely

tendons, Pneumatic Artificial Muscles (PAMs), Fluidic Elastomer Actuators
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FIGURE 2.4: Bio-robotic correspondence to Biological and Syn-
thetic Systems [14].

(FEAs), and Electroactive Polymers (EAPs) [12, 35]. Actuators are generally

organized to generate bidirectional motion which offers an added advantage

of better compliance. Conventional sensors and electronics are still in use

though recently researches have been started to investigate and modernize

soft, flexible, stretchable and bendable sensors.

The core of soft robotics technology is to implant all required components

of a robotic system in the body material making it dexterous enough to con-

cert as both brain and body simultaneously. Furthermore, bio-inspiration

does not necessarily intend copycat the natural system. The intention is to

imitate capabilities of biological systems, conforming to their abilities to gen-

erate actions through body deformation ensuing their in-built capacities and

Constraints [13] to produce intrinsic mechanical compliance (Fig. 2.4).

What do we need in a soft robot generally – a flexible body composed of

soft material like polymers capable of producing continuum movements; soft

actuators like tendons, PAMs or FEAs; sensors and driving electronics which

are still conventional mostly; control techniques and power source – the spe-

cific components obviously depend upon a specific design and application

of a robotic system. Together with material selection, it is indispensable to

configure the shape and locomotion of the system. In soft robotics, it is cru-

cial to address material selection, profile design and fabrication, and design

of locomotion scheme in parallel to effectively utilize material properties to
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implement a conforming locomotion gait [37].

2.3 Soft Pneumatic Actuators (SPA)

SPAs have gained huge popularity and are being employed in the field of

soft robotics during the last decade to realize variety of hyper-elastic robotic

innovations. In the developed soft robots [11], SPAs not only provide actu-

ation means for the system, but also craft and represent a main body part

of its robotic structure. Frequently, such actuators are made of at least two

parts having different stiffness characteristics: materials with different elas-

ticity are employed in a certain combination to limit and utilize the interact-

ing strains in an optimized manner in order to achieve a desired mechanical

response to produce actuation or manipulation. One of the most famous SPA

is described in [35]. This actuator is made of two parts: a pneumatic cham-

ber composed of EcoFlex 00-30 and a layer of polydimethylsiloxane (PDMS).

The latter is stiffer than the former and provides longitudinal inextensibility

to one of the faces of the actuator. As a result, the actuator performs planar

bending and can be used as a finger to grasp an object or as a leg for a crawl-

ing robot [38]. Based on this principle, soft hands and orthoses (e.g., [39, 40])

have been developed; other examples of SPAs with relatively inextensible

layers can be found in [41, 42]. In some works, rather than using such layers

(or, in some cases, in addition to them), the strain of part of the elastomeric

matrix is limited by recurring to fibers: in [39, 43], sewing thread is wound

along a double helix on the soft body of the SPA to avoid ballooning effect. In

[44], the fiber plays a major role: it is wound on the external surface following

a helicoidal path, whose angle determines the mechanical behavior of the ac-

tuator; how the authors demonstrate, SPAs having different fiber angles can

be properly combined in series, to build a soft snake able to move through
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a pipeline. In another work [45], the SPA consists of a soft cylindrical com-

ponent made of EcoFlex 00-30, with three longitudinal channels. In order to

reduce the ballooning effect, an accordion-like structure is embedded in the

body of the actuator. Such structure is made of a silicone rubber whose hard-

ness is higher than the one of EcoFlex 00-30 and therefore provides additional

stiffness. So far, the combination of several materials to build SPAs has turn

out to be a winning choice; however, it introduces complications in the fab-

rication process. Another convenient approach is the development of blocks

or units to build modular soft robots: in [46], inflatable and non-inflatable

units are provided with screw thread connectors to allow easy assembling

and disassembling of soft mechanisms. The units described are made of sev-

eral materials. SPAs have been recognized as one of the basic building block

in the field of soft robotics in the last decades. Electro-pneumatic or electro-

hydraulic elastomeric actuators were initially employed in 1980’s to realize

biomimetic mechanisms [16, 18, 19, 46]. PAMs or McKibben muscles were

also used to develop soft prosthetic and rehabilitation systems [17, 47, 48, 49,

50, 51, 52]. Some latest designs for the bio-inspired soft mechanisms have

been reported in [53, 54, 55, 56, 57]. SPAs facilitate actuation as well as serve

as a part or body of the main actuator or the soft robotic structure [57].

2.4 Concept of the Current Modular Soft Actuator

In the work presented in this thesis, a modular approach has been adapted,

however the aim is at developing an SPA made up of only one material. This

scheme introduces SCM having a single internal chamber, and its deforma-

tion under pneumatic actuation has been utilized. Design validation of this

pneumatically operated soft actuator SCM, to realize modular soft robots like

grippers, bio-mimetic and multi Dof mechanisms, is under consideration.

The SCM has already been employed as a single unit soft vacuum gripper
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PASCAV [15], and a two-unit PASCAR crawling mechanism. A multi-Dof

mechanism PSCAM is also under consideration.
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Chapter 3

Soft Cubic Module (SCM): Design

and Analysis

3.1 Geometrical Design and Internal Actuation Cham-

ber

SCM is the fundamental building block of this design scheme with an inter-

nal pneumatic actuation chamber. As the name suggests, SCM has a cubic

shape while its actuation chamber or cavity resides under one of the surfaces

of the cube, which is the actuating face of SCM. To design the internal actu-

ation cavity, different shapes have been considered and analyzed at various

orientations inside the silicone cube in order to achieve an effective deforma-

tion and respective resultant forces. The produced deformation can be uti-

lized further to achieve the required actuation of a particular SCM which may

be employed as a soft system in standalone configuration, or in combination

of two or more SCM blocks. Spherical, elliptical and cylindrical profiles of

the internal actuation cavity (Fig. 3.1), with varied positions and orientations

have been simulated for static hyper-elastic behavior of the actuated SCM in

‘Creo Perametric 3.0 M 130’ to validate their respective performance in terms

of effective deformation and the resulting von-mises stress. Although the

SCM module has proven scalability characteristics, let’s consider a 3030mm
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FIGURE 3.1: SCM with cylindrical, spherical and elliptical ac-
tuation chambers: For load testing, SCM subjected to fully con-
strained bottom plate whereas a rigid plate simply attached to

top surface of SCM.

cube for the purpose of demonstration and analysis. The spherical chamber

with 12mm diameter is touching the center of the cube under the actuating

face with minimum 2mm surface thickness. The elliptical chamber, with ma-

jor and minor diameters of with 24mm and 12mm respectively, is oriented

between the faces of the SCM orthogonal to the actuating surface at 45 to the

z-axis. The cylindrical chamber is positioned under the actuating face with

minimum 2mm surface thickness around and at the top of the chamber.

Increasing trends of output load set and the output stress and produced

deformation against applied pneumatic pressure have been observed. Se-

lected set of results for 1kPa to 3kPa applied pressure have been presented in

Fig. 3.2 and Fig. 3.3. It is evident form the results that increasing the effec-

tive actuated area, against the selected surface being actuated, increases the

output stress and the deformation. This scenario is best possible to achieve
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FIGURE 3.2: Selection of actuation chamber shape: Von Mises
Stress (kPa) against applied load set. Resultant stress against

1kPa to 3kPa applied pressure to the actuation chambers.

employing cylindrical profile of the actuation chamber, as in case of spherical

and elliptical shapes, either the produced stress is absorbed by the material

itself or the large deformations against higher pressures make the cube un-

stable due to the resultant stress and deformation against all surfaces of the

cube.

3.2 Actuation Chamber Design and Analysis

SCM design has been considered to make it a standalone stable unit, which

can further be integrated in multiple unit configurations. Furthermore, to

generate actuation, SCM needs to be capable of generating effective defor-

mation at least on one surface of the cube. This deformation, like along z-

axis orthogonal to the actuating surface, should be sufficient enough to exert

forces on the interacting surface, whether it is some external body or another

integrated SCM unit. Based on the considered profiles and orientations of the
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FIGURE 3.3: Selection of actuation chamber shape: output de-
formation (mm) against applied load set. Deformation at the
actuating surface against applied pressure from 1kPa to 3kPa.

internal actuation chambers of SCM, the output load set and produced defor-

mation suggest that the chamber should have maximum interacting surface

area to the corresponding actuating face of the SCM in order to achieve the

requisite results. Furthermore, since the SCM is composed of a hyper-elastic

material, circular and elliptical shapes will have more soft material around

the actuated chamber absorbing the pressurization effects which reduces pro-

mulgation of effective deformation and output loads at the required face of

the SCM. These constraints suggest that the actuation cavity needs to be in

the proximity of the target face of the SCM as well as should have maximum

possible surface area or space to impart maximum deformation and forces.

As already stated, another aspect to optimize the size and placement of the

actuation chamber is stability of the SCM unit. Spherical and elliptical shapes

with various dimensions and orientations, eventually affect all the faces of

the cube. This would be resulting towards the instability of the cube as well
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TABLE 3.1: Dimensions of the SCM

Symb. Description Value
L edge of the cube 30mm
D diameter of the chamber 26∼ 27mm
h height of the chamber 6mm
t thickness of the top layer 2∼ 3mm

as make it difficult to utilize SCM in a modular multi-unit configuration ef-

fectively. Whereas the cylindrical chamber deforms the nearest surface of the

cube in such a way that the opposite face remains at normal state provid-

ing at least one surface for stability. This behavior is helpful in utilizing the

SCM in majority of its multi-unit configurations. In this purview, the cylin-

drical actuation camber as shown in the Fig. 3.4 has found to be the most

appropriate profile satisfying design and required output performance for

the development of SCM. Cylindrical profile design is further discussed here

in detail.

3.3 SCM: the Soft Actuator

3.3.1 Cylindrical Actuation Chamber Configuration

Cylindrical actuation cavity is considered and validated based on simula-

tions analysis and the developed silicone polymer modules. The flat surface

of this cylindrical actuation chamber is oriented parallel to a face of the SCM

underneath the 2mm thickness of outer surface. The central axis of the cylin-

drical chamber is coincident with Z-axis which is one of the principal axes of

the cube; from now, this axis will be denoted as axis ζ. This orientation of the

actuation cavity has been found to be the most appropriate against applied

pneumatic pressure. Outline of the side view of the SCM is shown in Fig. 3.4.

The dimensions are reported in Tab. 3.1.
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FIGURE 3.4: Side view of the SCM. The soft actuator with its
internal actuation chamber in cylindrical shape which is visible

in dashed lines.

3.3.2 Material

SILICON MIX R© provided by ITALGESSI Srl is a vulcanizable silicone rubber

at room temperature with high fluidity. The two components of the mix are

silicon (A) and catalyst (B). For the current experimentation and profiling

of actuation behavior, we have used a red-colored silicone having Shore A

hardness 4. An optimized mix ratio of the two parts has been accustomed

after a series of testing and analysis to achieve softness with least stickiness

of the rubber. The current modules have been developed with 80/20% (4:1)

ratio of components A and B. Each module takes 2 to 3 hours for curing at

room temperature. The weight of the module is 45 g.

The material has been subject to tensile test to obtain its stress-strain re-

lationship. We have imported such results in Ansys Workbench 17.1 R© en-

vironment, in order to derive a model for the material behaviour. The best

fit has been obtained with the Arruda-Boyce model, with initial shear mod-

ulus µ = 12.37kPa, limiting network stretch λL = 1.602 and incompressibility

parameter D1 = 0.
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FIGURE 3.5: Molds and respective molded parts to build the
SCM. 3D printed molds and the molded silicone.

3.3.3 Fabrication of SCM

We fabricate the SCM in two parts: the main body, which includes the pneu-

matic chamber, and a square layer to cover the chamber. Therefore, we

have built two molds, recurring to 3D printing using PLA thermoplastic: the

main mold is 30×30×27mm with pneumatic chamber disk cell; the second

is 30×30×3mm. The molds are shown in Fig. 3.5, together with the molded

rubber parts obtained.

The two molded parts are then glued together using the same silicone mix

with same mixing proportions. The fabricated SCM is shown Fig. 3.6

3.4 SCM Actuation Characteristics

As one can expect intuitively, the deformation of an independent actuated

SCM involves mainly the top face and secondarily the side faces. The de-

formation of a single actuated SCM, with cylindrical actuation chamber as

described, exhibits the deformation of the chamber’s corresponding face and

secondarily the edges of side faces Fig. 3.7.
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FIGURE 3.6: SCM model.

FIGURE 3.7: SCM actuation. Normal (a) and actuated configu-
ration (b).
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FIGURE 3.8: Directional deformation (dt) along ζ, coincident
with Z axis in the system of reference of the simulation envi-
ronment. The internal applied pressure is 3 kPa. Only a quarter

of the SCM is shown.

The point undergoing the maximum displacement is the center of the top

face; such displacement occurs along axis ζ and we denote it by dt. At each

of the four side faces, the deformation involves a smaller region, whose size

is related to the height of the internal chamber; on this face, the maximum

displacement (ds) occurs along the direction orthogonal to ζ and to the face.

This is due to the fact that the minimum wall thickness of the SCM is found at

half of the edge length. Such thickness is the same at all the four sides of the

cube; there are, in fact, two symmetry planes. Such symmetries have been

taken into account when performing finite element analysis on the SCM; the

points undergoing the displacements dt and ds are visible in Fig. 3.8 and 3.9,

respectively.
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FIGURE 3.9: Directional deformation (ds) along X axis in the
system of reference of the simulation environment. The internal
applied pressure is 3 kPa. Only a quarter of the SCM is shown.
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FIGURE 3.10: Displacements ds (full blue line) and dt (dashed
red line) vs. internal pressure inside the chamber of the SCM.

Due to the symmetry conditions, the computation is performed on a quar-

ter of the SCM. The mesh is entirely tetrahedral; the load applied is a uniform

pressure equal to 3 kPa; as a constraint condition, the bottom face of the SCM

(which stores no strain energy, being far from the actuated zone) is fully con-

strained. All the simulations that we have performed on the SCM take into

account both material nonlinearities and the effect of large displacements.

By means of the finite element simulations, we have observed that the

ratio

r =
dt

ds
(3.1)

depends on the value of the applied pressure. Both dt and ds increase

when pressure increases (see Fig. 3.10); however, their ratio is not constant

and presents its maximum between 1kPa and 1.25kPa, as reported in Fig. 3.11.

This means that increasing the pressure over 1.25kPa results in an augmented

relevance of the deformation at the sides of the module, although the main

displacement is provided along ζ at any pressure value.
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FIGURE 3.11: Relationship between directional deformations dt
and ds

3.5 SCM Design Evaluation and Results

This current effort is a primitive presentation of a targeted work to realize

a scheme which will completely be based on design optimization. The aim

is to make this scheme modular and economical. The initial results accom-

plished by the SCM are running the notion: cubic shape makes it easy to be

modular in any orientation; single circular inner actuation chamber is easy

to mold and to connect to the pneumatic line; pneumatic actuation is simple

and safe; the material is convenient for molding and capable of soft actua-

tion. A supplemental advantage of this design is the use of single material for

the SCMs, which is easy to handle to use as well as to discard avoiding hefty

contamination to the environment; this latter problem has been raised also by

other authors (see e.g., [58]). As previously explained, the molding process

and maintenance of the SCM are convenient as well. Simply the two- part

mix silicone can be poured into mold and leave for curing, without adding
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additional layers of fabric, fibers, or any other content. The same mix is use-

ful for joining parts of the SCMs, modifying assemblies, and repairing frac-

tured or punctured blocks. With proper repairing, the blocks have the same

strength of actuation and output stress bearing capacity. Another advantage,

with essential care, is that the joined SCMs can certainly be fragmented into

basic molded shape and then can be reused again for new system develop-

ment. This re-usability makes this approach cost- effective and environment

friendly. The current SCM design is using only one surface for effective ac-

tuation while the remaining block is thick flexible rubber. This structure is

useful for stability of the SCM individually as well as in combination with

others, by maintaining firm contact with ground surface. This configuration

is potentially useful to design multi Dof robotic systems and manipulators.

To name few of them, single SCM block soft pneumatic gripper, bio-mimetic

crawling mechanism utilizing two SCM blocks, 6-Dof manipulator and soft

pneumatic wheel employing more than two units of the SCM. Some of these

impending systems have been developed and are being evaluated while oth-

ers are under consideration for development in the upcoming phase of this

work.The fabricated SCM modules show linear behavior against actuating

pressures both in vacuum gripper configuration PASCAV: a Pneumatically

Actuated Soft Cubic Archetypal Vacuum gripper [15], as well as two block

bio-mimetic crawling mechanism PASCAR: a Pneumatically Actuated Soft

Cubic Archetypal Robot which is under development. A static structural

analysis of PASCAR, consisting of four steps, in which the actuation pres-

sure in two SCMs is modeled. A multi-Dof mechanism PASCAM - the Pneu-

matically Actuated Soft Chewing Articulation Mechanism is under further

discussion and development. All these systems are further described in the

consequent chapters.
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Chapter 4

PASCAV Gripper: a Pneumatically

Actuated Soft Cubical Vacuum

Gripper

4.1 Introduction to Soft Gripper and the PASCAV

Gripper

Soft gripping mechanisms prospectively offer many advantages over tradi-

tional structures in terms of compliance and the adaptability towards the

interacting environment [34, 35, 59]. Such grippers in different shapes and

designs have been realized for a variety of applications in recent years.

A variety of design schemes have been adapted to develop soft grippers.

Grippers with actuating fingers for handling of objects with varying shapes,

sizes and stiffness have been reported in [12, 24, 54, 60, 61, 62, 63, 64]. Some

grippers have been developed in combination of soft and rigid parts arrange-

ment [56, 65, 66, 67], exploiting flexibility and compliance of soft materials.

These designs are based on working principle to utilize the already known

and well established behavioral properties of metallic fragments. Another

approach to design gripping mechanisms is to use the granular jamming ef-

fect of granulated material filled inside some flexible membrane [68, 69].
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Vacuum Gripper

Bioinspired approaches mimicking the underlying actuation principles of

natural organisms to develop gripping mechanisms have become a common

practice. Following this approach, a single arm-shaped grasping structures

inspired by octopus arm have been realized employing different techniques

and materials [70, 71, 72]. In a similar effort, Festo developed a chameleon

tongue inspired gripper employing a double acting cylinder fitted with sili-

cone moulding [73].

In another effort, elephant trunk imitation was incorporated to manipu-

late heavy loads [74, 75, 76, 77, 78, 79]. The manipulator design aimed to

offer maximizing the load capacity with a swift manipulation capability. It

should be clear that the grippers and manipulators are two different types

of systems; even if the manipulators described here are able to lift an object,

"grasping" is considered a different task, performed not by a continuum arm,

but by a gripper.

Further picking from nature, adhesion based gripper employing microfibers

has also been realized. The gripper was developed using a 3D printed sy-

ringe pump to apply pressure on a soft inflatable membrane to change the

stretch configuration for gripping and un-gripping [80].

Constituent materials, generally describing, employed for these soft grip-

ping systems are made-up of a combination of elastomeric materials, elim-

inating the rigid components from the systems. In recent years, SPAs are

under major consideration, like in the development of the above mentioned

soft grippers. The materials which have been employed for the develop-

ment of various grippers highlight that these are constructed using two or

more parts with different mechanical moduli in order to achieve required

deformation or motion. Tendons, PAMs FEAs, EAPs are amongst the main

actuation methodologies for such systems. The advantage of relying on soft

materials for body construction of soft gripper, or generally the soft robots,

is the variability of conceivable motions that such materials can offer with a
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simple structural mechanism.

Thus, the arrangement of different materials to construct an SPA - one

prominent design is reported in [35] and a modular approach is reported

in [46] - emerged as the accommodating solution for soft gripping systems.

However, the fabrication and development turned out to be complex.

This chapter presents an effort aiming at the development of an SPA uti-

lizing single material. We introduce SCM, with a single internal pneumatic

actuation chamber to form an adaptable multiuse actuator with a simple con-

struction. The module is cost effective both in terms of its developmental

process and disposal of the impaired or damaged components.

As already briefed, the PASCAV gripper is an elementary design able to

perform gripping action on flat, curved, and uneven surfaces or objects. The

acronym PASCAV is a part of a series of soft robotic mechanisms being devel-

oped in various configurations for a range of different applications, utilizing

the same fundamental SCM.

4.2 PASCAV Gripper

4.2.1 Application of SCM as PASCAV Gripper

The construction of the SCM facilitates to apply SCM in a diverse range of

solicitations. The actuation chamber of the SCM has the ability to apply force

as well as to act as a suction chamber owing to the softness and flexibility

of the material. For the current application, single SCM block has been em-

ployed to realize PASCAV gripper. Developed gripper with its normal and

an actuated state has been illustrated in Fig. 4.1. It represents the gripper in

its final shape: (a) is the normal or rest state of the gripper; while upon pneu-

matic suction, (b) represents the actuated state of the gripper. The suction

pressure was generated utilizing a manual suction pump.
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Vacuum Gripper

FIGURE 4.1: (a) PASCAV Gripper at rest state; (b) Actuated
state.

4.2.2 Actuation Scheme

Upon pneumatic actuation, with suction effect the top covering layer of the

pneumatic chamber adapts the shape of the cylindrical disk shaped cavity

(Fig. 4.1). Depending on the shape of the target surface, plane or curved,

corresponding vacuum is applied to achieve the respective contact between

the gripper and the target surfaces. For plane surfaces, higher vacuum helps

to adapt the plane shape and stick to that; while lower pressure helps to

enwrap and adapt the uneven surfaces of curved or irregular objects to grasp

them.

The edges of the cube adapt a curved contour that increases with increas-

ing suction in the pneumatic chamber. This contour is helpful to grip the

target surface; however, it starts to disrupt the grip depending upon the tar-

get surface shape and applied pressure. This disruption compels to opt for a

suction pressure specific to the target object shape. Furthermore, we have ob-

served that the performance of the gripper in terms of reliability of the grip

depends on whether the internal top and bottom surfaces of the chamber

come into contact or not when the SCM is actuated.



4.2. PASCAV Gripper 35

FIGURE 4.2: Directional deformation (dm) along ζ, coincident
with Z axis in the system of reference of the simulation envi-

ronment. The internal applied pressure is 1KPa.

4.2.3 Performance Analysis

Due to the opacity of the silicone rubber, assessment of the contact between

the internal upper and bottom surfaces of the pneumatic chamber occurs just

by visual inspection. For this reason, as well as for future design optimization

of the SCM, we have implemented a finite element model.

F or the gripper actuation analysis in the current model, the SCM is dis-

cretized with 10-nodes tetrahedral elements and the bottom surface is fully

constrained. To simulate the vacuum, an internal uniform pressure is ap-

plied, directed in such a way that the final effect is as shown in Fig. 4.2. The

simulations have been performed taking into account the occurrence of large

displacements; therefore, they consider not only material nonlinearities (due

to the stress-strain relationship of the silicone rubber) but also geometrical

nonlinearities. To simulate the contact between the two aforementioned sur-

faces, a contact condition has been set, with a penetration tolerance equal to

a set of values from 0.1kPa to 10kPa.
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Vacuum Gripper

FIGURE 4.3: Area of contact between the internal surfaces of
the pnuematic suction chamber: minimum (left) at 200Pa and

maximum (right) at 1KPa.

FIGURE 4.4: Distortion or deformation dc at the edges of the
cubical gripper: effective for minimum gripping (left ) at 0.2Pa

and for maximum gripping (right) at 1kPa.

The objective of the simulations is twofold: (i) to assess the relation be-

tween the area of the contact region against the applied pressure (Fig. 4.3),

and (ii) to investigate the distortion of the four corner edges as a function of

the pressure (Fig. 4.4). As explained in the following, the later might play

a major role in the performance of the gripper, since an excessive distortion

could jeopardize the ability of the gripper to work as suction envelop.



4.2. PASCAV Gripper 37

4.2.4 Surfaces Deformation and Gripping Effect

Upon actuation, the maximum deformation of the gripping cavity takes place

at the center of the chamber along the principal axis ζ. This maximum dis-

placement is denoted as dm. The four edges of the cube along the activation

chamber or gripping cavity, a curved deformation occurs whose contour de-

pends upon the applied suction pressure. The maximum curved deformation

(dc) occurs inwards at the center of the edge orthogonal to ζ and to the face

of the cube. There occurs another deformation in a small region at the cen-

ter on all four sides of the cube where the thickness of the outer wall of the

gripping cavity is the minimum. This deformation helps to accommodate dc

along the surface of the target object so that the gripping surface adapts the

target shape developing an effective grasping of the object to pick it up.

The dm becomes effective and is able to develop a grasping of plane sur-

face target objects, when dc starts occurring at 0.2kPa suction pressure. How-

ever, this initial stage remains valid for light weight object with plane sur-

faces. With increasing suction pressure, dc increases, that enhances the range

of gripping of the PASCAV from flat to curved or uneven surfaces. This sec-

ond stage remains valid till the internal surfaces of vacuum cavity come into

contact. Beyond that level, up to maximum dc=3mm, the gripper remains

applicable for flat surfaces and its grip for curved or unsmooth surfaces be-

comes vulnerable within this range.

Effective range of grasping of the gripper remains between 0.2kPa to 1kPa.

Ideal state for curved surfaces gripping is dm=7.8mm, along Z-axis or princi-

pal axis ζ. This ideal state occurs approximately at 0.5kPa suction pressure

when the contact region of the internal top and bottom surfaces of the grip-

ping chamber remains minimum, which allows the gripper’s outer surface

able to adapt and hold the target surface shape. At this stage the dc remains
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FIGURE 4.5: Maximum defromation (dm) along principle axis
ζ and maximum defrormation (dc) orthogonal to the principal

axis ζ.

around 2mm providing firm contact on the edges of the gripper. With in-

creasing suction pressure, beyond 1 kPa, the deformation along the edges

becomes dcmm3. At this point, this increased dc starts disrupting effective

contact at the centers of the edges, especially to the plane or smoothly curved

surfaces, making the grip vulnerable.

The deformation dmalong ζ increases rapidly from initial applied suc-

tion pressure to 0.5kPa from 0 to 7.8mm. Beyond 0.5kPa suction pressure

the change in dmis negligible, especially after achieving dm=8.3mm at 1kPa.

However, the deformation dc orthogonal to ζ increases gradually with the

applied suction pressure. Fig. 4.5 represents the occurrence of dmand dc for

the effective range of gripping of the PASCAV.

4.2.5 Experimental Results Analysis

The PASCAV has successfully carried out gripping actions on various types

of objects including flat surfaces like cell phones with flat touch screen, un-

smooth curved surfaces like fruits, smooth and premeditated curved surfaces
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like bottles and coins 4.6. Smoothly curved and flat surfaces have success-

fully been grasped within the effective range of pressure and deformations

dm and dc. However, largely uneven surfaces are not applicable for this de-

signed size of the PASCAV due to its cubical shape which can be fixed by

increasing the actuation chamber height. For extensively uneven surfaces,

the deformation dc, on any of the four edges of the gripper with the current

size, is likely to disrupt the grip at any stage of the actuation. The preferred

solutions to eradicate gripping uncertainties are to opt for scalability with re-

spect to the target surfaces, and to utilize multiunit gripping arrangement in

order to retain the modularity and design schema of the SCM.

4.3 Overall PASCAV Gripper Evaluation

Although the PASCAV Gripper has shown a range of positive results, it has

limitations in terms of target objects range that it can grasp. One such limita-

tion is the height of the internal pneumatic actuation chamber or the grasping

chamber which makes it difficult to grip and hold the object with steep curves

like the curves on the longitudinal edges of an egg. For such kind of objects,

the height of the suction chamber may need to be augmented. However,

since we are working on scalable cubic designs, rather than changing the de-

sign scheme of the cube, utilizing different sized cubes for specific respective

objects will be a potential remedy to this issue. This feature, the scalability of

the cube, provides a wide range of applicability to this approach.

The next phase of the PSCAV design optimization is to evaluate the force

profile of the gripper on its contact surfaces, especially at the edges to select

the optimal the range of effective pressure, and the thickness of the four outer

walls. An experimental setup with force sensors is being considered to eval-

uate the gripping forces. Another target is to realize a multi-block gripper in
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FIGURE 4.6: Applications: PASCAV Gripper effectively hold-
ing an apple, cell phone, bottle, an egg, and a coin.
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order to increase the payload and to effectively grasp a wide range of uneven

and unstructured objects.
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Chapter 5

PASCAR: a Pneumatically

Actuated Soft Cubic Archetypal

Robot

5.1 PASCAR

The overall analysis and experimental results of SCM actuation performance

encourage towards further exploration and implementation of multi-block

combinations. Several SCMs can be assembled to build a soft robot. Since

each SCM is a cube, two of them can be joined at any of their six faces. The

connection can be created gluing the two modules with the same silicone

rubber used to build them. We have verified that such connection provides

sufficient mechanical resistance.

This chapter provides an example of soft robot made of only two SCMs.

We consider it as an archetype of the soft robots that we can build using

SCMs, that is, robots made of only one soft material and having a repetitive

and easy to assemble structure. We name this robot PASCAR (Pneumatically

Actuated Soft Cubic Archetype Robot). It is shown here that under a proper

actuation sequence, PASCAR is able to move forward.

For instance, an elementary assembly of two SCMs has been realized
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which is able to perform locomotion on a flat surface. Two SCMs are joined

together such that the top face of one SCM is connected to a side of the other

SCM, making principle axes ζ1 and ζ2 of the two connected SCMs orthogonal

to each other. PASCAR is actuated by applying pneumatic pressure in con-

trast to the vacuum based actuation in PASCAV. Sequences of actuating and

neutralizing of pneumatic chambers in two SCMs make PASCAR to achieve

displacement. The PASCAR design scheme is capable of accommodating va-

riety of SCM orientations and their actuation patterns.

5.1.1 Orientation of SCMs in PASCAR Model

Fig. 5.1 shows in a schematic way the relative orientation of the two SCMs in

PASCAR, from now on named SCM1 and SCM2.

FIGURE 5.1: Schematic drawing of the SCMs in PASCAR. The
channels for the pipelines are not represented

The internal chamber in SCM1 has its axis ζ1 orthogonal to the ground.

When actuated, SCM1 lifts PASCAR from the ground. SCM2 is oriented such

that the axis ζ2 is parallel to the ground and orthogonal to ζ1. When SCM2

is actuated, its bottom face is displaced forward. SCM1 and SCM2 are con-

nected as represented in Fig. 5.1: the top face of SCM2 is glued to one of the

side faces of SCM1.
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5.1.2 Actuation sequence

Since at this stage we have not implemented an automatic controller, the

modules are actuated manually by using pneumatic pumps. Therefore, the

results will be evaluated in terms of maximum rigid displacement achieved

by PASCAR after one actuation sequence is performed. The applied actu-

ation sequence is as follows. In the first place, SCM1 is actuated and lifts

PASCAR from the ground (Fig. 5.2b). Then, maintaining SCM1 pressur-

ized, SCM2 is actuated (Fig. 5.2c); if the friction force between SCM1 and

the ground is sufficiently high, this results in a positive displacement of the

SCM2 in the forward direction. Another effect of the pressurization of SCM2

comes from the deformation of its lateral faces: if the displacement ds2 is such

that the surface of SCM touches the ground, then a reaction force comes into

being. This is crucial for PASCAR to proceed forward. In the next step, SCM1

is deactivated, returning to its undeformed configuration, but displaced from

its original position (Fig. 5.2d). As final step of the sequence, SCM2 is deac-

tivated (Fig. 5.2e). We have observed that this results is SCM2 pulling SCM1

in the towards the forward direction, but at the same time SCM2 retreats of

a fraction of the displacement achieved before. The total rigid displacement

of PASCAR after this actuation sequence varies between 1 and 2mm, that is,

approximately 6 percent of L.

5.1.3 Stability

The design scheme is capable of accommodating variety of SCMs orienta-

tions and their actuation patterns: PASCAR is only one of the possible robots

that we have assembled. For instance, we have tested another two SCMs sys-

tem with both actuation chambers in the downward orientation touching the

ground. Although this combination produces displacement, however, the
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FIGURE 5.2: Actuation sequence to make PASCAR perform lo-
comotion towards right direction: PASCAR is placed on the
ground (a), MSC1 is actuated (b), MSC2 is actuated (c), MSC1 is

deactivated (d), MSC2 is deactivated.
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robot remains unstable as upon inflating both chambers, both ground sur-

faces become curved. On the contrary, PASCAR is able to move maintaining

stability, since its front edge is far for the actuated chamber and therefore ex-

hibits no deformation and remains in touch with the ground when SCM2 is

actuated.

5.2 Finite element simulations

We have recurred to finite elements once again, to simulate the response of

PASCAR to the actuation sequence described above. We have performed a

static structural analysis, con- sisting of four steps, in which the actuation

pressure in the two chambers are as shown in Fig. 5.3.

FIGURE 5.3: Actuation pressure set in finite element analysis:
p and s are the pressure and the number of step respectively;

subscripts 1 and 2 refer to SCM1 and SCM2

Despite the results of finite element analysis for the single SCM have been

validated, since the deformed configuration computed was akin to the one

of the physical SCM, we could not simulate correctly the response of the

assembly of SCMs. We have observed that the problem does not lie in the

computation of the deformed configuration of assembled SCMs; instead, the

determination of the friction coefficient between PASCAR and the ground is

not an easy task and it has a relevant influence on the results of the simula-

tion. The computed deformed configuration of PASCAR at step 2 is coherent

with what the reader can observe in Fig. 5.2c; however, assuming a value of
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0.4 for the friction coefficient between PASCAR and the ground, its final rigid

displace- ment is equal to 0.18mm. We have obtained unsatisfactory results

by setting other values for the friction coefficient, and for several values of p1

and p2. Another aspect that it is worth remarking is that no dynamic effect

related to the actuation rate is considered in our simulation, so far. This will

be recalled in the next section.

5.3 Overall Performance of PASCAR

the current PASCAR moves of a short distance per one actuation sequence,

compared to its total length. Its displacement varies depending upon the in-

teracting surface material, like wood, plastic, hard floor, leather, paper etc.

The best performance has been noted on wood and plastic surfaces. Al-

though it has shown displacement on various surfaces, it is important to

achieve a specific friction of PASCAR for a particular surface. We believe

that this aspect can be improved performing size optimization of the SCM,

to achieve optimal values of ds and dt (for instance, such that the maximum

displacement when actuating SCM2 can be obtained). Design parameters

would be the dimensions listed in Tab. 3.1, as well as the position of the

axis of the chamber with the respect to the faces of the cube. Such kind of

optimization can be performed by means of finite element commercial soft-

ware, as done by other authors (for instance, in [81]). On the contrary, we

have not developed yet a simulation setup to compute correctly the response

of an assembly of SCMs, such as PASCAR. As anticipated in the previous

section, it might be important to take into account frictional and dynamical

(inertial) effects; this introduces further complication in a problem which is

already nonlinear due to material properties and the occurring of large dis-

placements.
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PASCAM: a Pneumatically

Actuated Soft Chewing

Articulation Mechanism

In this chapter, the main motivation and the consequent efforts are discussed.

As already described in the ’Introduction’, DIFERM was the driving idea to

carry the development work on SCM. DIFERM has already been designed

and developed, whereas, its alternative soft mechanism named as PASCAM

is under consideration for further material selection and optimal design. Here,

we will present a brief review on the state-of-the-art of the human masti-

cation systems; the design of the DIFERM robotic mechanism; and the ba-

sic concept of the PASCAM design. PASCAM presents a novel formation

of a manipulator that can potentially imitate the human chewing mecha-

nism, and can act as an alternate to conventional approaches like Stewart

robotic mechanism, with advantages of compactness, simpler kinematics de-

sign, easier control, fewer components, and economical in terms of overall

system costs.
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6.1 Dental Implants Force Evaluation Robotic Mech-

anism (DIFERM)

6.1.1 Robotics in Medical Field

Medical field is one of six major application areas of service robotics [82].

Robotics application for health care is growing since 1980’s for better patient

care [83, 84]. This opening out can be witnessed from research output in

medical robotics during the last decade as compared to the other applied ar-

eas [85]. Among the service robots, medical robotics holds the second highest

value, which tends to increase by four times within next three years [86]. De-

spite the availability and accessibility of hi-tech tools and upsurge of robotics

in medical processes, the application is still limited due to the cost of appli-

cability, safety requirements, as well as the complexity of robotic systems [87,

88, 89]. The presence of robotics technology in dental care is further scarcer.

The current work is a particular effort to assist a specific issue in prosthodon-

tics. It presents a robotic machine for the dental implants laboratory services

that employs a robotic device articulated for the identification and recording

of loading effects of dental prostheses on the jawbone.

6.1.2 The Need for Robotic Chewing Mechanism

For the successful implantation of a dental prosthesis, its placement and ori-

entation into the jawbone is critical together with design and material [90,

91]. Decayed or damaged states of the jawbone necessitate jawbone evalu-

ation. Health and strength of the jawbone plays important role in the life

and stability of an implant [92, 93, 94]. For the jawbone quality and stiffness

evaluation, x-rays and Computed Tomography (CT) scan are in practice [95].

These evaluations along with preceding statistical data analysis of implants

success rate in various regions of the jawbone, help to orient and place an
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implant. Experience and skills of the dentists are crucial in this regard. How-

ever, the evaluation of implnat-jawbone interactive loading has not yet been

facilitated effectively. For the purpose, robotics technology has been consid-

ered in the current work.

6.1.3 Robotic Masticatory Systems: a Brief Review

Generally, robotic mastication systems have been developed for rehabilita-

tion, food sciences, and dental implants design and material testing [96]. The

main focus remained to reproduce the bio-mechanics of human mastication.

A human mastication system was realized for rehabilitation purposes of

temporomandibular joint disorders and ‘open bite’ malocclusion. It was ini-

tially designed with a single Dof antagonistic muscle model, which was later

modified to a three Dof masticatory robot [97, 98, 99]. The manipulator was

further reconfigured into a 6-Dof parallel mechanism for maximum dexterity

[100, 101]. The main emphasis of these designs was to replicate the human

masticatory performance in terms of mechanical structure, Dof and sensing

capability. A modified version of the same manipulator was further utilized

to evaluate the chewing effects on the food stuff for texture analysis [101].

Some other masticatory robotic designs, based on bio-mechanics and hu-

man mastication anatomy, employed in food sciences include a 6 Dof parallel

kinematic manipulators, a 6-bar linkage robotic system, and a tendon-spring

mechanism to design a life-sized mastication robot [102, 103, 104, 105, 106].

Material and strength validation of the dental implants got robotic as-

sistance. The biomimetic chewing robot is also considered suitable for den-

tal material testing based on its redundant kinematic structure [104]. In an-

other effort to produce occlusal forces for the evaluation of various designs

of dental implants, a commercial SCARA robots was used for positioning

accuracy and control to execute masticatory movements [107]. For dental
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implants restorative materials testing, a Stewart manipulator was used to

evaluate their strength against simulated chewing forces [108, 109, 110, 111].

For dental implants fatigue testing and their structural safety analysis, in-

dustrial grade systems have also been developed. These are mainly uni-axial

compression and tensile testing equipment to conduct monotonic and cyclic

tests [112, 113, 114, 115]. These testing systems are employed for standard-

ization against ISO 14801, and for dental implants material wear [116, 117,

118].

These reported efforts are the robotic systems capable of generating hu-

man mastication and jawbone movements mainly employing parallel kine-

matic mechanisms (PKM). Kinematic design of such systems was inadequate

to implement a parallel mechanism effectively in order to further examine

the effect of produced resultant interactive forces between implants and the

jawbone. The focus was generally on mandibular bio-mechanics and conse-

quent use of manipulators or the mechanisms moving an end-effector plate.

Although the motion capability of the developed systems ranges from sin-

gle to kinematically redundant, however, force sensing remained limited to

fewer axes, resulting in inadequate feedback about forces and moments. The

control loop of these developed actuators is based on position and velocity

feedback, and are deficient in force feedback in control loop which hinders to

achieve the required level of chewing force cycle replication. Eventually, this

results in inadequate interactive load examination.

6.2 Stewart Platform Based Robotic Chewing Sim-

ulator

The principal approach for the present machine development is to realize a

medical laboratory testing equipment keeping the design substantially smart
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with industrial grade reliability. This approach leads to the design level stan-

dardization of system components and to achieve the optimum level of the

life-cycle and the functional performance of the equipment. It further as-

sists in bridging the gap between academic research and industrial grade

design leading towards the commercialization of the developed system as an

innovative addition to the dental studios and laboratories. A good level of

consideration was devoted to the optimization of stable machine layout in

order to replicate the complex action of the mandible on the upper dental

arch focusing on chewing cycle forces to be executed.

A Robotic system is designed replicating chewing forces of human jaw-

bone. The system needs to be capable of generating chewing cycles manifest-

ing relevant forces and moments which are exhibited by the lower jawbone,

mandible, on the interfacing upper jaw, maxilla. In the current mechanism,

end-effector of the robotic device or the PKM acts as the mandible that inter-

acts with the fixed dental implants module being examined. The dental im-

plant module is an especially designed force sensing component providing

interfacial forces between each implant-screw and the respective host jaw-

bone. The developed PKM has a well known structure of Stewart mecha-

nism. The current mechanism has six linear hydraulic actuators, connected

between two plates, base and the end-effector, through floating joints. The

kinematic chain of the mechanism has spherical-prismatic-spherical (SPS)

configuration for each leg. The end-effector is extended through hydraulic

legs actuation. Floating joints compensate backlashes while acting as the

spherical joints in the mechanism. A six-axis load-cell, the force-torque sen-

sor, is attached at the top of the end-effector which interacts with the dental

module to be examined during the operating cycle.

The PKM has 6-6 type configuration with respect to its legs assembly be-

tween the base and the end-effector (Fig. 6.1).
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FIGURE 6.1: Geometrical representation of Base and End-
effector plates, and vertices distribution.

6.2.1 Hydraulic Actuation System

The chewing wrenches have been realized employing an unconventional hy-

draulic actuation scheme. This actuation scheme of the PKM has two stages:

the initial extension of the end-effector to get engaged with the test module;

and the second stage where the end-effector exerts multi-axis forces on the

test specimen. The first stage is simple in terms of extension of all legs to

reach and get in contact with the target surface. This stage needs hydraulic

flow for the extension of the hydraulic actuators simultaneously. The second

phase of the operation cycle involves force application by the end-effector on

a fully constrained surface. This stage involves critical hydraulic flow control

to achieve the required hydraulic pressure corresponding to the respective

force requirement in a particular actuator. The actuation scheme realized to

accomplish the both operation cycles of the PKM has been described further.

The hydraulic circuit comprises six double acting hydraulic cylinders which

are the six legs of the PKM, linked to a constant flow rate hydraulic source
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from bore sides and to a gas-charged hydraulic accumulator from their rod

sides. Hydraulic accumulator keeps the end-effector at its default fully re-

tracted position at the initial point. During the first stage, the flow source

needs to supply the flow, overcoming the accumulator pressure, in order to

extend the end-effector towards the target surface. Once both surfaces are

engaged, The hydraulic source maintains the required fluid supply against

any pressure differential to ensure necessary forces at the end-effector. For

this phase of the operation, to control the hydraulic flow and pressure, each

hydraulic cylinder employs a needle valve and a pressure relief valve. The

needle valves control the hydraulics flow to the respective actuator while the

pressure relief valves maintain the required pressure in the respective line

by bleeding the excess fluid volume. Hydraulic architecture for a single leg

has been depicted in Fig. 6.2. Hydraulic source is a constant displacement

pump with constant speed, so the volumetric flow remains constant. There

are some volumetric losses that depend on the system pressure dynamics.

Needle valves which are manually operated have been set to fixed open state.

An ideal controlled pressure relief valve whose losses are calculated nearly

to real case has been utilized for each actuator. Accumulator with a pressure

of 100bar pre-charged is engaged.

The end-effector is equiped with a load-cell which makes contact with the

implant module throug a load plate. This load-cell provides 6 axis wrench

at the interface. Six hydraulic cylinders of the PKM are equipped with re-

spective pressure sensors which read the real time pressure of each cylinder

at any specific position during the operational cycle. Wrench from the 6-axis

load-cel and pressures reading from hydraulic cylinders must satisfy the re-

lation

MF = W

where:
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FIGURE 6.2: Hydraulic actuation system for the PKM.

M = Parametric configuration

F = The force vector at end-effector

W = The wrench (combined effect of forces and moments) at the end-effector

in such a way that the system is solved with regards to the leg extensions

in order to obntain the parametized configuration. Furthermore, the con-

trol of the hydraulic cylinders is done using this parametric configuration

to distribute an error on the total wrench in errors on the 6 cylinders or the

legs of the PKM. This lookout configuration profiling for the motion control

further facilitates to avoid additional sensitization of the leg extension. The

position sensing of the legs have not been incorporated to keep the systems

complexity and cost at lower level along with the system design which is not

necessarily to be a manipulator for peculiar pose identification.



6.2. Stewart Platform Based Robotic Chewing Simulator 57

                                  

F/T Load-cell 

 

Operator Interface 

 

 

PKM 

 

Pressure relief and needle 

valves manifold 

 

Gas-charged hydraulic 

accumulator 

 

Electronics and Control unit 

 

Hydraulic source 
 

Cooling system 

 

Device frame 

 

Implant Fixture Hub 

 
 

 

Handling arm 

 

 

FIGURE 6.3: The design of the DIFERM chewing simulator ma-
chine.

The parametric configuration is further enhanced and validated by devel-

oping a system level calibration profile employing additional pressure sen-

sors at hydraulic source and the gas-charged accumulator.

6.2.2 DIFERM Prototype Design

The overall machine architecture has been conceived based on modular ap-

proach (Fig. 6.3). Four major modules of this robotic chewing apparatus in-

clude: the PKM equipped with force-torque load cell; the hydraulics module

for the actuation of the PKM; the electronics, control and operators interface

module; and the dental specimen fixture module. The PKM, its hydraulics

architecture and the design of the load recording sensor has already been

discussed in the earlier sections. Interface and the electronics module which

facilitate to operate the chewing simulator, extraneous to the prime descrip-

tion of the current paper, has been considered to present separately.
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The focus of this machine development is multifaceted. It represents a

cost effective dental laboratory equipment, having an innovative system de-

sign, which offers an unconventional methodology to implement the robotic

PKM in order to examine the implant-jawbone loading interaction. The com-

ponents of the PKM including hydraulic actuators, floating joints and the

both base and the end-effector plates are customized for this specific design

model. Floating joint has been employed as self alignment couplers for the

hydraulic legs. The joints shape has been designed to accommodate the re-

quired skewed orientation of the legs between the PKM base and the end-

effector. The skewed shape of the joint has been opted for convenient ma-

chining of the base and end-effector plates. Similarly the valves employed

in the hydraulic circuit have also been customized as per the system require-

ment. The customization of these components has been done to achieve the

compactness of the system and to achieve an overall cost effective solution.

Particularly with respect to the novelty of the chewing simulation design,

in contrast to the focus of many other efforts where mandible motion is ac-

complished by means of manipulators moving an end-effector plate with a

focus on displacement, the current device focuses on force transmission be-

tween interacting bodies with minimal motion manipulation. This novel ap-

proach make this device to execute chewing force cycle with proper replica-

tion of real chewing, which facilitates the better recording of testing data.

6.3 The PASCAM

SCM is again the fundamental block of this mechanism as well like PASCAV

and PASCAR. A modular approach has been followed to design PASCAM:

the first module is the SCMs holding unit; the second module is the actuation

unit which holds the mandible jawbone model and is manipulated by the

SCMs to simulate the chewing alike motion profile; and the third module is



6.3. The PASCAM 59

the set of SCMs being employed as the actuator. The current PASCAM model

has 4 Dof (Fig. 6.4) employing six SCMs. The two translational motions, lat-

eral and vertical, in horizontal and frontal planes are compensated within

rotational movements in respective planes. The jawbone movements are in-

terdependent of rotational and translational motions during a chewing or

mastication cycle owing to the special morphology of the temporomandibu-

lar joint [119]. Furthermore, this arrangement helps to keep the construction

of archetypal soft chewing mechanism simple. PASCAM facilitates three ro-

tational motions which are pitch, yaw and roll, and the heave translational

motion (Fig. 6.4).

FIGURE 6.4: Jawbone movement planes and the PASCAM 4
Dof motions: pitch, yaw, roll and heave.

6.3.1 PASCAM Design Considerations

For designing of PASCAM manipulator, following measures have been con-

sidered:

1. Degrees of freedom

• Pitch, yaw and roll rotational Dof.

• Heave translational Dof.
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2. Displacement ranges

• Maximum motion is required along the pitch which is 40-50mm

[120].

• yaw rotation and heave are considered as 10-12mm and 8-11mm

respectively.

• and roll equals to approximately 1mm.

This design is addressing the archetypal realization of the chewing simulator

in order to articulate the jaw movements and its basic dynamic.

6.3.2 PASCAM System Modules

PASCAM conceptual design has been presented in Fig 6.5.

FIGURE 6.5: PASCAM design representing its 3 main modules.

1. SCM Holding Module: This module holds the six SCM units. Holders

for three couples of SCMs A B, C D, and E F are orthogonal to each
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other with respect to the principal axes zeta of SCMs. It accommodated

the SCMs and thier pneumatic lines.

2. Actuation Module: This is the module which is manipulated by the

SCM unites. It is manipulated to execute the chewing or mastication

movements. Its design has been considered so that it can host a jaw-

bone model in such a way that the PASCAM can be used to replace

Stewart mechanism in the DIFERM.

3. SCMs in PASCAM: The prospective manipulator to satisfy these con-

ditions is composed of a hierarchical modular design employing three

modules as described earlier. It utilizes six SCM units arranged in an

innovative manner which facilitate the holding and manipulation of

the actuation unit. SCM units, A, B, C, D, E, and F, employed in this

mechanism are providing the following functions:

• SCMs A and B are working as the holder of the actuation unit. This

configuration serve as the temporomandibular joints arrangement.

A and B, working as PASCAV, holds the actuation unit as well as

provide heave translation within the allowable range keeping the

effective grip of the actuation unit.

• C and D provides two Dof motions: pitch and the yaw.

• E and F serves to provide roll and, owing to their positioning, ad-

ditionally facilitate to keep the actuation unit aligned within the

mechanism.

All SCM units being considered for archetypal configuration of PAS-

CAM are identical (Fig. 6.6).
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Mechanism

FIGURE 6.6: PASCAM archetypal 3D prototype for initial de-
sign validation. SCMs A and B are in fully actuated state grip-

ping the actuation unit while C and D are generating pitch.

6.3.3 Key Design Considerations and Constraints

The key design constraints or points to take care that has been highlighted

by the initial analysis phase are listed below:

1. Material selection. In the current case, silicone shore ‘A’ strength has

been implemented. Material consideration is important as it affects the

force transmission to the target object. Very soft or hard material will

hinder force transmission by hindering the displacement or absorbing

the applied pressure.

2. Finalization of optimal Dof requirements for the PASCAM to mimic

human jawbone motions with respect to different translational and ro-

tational motion ranges in different planes.

3. SCM units arrangement, number and sizing needs to be figured out

optimally.
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4. Actuation scheme and control configuration will also be a critical mat-

ter for the manipulator in order to achieve required forces in carrying

out a chewing cycle.
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Chapter 7

Conclusion and Future Directions

This study presents the evaluation of the geometrical configuration of SCM

to realize a pneumatically actuated soft robotic actuator. The purpose of this

scheme was to design the actuator with qualities of modularity and scalabil-

ity in order to further develop soft robotic mechanisms.

The design scheme of SCM is helpful in realizing a simple and cost-effective

SPA which is modular and scalable, and it employs a single soft material. The

proposed design is a pneumatically operated system comprising commercial

silicone rubber material based modular hyper-elastic actuator, SCM. It has

one internal fluidic chamber which is actuated pneumatically to generate ef-

fective single axis deformation. The produced deformation is adequate and

suitable enough to be utilized for actuation by exerting forces on the inter-

acting surfaces under the applied pneumatic pressure. The actuation cham-

ber’s shape, size and orientation have been evaluated to realize an applied

design which has been further employed for the development of modular

soft robotic systems. Soft Cubic Module can be easily manufactured through

molding process. Its external cubic shape ensures the stability of the mod-

ule and facilitates its utilization as a single block actuator as well as makes it

easy to combine multiple SCM units to build multi-unit robotic systems. This

design scheme has been considered as the first tool to investigate its perfor-

mance to execute certain given tasks in various configurations. SCM block

has wide application range from a simple push button to the formation of a
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bio-mimicking robot and multi-Dof mechanisms. Archetypal arrangements

of the SCM have suggested a wide range of possible mechanisms which are

under further consideration for design analysis and development.

With respect to application specific considerations presented here, the

PASCAV Gripper has shown a range of positive results, however, it has limi-

tations in terms of target objects that it is able to grasp. One such limitation is

the height of the internal pneumatic actuation chamber or the grasping cham-

ber which makes it difficult to grip and hold the object with steep curves like

the curves on the longitudinal edges of an egg. For such kind of objects, the

height of the suction chamber needs to be augmented. However, since we are

working on scalable cubic designs, rather than changing the design scheme

of the cube, utilizing different sized cubes for specific respective objects will

be a potential remedy to this issue. It also imples that the scalability of the

cube provides a wide range of applicability. The next phase of the PSCAV de-

sign optimization is to evaluate the force profile of the gripper on its contact

surfaces, especially at the edges to select the optimal the range of effective

pressure, and the thickness of the four outer walls. An experimental setup

with force sensors is being considered to evaluate the gripping forces. An-

other target is to realize a multi-block gripper in order to increase the payload

and to effectively grasp a wide range of uneven and unstructured objects.

Similarly, speaking about the performance of the PASCAR, it moves of a

short distance per one actuation sequence, compared to its total length. Its

displacement varies depending upon the interacting surface material, like

wood, plastic, hard floor, leather, paper etc. The best performance has been

noted on wood and plastic surfaces. Furthermore, it has shown displacement

on various surfaces, however, it is important to achieve a specific friction of

PASCAR for a particular surface. This aspect needs further size optimiza-

tion of the SCM, to achieve optimal values of ds and dt. For instance, the
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maximum displacement in equivalence to the deformation dt is deemed ob-

tainable while actuating SCM2 of the PASCAR. Such kind of optimization

can be performed by means of finite element commercial software. As antic-

ipated, it might be important to take into account frictional and dynamical

(inertial) effects; that introduces further complication in a problem which is

already nonlinear due to material properties and the occurring of large dis-

placements.

The PASCAM design presents a novel formation of a manipulator which

is able to simulate chewing alike movements. This design has shown the

capacity as an alternate to the conventional Stewart platform, with advan-

tages of compactness, simpler kinematics design, easier control, fewer sys-

tem components, and lesser cost. The main application in view is a device

to be used for jawbone force cycle evaluation for the bone strength examina-

tion. The analysis of the design of the robotic manipulator depicts success-

ful validation of motion generation with specific actuation chamber shapes

and corresponding execution. The future work is to optimize overall design

of the robotic manipulator including material optimization, firing pattern of

actuation chambers and maximum force transmissibility. Particularly with

respect to the novelty of the chewing simulation design, in contrast to the fo-

cus of many other efforts where mandible motion is accomplished by means

of manipulators moving an end-effector plate with a focus on displacement,

the current design focuses on force transmission between interacting bodies

with minimal motion manipulation. This approach will make this device to

execute chewing force cycle with proper replication of real chewing, which

will facilitate the better recording of testing data.

The overall analysis and experimental results suggest implementation of

SCM to realize soft robotic mechanisms. It is anticipated that further stud-

ies on SCM will allow finding the optimum value of the ratio ‘r’, which is

the ration of deformations on actuated surfaces of the SCM, for any specific
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soft robot built using SCMs. While performing size (and eventually shape)

designing of the internal chamber, the cubic of shape of the module will be

maintained, for the reason to make the assembly of multiple units conve-

nient. The cylindrical chamber profile is under further evaluation for modi-

fication to achieve improved results. The current design has been evaluated

to exhibit the capacity of the SCM to deform under applied pressure, how-

ever, it is under consideration to optimize the design for application of forces

as required in PASCAM configuration to generate forces equivalent to the

chewing forces. The modified profile would potentially be transformed into a

convex disk shape which generates more forces at the actuated surface of the

SCM cube than the cylindrical actuation chamber. Furthermore, the elliptical

and curved horn shaped actuation chambers are also under consideration to

achieve two axis deformations like the torsional deformation.



69

Bibliography

[1] Jessica E O’neill and Stephen C Yeung. “Do dental implants preserve

and maintain alveolar bone?” In: Journal of investigative and clinical den-

tistry 2.4 (2011), pp. 229–235.

[2] Carl E Misch. Dental implant prosthetics. Elsevier Health Sciences, 2005.

[3] Oliver R Boughton et al. “Measuring bone stiffness using spherical

indentation”. In: PloS one 13.7 (2018), e0200475.

[4] L-J FUH et al. “Variations in bone density at dental implant sites in

different regions of the jawbone”. In: Journal of oral rehabilitation 37.5

(2010), pp. 346–351.

[5] Ekaterina Novitskaya et al. “Recent advances on the measurement

and calculation of the elastic moduli of cortical and trabecular bone: a

review”. In: Theoretical and Applied Mechanics 38.3 (2011), pp. 209–297.

[6] Sang-Hwy Lee et al. “A new origin for the maxillary jaw”. In: Devel-

opmental biology 276.1 (2004), pp. 207–224.

[7] Janith Muhandiram, Bin Wang, and Mahmoud Chizari. “Dynamic

simulation of the Temporomandibular Joint”. In: Transactions on En-

gineering Technologies. Springer, 2015, pp. 697–705.

[8] Kaoru Washio et al. “In vivo periodontium formation around tita-

nium implants using periodontal ligament cell sheet”. In: Tissue En-

gineering Part A (2018).



70 BIBLIOGRAPHY

[9] Deviprasad Nooji and Mayank R Lunia. “Tooth-Implant Supported

Prostheses - A Review”. In: International Journal of Current Research 9.6

(2017), pp. 50651–50656.

[10] Literature review of tooth-implant supported prosthesis. part 1: introduc-

tion and biomechanical problems. [Online; perio.prostho.cc]. 2016. URL:

https://perioprosthocc.wordpress.com/2016/05/26/literature-

review-of-tooth-implant-supported-prosthesis-part-1-introduction-

and-biomechanical-problems/.

[11] Ahmad Mahmood Tahir, Giovanna A Naselli, and Matteo Zoppi. “Soft

robotics: A solid prospect for robotizing the natural organisms”. In:

Advances in Robotics Research 2.1 (2018), pp. 69–97.

[12] Daniela Rus and Michael T Tolley. “Design, fabrication and control of

soft robots”. In: Nature 521.7553 (2015), p. 467.

[13] Barry A Trimmer et al. “Towards a biomorphic soft robot: design con-

straints and solutions”. In: Biomedical Robotics and Biomechatronics (BioRob),

2012 4th IEEE RAS & EMBS International Conference on. IEEE. 2012,

pp. 599–605.

[14] Glenn K Klute, Joseph M Czerniecki, and Blake Hannaford. “McK-

ibben artificial muscles: pneumatic actuators with biomechanical in-

telligence”. In: Advanced Intelligent Mechatronics, 1999. Proceedings. 1999

IEEE/ASME International Conference on. IEEE. 1999, pp. 221–226.

[15] Ahmad M Tahir, Matteo Zoppi, and Giovanna A Naselli. “PASCAV

Gripper: a Pneumatically Actuated Soft Cubical Vacuum Gripper”. In:

2018 International Conference on Reconfigurable Mechanisms and Robots

(ReMAR). IEEE. 2018, pp. 1–6.

[16] Koichi Suzumori, Shoichi Iikura, and Hirohisa Tanaka. “Development

of flexible microactuator and its applications to robotic mechanisms”.

https://perioprosthocc.wordpress.com/2016/05/26/literature-review-of-tooth-implant-supported-prosthesis-part-1-introduction-and-biomechanical-problems/
https://perioprosthocc.wordpress.com/2016/05/26/literature-review-of-tooth-implant-supported-prosthesis-part-1-introduction-and-biomechanical-problems/
https://perioprosthocc.wordpress.com/2016/05/26/literature-review-of-tooth-implant-supported-prosthesis-part-1-introduction-and-biomechanical-problems/


BIBLIOGRAPHY 71

In: Robotics and Automation, 1991. Proceedings., 1991 IEEE International

Conference on. IEEE. 1991, pp. 1622–1627.

[17] K Suzumori, Shoichi Iikura, and Hirohisa Tanaka. “Flexible microac-

tuator for miniature robots”. In: Micro Electro Mechanical Systems, 1991,

MEMS’91, Proceedings. An Investigation of Micro Structures, Sensors, Ac-

tuators, Machines and Robots. IEEE. IEEE. 1991, pp. 204–209.

[18] K Suzumori. “Flexible microactuator. (1st Report, Static characteristics

of 3 DOF actuator)”. In: Transactions of the Japan Society of Mechanical

Engineers Series C 55.518 (1989), pp. 2547–2552.

[19] K Suzumori. “Flexible microactuator. (2nd Report, Dynamic charac-

teristics of 3 DOF actuator)”. In: Transactions of the Japan Society of Me-

chanical Engineers Series C 56.527 (1990), pp. 1887–1893.

[20] Koichi Suzumori, Shoichi Iikura, and Hiroshisa Tanaka. “Applying a

flexible microactuator to robotic mechanisms”. In: IEEE control systems

12.1 (1992), pp. 21–27.

[21] Koichi Suzumori. “Micro-walking robot driven by flexible microactu-

ator”. In: J. of Robotics and Mechatrnonics 5.6 (1993), pp. 537–541.

[22] Koichi Suzumori et al. “Integrated flexible microactuator systems”.

In: Robotica 14.5 (1996), pp. 493–498.

[23] Toshiba Corporation. Robot for Working in Small-Diameter Piping. []On-

line; Toshiba: Social Contribution Activities - Corporate Social Re-

sponsibility]. 1997. URL: https://www.toshiba.co.jp/about/press/

1997_02/pr2101.htm.

[24] Koichi Suzumori. “Elastic materials producing compliant robots”. In:

Robotics and Autonomous systems 18.1-2 (1996), pp. 135–140.

https://www.toshiba.co.jp/about/press/1997_02/pr2101.htm
https://www.toshiba.co.jp/about/press/1997_02/pr2101.htm


72 BIBLIOGRAPHY

[25] Koichi Suzumori et al. “Fiberless flexible microactuator designed by

finite-element method”. In: IEEE/ASME transactions on mechatronics

2.4 (1997), pp. 281–286.

[26] Koichi Suzumori, Akihiro Koga, and H Riyoko. “Microfabrication of

integrated FMAs using stereo lithography”. In: Micro Electro Mechani-

cal Systems, 1994, MEMS’94, Proceedings, IEEE Workshop on. IEEE. 1994,

pp. 136–141.

[27] Koichi Suzumori et al. “Integrated flexible microactuator systems”.

In: Robotica 14.5 (1996), pp. 493–498.

[28] Ching-Ping Chou and Blake Hannaford. “Measurement and model-

ing of McKibben pneumatic artificial muscles”. In: IEEE Transactions

on robotics and automation 12.1 (1996), pp. 90–102.

[29] R Hoggett. 1957 "Artificial Muscle" by Joseph McKibben.

[30] Koichi Suzumori et al. “Micro inspection robot for 1-in pipes”. In:

IEEE/ASME transactions on mechatronics 4.3 (1999), pp. 286–292.

[31] Y Yamaha et al. “Soft viscoelastic robot skin capable of accurately

sensing contact location of object”. In: Multisensor Fusion and Integra-

tion for Intelligent Systems, 1999. MFI’99. Proceedings. 1999 IEEE/SICE/RSJ

International Conference on. IEEE. 1999, pp. 105–110.

[32] Mitsuhiro Hakozaki, Katsuhiko Nakamura, and Hiroyuki Shinoda.

“Telemetric artificial skin for soft robot”. In: Proceedings of TRANS-

DUCERS. Vol. 99. 1999, pp. 844–847.

[33] Frank R Bubic. Flexible robotic links and manipulator trunks made there-

form. US Patent 5,080,000. 1992.

[34] Fumiya Iida and Cecilia Laschi. “Soft robotics: challenges and per-

spectives”. In: Procedia Computer Science 7 (2011), pp. 99–102.



BIBLIOGRAPHY 73

[35] Filip Ilievski et al. “Soft robotics for chemists”. In: Angewandte Chemie

123.8 (2011), pp. 1930–1935.

[36] Sangbae Kim, Cecilia Laschi, and Barry Trimmer. “Soft robotics: a

bioinspired evolution in robotics”. In: Trends in biotechnology 31.5 (2013),

pp. 287–294.

[37] John Rieffel et al. “Growing and evolving soft robots”. In: Artificial life

20.1 (2014), pp. 143–162.

[38] Robert F Shepherd et al. “Multigait soft robot”. In: Proceedings of the

national academy of sciences 108.51 (2011), pp. 20400–20403.

[39] Raphael Deimel and Oliver Brock. “A novel type of compliant and

underactuated robotic hand for dexterous grasping”. In: The Interna-

tional Journal of Robotics Research 35.1-3 (2016), pp. 161–185.

[40] Huichan Zhao et al. “A helping hand: Soft orthosis with integrated

optical strain sensors and EMG control”. In: IEEE Robotics & Automa-

tion Magazine 23.3 (2016), pp. 55–64.

[41] Andrew D Marchese, Cagdas D Onal, and Daniela Rus. “Autonomous

soft robotic fish capable of escape maneuvers using fluidic elastomer

actuators”. In: Soft Robotics 1.1 (2014), pp. 75–87.

[42] Cagdas D Onal et al. “Soft mobile robots with on-board chemical pres-

sure generation”. In: Robotics Research (2017), pp. 525–540.

[43] Raphael Deimel and Oliver Brock. “A compliant hand based on a

novel pneumatic actuator”. In: Robotics and Automation (ICRA), 2013

IEEE International Conference on. IEEE. 2013, pp. 2047–2053.

[44] Fionnuala Connolly et al. “Mechanical programming of soft actuators

by varying fiber angle”. In: Soft Robotics 2.1 (2015), pp. 26–32.



74 BIBLIOGRAPHY

[45] Yahya Elsayed et al. “Finite element analysis and design optimization

of a pneumatically actuating silicone module for robotic surgery ap-

plications”. In: Soft Robotics 1.4 (2014), pp. 255–262.

[46] Jun-Young Lee et al. “Soft robotic blocks: introducing SoBL, a fast-

build modularized design block”. In: IEEE Robotics & Automation Mag-

azine 23.3 (2016), pp. 30–41.

[47] R Scott Caines. Robotic fluid-actuated muscle analogue. US Patent 5,021,064.

1991.

[48] Robert T Pack and Moenes Iskarous. “The use of the soft arm for re-

habilitation and prosthetics”. In: RESNA 1994 Annual Conference. 1994,

pp. 472–475.

[49] Mustapha Hamerlain. “An anthropomorphic robot arm driven by ar-

tificial muscles using a variable structure control”. In: Intelligent Robots

and Systems 95.’Human Robot Interaction and Cooperative Robots’, Pro-

ceedings. 1995 IEEE/RSJ International Conference on. Vol. 1. IEEE. 1995,

pp. 550–555.

[50] Patrick van der Smagt, F Groen, and K Schulten. “Analysis and con-

trol of a rubbertuator arm”. In: Biological Cybernetics 75.5 (1996), pp. 433–

440.

[51] W Alford et al. “Flexible human integration for holonic manufactur-

ing systems,"” in: Proceedings of the World Manufacturing Congress,(New

Zealand). 1997, pp. 53–62.

[52] DM Wilkes et al. “Hudl, a design philosophy for socially intelligent

service robots”. In: American Association for Artificial Intelligence, AAAI

Press Technical Report, FS-97-02. 1997, pp. 140–145.



BIBLIOGRAPHY 75

[53] ME ambron et al. “Human-Centered Robot Design and the Problem of

Grasping”. In: The 3rd International Conference on Advanced Mechatron-

ics ICAM’98 -Innovative Mechatronics for the 21st Century. JSME. 1998,

pp. 191–196.

[54] Ganesha Udupa, Pramod Sreedharan, and K Aditya. “Robotic gripper

driven by flexible microactuator based on an innovative technique”.

In: Advanced Robotics and its Social Impacts (ARSO), 2010 IEEE Workshop

on. IEEE. 2010, pp. 111–116.

[55] M Cianchetti et al. “Design concept and validation of a robotic arm

inspired by the octopus”. In: Materials Science and Engineering: C 31.6

(2011), pp. 1230–1239.

[56] Michael O Obaji and Shiwu Zhang. “Investigation into the force dis-

tribution mechanism of a soft robot gripper modeled for picking com-

plex objects using embedded shape memory alloy actuators”. In: Robotics,

Automation and Mechatronics (RAM), 2013 6th IEEE Conference on. IEEE.

2013, pp. 84–90.

[57] Daisuke Sasaki et al. “Development of pneumatic wearable power as-

sist device for human arm “ASSIST””. In: Proceedings of the JFPS Inter-

national Symposium on Fluid Power. Vol. 2005. 6. The Japan Fluid Power

System Society. 2005, pp. 202–207.

[58] Jun Shintake et al. “Soft pneumatic gelatin actuator for edible robotics”.

In: Intelligent Robots and Systems (IROS), 2017 IEEE/RSJ International

Conference on. IEEE. 2017, pp. 6221–6226.

[59] Marcello Calisti et al. “Design and development of a soft robot with

crawling and grasping capabilities”. In: Robotics and Automation (ICRA),

2012 IEEE International Conference on. IEEE. 2012, pp. 4950–4955.



76 BIBLIOGRAPHY

[60] Yufei Hao et al. “Universal soft pneumatic robotic gripper with vari-

able effective length”. In: 35th Chinese Control Conference (CCC), Cheng

Du, China. 2016, pp. 6109–6114.

[61] Giovanni Rateni et al. “Design and development of a soft robotic grip-

per for manipulation in minimally invasive surgery: a proof of con-

cept”. In: Meccanica 50.11 (2015), pp. 2855–2863.

[62] JR Bemfica et al. “Mechatronic design of a three-fingered gripper for

underwater applications”. In: IFAC Proceedings Volumes 46.5 (2013),

pp. 307–312.

[63] Kevin C Galloway et al. “Soft robotic grippers for biological sampling

on deep reefs”. In: Soft robotics 3.1 (2016), pp. 23–33.

[64] Takashi Yoshimi et al. “Picking up operation of thin objects by robot

arm with two-fingered parallel soft gripper”. In: Advanced Robotics and

its Social Impacts (ARSO), 2012 IEEE Workshop on. IEEE. 2012, pp. 7–12.

[65] RSW Stone and PN Brett. “A flexible pneumatic actuator for gripping

soft irregular shaped objects”. In: ().

[66] Guanjun Bao et al. “Flexible pneumatic robotic actuator FPA and its

applications”. In: Robotics and Biomimetics (ROBIO), 2013 IEEE Interna-

tional Conference on. IEEE. 2013, pp. 867–872.

[67] Jun Shintake et al. “Variable stiffness actuator for soft robotics us-

ing dielectric elastomer and low-melting-point alloy”. In: Intelligent

Robots and Systems (IROS), 2015 IEEE/RSJ International Conference on.

IEEE. 2015, pp. 1097–1102.

[68] John R Amend et al. “A positive pressure universal gripper based on

the jamming of granular material”. In: IEEE Transactions on Robotics

28.2 (2012), pp. 341–350.



BIBLIOGRAPHY 77

[69] Nadia G Cheng et al. “Design and analysis of a robust, low-cost, highly

articulated manipulator enabled by jamming of granular media”. In:

Robotics and Automation (ICRA), 2012 IEEE International Conference on.

IEEE. 2012, pp. 4328–4333.

[70] L Margheri, C Laschi, and B Mazzolai. “Soft robotic arm inspired by

the octopus: I. From biological functions to artificial requirements”.

In: Bioinspiration & biomimetics 7.2 (2012), p. 025004.

[71] Rongjie Kang et al. “Design, modeling and control of a pneumatically

actuated manipulator inspired by biological continuum structures”.

In: Bioinspiration & biomimetics 8.3 (2013), (036008) 1–14.

[72] Rongjie Kang et al. “Embodiment design of soft continuum robots”.

In: Advances in Mechanical Engineering 8.4 (2016), pp. 1–13.

[73] N Kärcher, MM Moerdijk, and S Schrof. “FlexShapeGripper: form fit

of the chameleon’s tongue”. In: FESTO AG & Co. KG, Esslingen (2015).

[74] Michael B Pritts and Christopher D Rahn. “Design of an artificial mus-

cle continuum robot”. In: Robotics and Automation, 2004. Proceedings.

ICRA’04. 2004 IEEE International Conference on. Vol. 5. IEEE. 2004, pp. 4742–

4746.

[75] William McMahan et al. “Field trials and testing of the OctArm con-

tinuum manipulator”. In: Robotics and Automation, 2006. ICRA 2006.

Proceedings 2006 IEEE International Conference on. IEEE. 2006, pp. 2336–

2341.

[76] Michael D Grissom et al. “Design and experimental testing of the oc-

tarm soft robot manipulator”. In: Unmanned Systems Technology VIII.

Vol. 6230. International Society for Optics and Photonics. 2006, 62301F.



78 BIBLIOGRAPHY

[77] Deepak Trivedi, Dustin Dienno, and Christopher D Rahn. “Optimal,

model-based design of soft robotic manipulators”. In: Journal of Me-

chanical Design 130.9 (2008), p. 091402.

[78] Deepak Trivedi, Amir Lotfi, and Christopher D Rahn. “Geometrically

exact models for soft robotic manipulators”. In: IEEE Transactions on

Robotics 24.4 (2008), pp. 773–780.

[79] Deepak Trivedi and Christopher D Rahn. “Model-based shape esti-

mation for soft robotic manipulators: The planar case”. In: Journal of

Mechanisms and Robotics 6.2 (2014), p. 021005.

[80] Sukho Song, Carmel Majidi, and Metin Sitti. “Geckogripper: A soft,

inflatable robotic gripper using gecko-inspired elastomer micro-fiber

adhesives”. In: Intelligent Robots and Systems (IROS 2014), 2014 IEEE/RSJ

International Conference on. IEEE. 2014, pp. 4624–4629.

[81] Philip Moseley et al. “Modeling, design, and development of soft pneu-

matic actuators with finite element method”. In: Advanced Engineering

Materials 18.6 (2016), pp. 978–988.

[82] M Haegele. Executive summary world robotics 2018 service robots. [On-

line; IFR Statistical Department]. 2018. URL: https://ifr.org/downloads/

press2018/Executive_Summary_WR_Service_Robots_2018.pdf.

[83] Paolo Dario et al. “Robotics for medical applications”. In: IEEE Robotics

& Automation Magazine 3.3 (1996), pp. 44–56.

[84] Ryan A Beasley. “Medical robots: current systems and research direc-

tions”. In: Journal of Robotics 2012 (2012), pp. 1–14.

[85] Muna Al-Razgan et al. “Systematic Review of Robotics Use Since 2005”.

In: International Journal of Mechanical Engineering and Robotics Research

5.2 (2016), pp. 129–132.

https://ifr.org/downloads/press2018/Executive_Summary_WR_Service_Robots_2018.pdf
https://ifr.org/downloads/press2018/Executive_Summary_WR_Service_Robots_2018.pdf


BIBLIOGRAPHY 79

[86] J Tsuda, S Wyatt, and G Litzenberger. World robotics 2018 industrial and

service robots. [Online; IFR Statistical Department]. 2018. URL: https:

//ifr.org/downloads/press2018/WR_Presentation_Industry_and_

Service_Robots_rev_5_12_18.pdf.

[87] Alireza Mirbagheri et al. “Medical Robotics: State-of-the-Art Applica-

tions and Research Challenges”. In: International Journal of Healthcare

Information Systems and Informatics (IJHISI) 8.2 (2013), pp. 1–14.

[88] YV Rao et al. “Robotics in dental implantation”. In: Proceedings of Ad-

vancements in Aeromechanical Materials for Manufacturing (ICAAMM),

International Conference on. 2016, pp. 9327–9332.

[89] Gernot Kronreif. “Advanced concepts for medical robotic systems”.

In: New Horizons in Clinical Case Reports 1 (2017), p. 5.

[90] I Hasan et al. “Influence of abutment design on the success of imme-

diately loaded dental implants: Experimental and numerical studies”.

In: Medical engineering & physics 34.7 (2012), pp. 817–825.

[91] P Bicudo et al. “Mechanical behaviour of dental implants”. In: Procedia

Structural Integrity 1 (2016), pp. 26–33.

[92] William Becker et al. “Long-term evaluation of 282 implants in maxil-

lary and mandibular molar positions: a prospective study”. In: Journal

of periodontology 70.8 (1999), pp. 896–901.

[93] Peter K Moy et al. “Dental implant failure rates and associated risk

factors.” In: International Journal of Oral & Maxillofacial Implants 20.4

(2005).

[94] Fawad Javed and George E Romanos. “The role of primary stability

for successful immediate loading of dental implants. A literature re-

view”. In: Journal of dentistry 38.8 (2010), pp. 612–620.

https://ifr.org/downloads/press2018/WR_Presentation_Industry_and_Service_Robots_rev_5_12_18.pdf
https://ifr.org/downloads/press2018/WR_Presentation_Industry_and_Service_Robots_rev_5_12_18.pdf
https://ifr.org/downloads/press2018/WR_Presentation_Industry_and_Service_Robots_rev_5_12_18.pdf


80 BIBLIOGRAPHY

[95] L-J FUH et al. “Variations in bone density at dental implant sites in

different regions of the jawbone”. In: Journal of oral rehabilitation 37.5

(2010), pp. 346–351.

[96] Weilang Xu and John E Bronlund. Mastication robots: biological inspira-

tion to implementation. Vol. 290. Springer, 2010.

[97] I Kato et al. “Development of artificial mastication system. Construc-

tion of one degree of freedom antagonistic muscle model WJ-O.” In:

Anatomischer anzeiger 165.2-3 (1988), pp. 197–203.

[98] Hideaki Takanobu, Atsuo Takanishi, and Ichiro Kato. “Design of a

mastication robot mechanism using a human skull model”. In: Intelli-

gent Robots and Systems’ 93, IROS’93. Proceedings of the 1993 IEEE/RSJ

International Conference on. Vol. 1. IEEE. 1993, pp. 203–208.

[99] H Takanobu et al. “Adaptive masticatory jaw motion using jaw po-

sition and biting force information”. In: Multisensor Fusion and In-

tegration for Intelligent Systems, 1994. IEEE International Conference on

MFI’94. IEEE. 1994, pp. 360–365.

[100] Hideaki Takanobu et al. “Jaw training robot and its clinical results”.

In: Advanced Intelligent Mechatronics, 2003. AIM 2003. Proceedings. 2003

IEEE/ASME International Conference on. Vol. 2. IEEE. 2003, pp. 932–937.

[101] Akihisa Okino et al. “Development of a clinical jaw movement train-

ing robot for intermaxillary traction therapy”. In: Robotics and Automa-

tion, 2004. Proceedings. ICRA’04. 2004 IEEE International Conference on.

Vol. 3. IEEE. 2004, pp. 2492–2497.

[102] Wei Liang Xu, J-S Pap, and J Bronlund. “Design of a biologically in-

spired parallel robot for foods chewing”. In: IEEE Transactions on In-

dustrial Electronics 55.2 (2008), pp. 832–841.



BIBLIOGRAPHY 81

[103] Wei Liang Xu et al. “Kinematics and experiments of a life-sized masti-

catory robot for characterizing food texture”. In: IEEE Transactions on

Industrial Electronics 55.5 (2008), pp. 2121–2132.

[104] Guifei Wang et al. “A biomimetic chewing robot of redundantly actu-

ated parallel mechanism”. In: Industrial Robot: An International Journal

42.2 (2015), pp. 103–109.

[105] Cheng Sun et al. “Dynamics and compliance control of a linkage robot

for food chewing”. In: IEEE Transactions on Industrial Electronics 61.1

(2014), pp. 377–386.

[106] Seung-Ju Lee et al. “Design of mastication robot with life-sized linear

actuator of human muscle and load cells for measuring force distribu-

tion on teeth”. In: Mechatronics 51 (2018), pp. 127–136.

[107] L Wang, JP Sadler, and LC Breeding. “A robotic system for testing

dental implants”. In: Mechanism and machine theory 33.5 (1998), pp. 583–

597.

[108] Enrico Conserva et al. “Robotic chewing simulator for dental materi-

als testing on a sensor-equipped implant setup.” In: International Jour-

nal of Prosthodontics 21.6 (), pp. 501–508.

[109] Enrico Conserva et al. “The use of a masticatory robot to analyze

the shock absorption capacity of different restorative materials for

prosthetic implants: a preliminary report.” In: International Journal of

Prosthodontics 22.1 (), pp. 53–55.

[110] K Alemzadeh, RA Hyde, and J Gao. “Prototyping a robotic dental test-

ing simulator”. In: Proceedings of the Institution of Mechanical Engineers,

Part H: Journal of Engineering in Medicine 221.4 (2007), pp. 385–396.

[111] D Raabe et al. “The chewing robot: a new biologically-inspired way to

evaluate dental restorative materials”. In: Engineering in Medicine and



82 BIBLIOGRAPHY

Biology Society, 2009. EMBC 2009. Annual International Conference of the

IEEE. IEEE. 2009, pp. 6050–6053.

[112] Italsigma s.r.l. Machines for the biomedical industry. [Online; Italsigma

s.r.l. Italy]. URL: http://www.italsigma.it/Documents/Italsigma%

20brochure%20biomedicale%20-%20eng.pdf..

[113] Shimadzu. Physical Property Testing Equipment for Biomaterials and Med-

ical Applications. [Online; Shimadzu, Japan]. 2013. URL: http://www.

shimadzu.com.br/analitica/industrias/biomateriais/catalogos/

biomateriais.pdf.

[114] Instron. Instron Dental Implant Testing. [Online; Instron, India]. URL:

http://www.instron.in/en-in/testing-solutions/industry-

solutions/biomedical/dental/dental-implant-testing.

[115] ISO. 14801-2:2007. Dentistry–Implants–Dynamic Fatigue Test for Endosseous

Dental Implants. 2007.

[116] ISO. 14801-3:2016. Dentistry - Implants - Dynamic loading test for en-

dosseous dental implants. 2016.

[117] Luigi Canullo, Paulo G Coelho, and Estevam A Bonfante. “Mechan-

ical testing of thin-walled zirconia abutments”. In: Journal of Applied

Oral Science 21.1 (2013), pp. 20–24.

[118] Yusuke Toyoshima and Noriyuki Wakabayashi. “Load limit of mini-

implants with reduced abutment height based on fatigue fracture re-

sistance: experimental and finite element study.” In: International Jour-

nal of Oral & Maxillofacial Implants 30.1 (2015).

[119] Jan Harm Koolstra. “Dynamics of the human masticatory system”. In:

Critical Reviews in Oral Biology & Medicine 13.4 (2002), pp. 366–376.

[120] Maurice Vahedifar. Temporomandibular Joint Clinical Considerations For

Practice. Lulu. com, 2015.

http://www.italsigma.it/Documents/Italsigma%20brochure%20biomedicale%20-%20eng.pdf.
http://www.italsigma.it/Documents/Italsigma%20brochure%20biomedicale%20-%20eng.pdf.
http://www.shimadzu.com.br/analitica/industrias/biomateriais/catalogos/biomateriais.pdf
http://www.shimadzu.com.br/analitica/industrias/biomateriais/catalogos/biomateriais.pdf
http://www.shimadzu.com.br/analitica/industrias/biomateriais/catalogos/biomateriais.pdf
http://www.instron.in/en-in/testing-solutions/industry-solutions/biomedical/dental/dental-implant-testing
http://www.instron.in/en-in/testing-solutions/industry-solutions/biomedical/dental/dental-implant-testing

	Declaration of Authorship
	Abstract
	Acknowledgements
	Introduction
	Background and Motivation
	Dental Implants Force Evaluation Robotic Mechanism (DIFERM)
	Inspiration Concerning Soft Robotics
	The Main Motivation

	Rationale and the Contribution
	Thesis Outline

	State-of-the-Art: a Literature Review on Soft Actuator
	A Brief Note on History of Soft Robotics
	Outfit of a Soft Robot
	Soft Pneumatic Actuators (SPA)
	Concept of the Current Modular Soft Actuator

	Soft Cubic Module (SCM): Design and Analysis
	Geometrical Design and Internal Actuation Chamber
	Actuation Chamber Design and Analysis
	SCM: the Soft Actuator
	Cylindrical Actuation Chamber Configuration
	Material
	Fabrication of SCM

	SCM Actuation Characteristics
	SCM Design Evaluation and Results

	PASCAV Gripper: a Pneumatically Actuated Soft Cubical Vacuum Gripper
	Introduction to Soft Gripper and the PASCAV Gripper
	PASCAV Gripper
	Application of SCM as PASCAV Gripper
	Actuation Scheme
	Performance Analysis
	Surfaces Deformation and Gripping Effect
	Experimental Results Analysis

	Overall PASCAV Gripper Evaluation

	PASCAR: a Pneumatically Actuated Soft Cubic Archetypal Robot
	PASCAR
	Orientation of SCMs in PASCAR Model
	Actuation sequence
	Stability

	Finite element simulations
	Overall Performance of PASCAR

	PASCAM: a Pneumatically Actuated Soft Chewing Articulation Mechanism
	Dental Implants Force Evaluation Robotic Mechanism (DIFERM)
	Robotics in Medical Field
	The Need for Robotic Chewing Mechanism
	Robotic Masticatory Systems: a Brief Review

	Stewart Platform Based Robotic Chewing Simulator
	Hydraulic Actuation System
	DIFERM Prototype Design

	The PASCAM
	PASCAM Design Considerations
	PASCAM System Modules
	Key Design Considerations and Constraints


	Conclusion and Future Directions
	Bibliography

