
Japan Advanced Institute of Science and Technology

JAIST Repository
https://dspace.jaist.ac.jp/

Title
柔軟なパターン化表面によるウエット付着の力学と、

そのソフトロボットハンドの開発への応用

Author(s) NGUYEN, VAN PHO

Citation

Issue Date 2020-09

Type Thesis or Dissertation

Text version ETD

URL http://hdl.handle.net/10119/17003

Rights

Description Supervisor:HO Anh Van, 先端科学技術研究科, 博士



Mechanics of Wet Adhesion on

Patterned Soft Surface, and

Application to Development

of Soft Robotic Hand

Nguyen Van Pho

Supervisor: Associate Professor Ho Anh Van

Second supervisor: Professor Yuzuru Takamura

Minor research supervisor: Professor Hiroshi Mizuta

School of Materials Science

Japan Advanced Institute of Science and Technology

This dissertation is submitted on June, 2020 for the degree of Doctor of Philosophy



I would like to dedicate this thesis to my wife, my 5- month fetus and my loving

family who are always side by side with my life.



Abstract

Many animals and insects can firmly stick to their surrounding environments thanks to

the adhesion mechanisms generated from their bodies. The wet adhesion principle of a

tree frog’s sole toe with a tree is among such examples. Herein, the sole toe of the tree

frog has a microstructure in the contact interface comprising from a vast number of cells

interspaced by a channel system. When contacting with surrounding environments, fluid

inside the grooves is ejected to produce the wet adhesion, helping this animal to secure

the substrate. Wet interfaces can facilitate the soft robotic fingers to archive an effect

grasping thanks to increment of the adhesion interactions with the gripped object. Hence,

the wet adhesion mechanism of the tree frog toe hinted us to develop the soft robotic

hands for grasping the soft-fragile objects in wet environments. Thus, my thesis illustrates

a mechanical approach understand the significant role of morphological design on rising

the wet adhesion for secure grasping by the soft pads attached on the robotic finger’s tips.

To answer the given question we firstly constructed a model of contact mechanics for the

wet interface between the soft pad and its surrounding substrates. Then, two conditions

of these such pads were carried out in comparisons between: a pad with a normal surface

(n-pad), and a pad with a micropatterned surface (m-pad). The latter was designed and

estimated inspired by the wet adhesion principle between the surface of the tree frog’s

sole toes and their environments. In this analytical model, we proposed a method to

investigate the contact force for two geometries of the substrates having: flat and curve

contact interfaces.

For the flat contact interface, the adhesion and contact forces between the n- and

m-pads with their substrate were estimated for both normal and tangential directions.

These pads were cast from silicon rubbers. Additionally, a square-patterned mold, as the

m-pad mold, comprising from 3600 85µm×85µm cells interspaced by a channel network

with 15µm wide and 15µm deep was fabricated from the electron beam lithography (EBL)

technology. The obtained results of the normal and tangential contact forces for the

m-pad and the n-pad were verified through the measurements in wet conditions. Validated

results illustrated a good agreement with those of the estimation, revealing that the

micropatterned morphology can enhance the contact force for the m-pad by two-fold in

case the normal and 1.2- to 1.4-fold in case the tangential force.



Soft interfaces may change shape to adapt curved environments, thus, we proposed

a method for evaluation of the adhesive ability of a soft curved interface with a specific

micropattern in two cases: a concave, and a convex contact interfaces. This model was

developed from the contact mechanics with adhesion in the flat contact interface. Herein,

the adhesion force was focused on the normal direction in different contact scenarios. In

addition, the micropatterned pad used in this analysis has 3600 cells each 85µm×85µm

separated by grooves 15µm wide×44µm deep. This micropattern soft pad is able to

change its form into a concave or a convex surface. We estimated the normal contact force

in detachment and attachment phases between the micropattern soft pad and a substrate.

This micropattern pad was compared with a similar pad without a micropattern for their

adhesion ability at the interface between the pad and the substrate. Obtained results, have

good agreement with the estimations, demonstrated the micro-patterned pad enhanced

contact force approximately 1÷2 times than that the normal surface.

Based on the results obtained from the model of the contact mechanics with adhesion,

we proposed applications of the soft robotic hands. The first of them is a project of a

manipulating robot in automatically attaching and detaching a contact lens from a ‘human

eye’. A contact lens presented a hemispherical thin shell was grasped by the soft fingers in

three different environments: inside/outside the preservative liquid and as the contact lens

stuck a hemispherical substrate mimicking a human eye. The experimental and estimated

results were compared for two kinds of the finger’s tips surfaces: normal and micropattern.

The tested results illustrated a good contract with the calculation as the m-pad reduced

the preload and deformation of the thin hemispherical shell 1.1-2 times lower than that

of the n-pad. The next application is a soft robotic hand approaches to grasp and then

release a food sample in wet condition. We showcased this scenario with a small block of

fresh tofu 19.6 mm×19.6 mm×15 mm which is soft, fragile object that was grasped by a

soft robotic hand including two symmetrical pressurized fingers which their tips deposited

with two types of soft pads: a n- or m-pads. The micro-machined pattern comprises of

14400 square cells same dimensions as the previous m-pad, whereas each groove has its

cross section 15µm in width and 44µm in depth. Our estimation of the grasped force for

both types of soft pads were conducted, then verified by actual application in griping the

tofu block. Both estimated and experimental results reveal that the micropattern pad

decreased the preload and deformation of the tofu block’s surface 2.2 times lower than

that of the flat one, for stable grasping of the tofu. The showcase in my thesis confirmed

the potential of micro patterns grasping soft-fragile objects in wet environments without

complicated control strategy, promising wider applications for robot in medical, human,

service or food industry.

Key words: inspire tree frog’s toe, wet adhesion, micropattern surface, grasp-

ing/manipulating soft objects, and soft robotic hands.



Declaration

This dissertation is the result of my own work and includes nothing which is the outcome of

work done in collaboration. It is not substantially the same as any that I have submitted,

or am concurrently submitting, for a degree or diploma or other qualification at the Japan

Advanced Institute of Science and Technology or any other University or similar institution.

I further state that no substantial part of my dissertation has already been submitted, or

is being concurrently submitted, for any such degree, diploma or other qualification at the

Japan Advanced Institute of Science and Technology or any other University or similar

institution.

Nguyen Van Pho

2020





Acknowledgements

I have spent nearly three memorable years in pursuing the Ph.D. course at Materials

Science School of JAIST with an interesting research story. Although this time is much

challenging, it constitutes a wonderful part for my life. The significant contributions of this

thesis to the literature remind that this study cannot be completed without the support

of many people.

It was an unforgettable moment in 2017-June when my supervisor, Associate Professor

Ho Anh Van, adopted me to become a first Ph.D student in Soft Haptics lab where I

received much intensive supervisions from him. After arriving JAIST, he took me to

introduce all of laboratories and fabrication areas, which gradually formed my significant

research networks. During 3 years, with in-depth knowledge in Soft Robotics field he

gave me a lot of valuable advice through discussions or seminars that fosters me to

closely approach my research problem right the starting point. Thanks to his constructive

suggestions I can overcome many big obstacles in research and stimulated my ambition

in exploring novel ideas. Not only took care in my study Prof. Van, with all enormous

enthusiasm, but also always encouraged me to improve my life through taking part in

social activities, forums and conferences or doing oversea research in France. Inspired by

working styles and learned a lot of useful research experiences from him gradually helps

me undertake academic work confidently. Those such favours illustrate that ”how great

his important role in my academic career is!”. Thus, first of all I would like to sincerely

thank Prof. Ho Anh Van for his long-term enthusiasm support.

To complete this research story I also acquired many useful suggestions from my other

supervisors who are experts in my field. I am profoundly grateful to Associate Professor

Fumihiko Asano-my second supervisor during 2017-2019, Professor Yuzuru Takamura-my

second supervisor during 2019-2020, Professor Hiroshi Mizuta-my minor research advisor

and Professor Christian Duriez-my direct supervisor of minor research in Inria, Lille,

France. Additionally I would like to express sincere thanks to Professor Shinichi Hirai,

Soft Robotics lab-Ritsumeikan university, for his value comments at the meetings of the

international conferences. As well, I would like to thank the professors in my committee

Professor Yuzuru Takamura, Professor Hiroshi Mizuta, Professor Mikio Koyano, and

Professor Shinichi Hirai who spent long time for reading my thesis and pointed out my



limited points. Through the in-depth discussions with the them my thesis was gradually

improved in several aspects that can enhance the impact of my research in future.

As a first Ph.D student in a robotics lab with the research content relating to many

fields such as: mechanics, mechanical, robotics, materials and physics, it was too difficult

for me to solve my problems in 3 years. To be honest, I had good chances to co-work with a

large network of excellent scientists who enthusiastically supported me in research. Herein,

I would like to thank Ph.D Huynh Van Ngoc (Mizuta’s lab), Assistant Professor Phan

Trong Tue (Takamura’s lab), my co-authors, and Manoharan sensei (Mizuta’s lab) who

gave me valuable comments about dry adhesion and initially introduced me to enter JAIST

Nano Tech Center. Also I sincerely thank Mr. Nguyen Dai Duong (Suzuki’s lab) as well

as Ph.D Ahmed Hammam (Mizuta’s lab) for training me the photolythography machine

and many other equip in the clean room. I acknowledge Associate Professor Yuki Nagao,

Associate Professor Masashi Akabori and Mr. Notoya Osamu for respectively training me

machines: laser scan microscope, electron beam lithography (EBL) and scanning electron

microscopy (SEM). In additional I want to acknowledge the colleagues in Takamura’s lab:

Ph.D Nguyen Thanh Tung, Ms. Summamal Charernchai and Ph.D Hirose Daisuke who

support me necessary chemicals for my fabrications. Furthermore, I want to thank my

colleagues in Ho’s lab for their supports in setup experiments.

I honestly acknowledge Ph.D Le Hoai Phuong, Associate Professor Pham Huy Hoang

and Professor Bui Trong Hieu (Ho Chi Minh University of Technology) who strongly

encouraged me in pursuing Ph.D and their enthusiastic recommendations to Prof. Ho Anh

Van. Finally, I sincerely thank Assistant Professor Ito Asae (Yamaguchi’s lab), my tutor,

Ph.D Hoang Khanh Hung and Vietnamese Community at JAIST for supporting me in

many aspects of my life.



Contents

1 INTRODUCTION 23

1.1 Traditional Robot . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

1.2 Soft Robotics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

1.2.1 Morphological Design and Control . . . . . . . . . . . . . . . . . . . 24

1.2.2 Applications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

1.2.2.1 Manipulation . . . . . . . . . . . . . . . . . . . . . . . . . 27

1.2.2.2 Soft Sensor . . . . . . . . . . . . . . . . . . . . . . . . . . 28

1.2.2.3 Locomotion . . . . . . . . . . . . . . . . . . . . . . . . . . 28

1.2.2.4 Medical and Wearable Devices . . . . . . . . . . . . . . . 29

1.2.2.5 Soft Cyborgs . . . . . . . . . . . . . . . . . . . . . . . . . 29

1.3 Soft Robotics in Grasping Soft-Fragile Objects . . . . . . . . . . . . . . . . 30

1.3.1 Research Question . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

1.3.2 Attachments Mechanisms in Robotic . . . . . . . . . . . . . . . . . 30

1.3.3 Wet bio-mechanism in Robotics . . . . . . . . . . . . . . . . . . . . 32

1.4 My Research Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

1.4.1 Research Purpose . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

1.4.2 Research Content . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

1.4.3 Related Works . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

1.4.4 Contributions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

2 CONTACT MECHANICS FOR WET INTERFACES 39

2.1 Surface and Interfacial Forces . . . . . . . . . . . . . . . . . . . . . . . . . 39

2.1.1 Adhesion Force . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

2.1.2 Electrostatic Forces . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

2.1.3 Van der Waals Forces . . . . . . . . . . . . . . . . . . . . . . . . . . 40

2.1.3.1 Keesom Interaction . . . . . . . . . . . . . . . . . . . . . . 41

2.1.3.2 Debye Interaction . . . . . . . . . . . . . . . . . . . . . . . 41

2.1.3.3 London Interaction . . . . . . . . . . . . . . . . . . . . . . 42

2.1.3.4 Van der Waals Interaction-Microscopic Approach . . . . . 43

2.1.3.5 Van der Waals Interaction-Macroscopic Approach . . . . . 44



2.1.4 Casimir Effect . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

2.1.5 DLVO Theory . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

2.1.6 Steric Forces . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

2.1.7 Non-DLVO Forces . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

2.1.7.1 Hydrophylic Interaction . . . . . . . . . . . . . . . . . . . 47

2.1.7.2 Hydrophobic Interaction . . . . . . . . . . . . . . . . . . . 47

2.1.8 Interlock Force . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

2.1.9 Capillary Force . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

2.1.9.1 Surface Tension . . . . . . . . . . . . . . . . . . . . . . . . 49

2.1.9.2 Young-Laplace Equation . . . . . . . . . . . . . . . . . . . 49

2.1.9.3 Kelvin Equation . . . . . . . . . . . . . . . . . . . . . . . 50

2.1.9.4 Contact Angle . . . . . . . . . . . . . . . . . . . . . . . . 51

2.1.9.5 Surface and Adhesion Energy . . . . . . . . . . . . . . . . 51

2.2 Adhesion of Pads with A Substrate Surface . . . . . . . . . . . . . . . . . . 52

2.3 Adhesion of Normal Pad in Flat Surfaces . . . . . . . . . . . . . . . . . . . 54

2.3.1 Attachment Phase . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

2.3.1.1 Wet Without Dry Adhesion . . . . . . . . . . . . . . . . . 55

2.3.1.2 Wet With Dry Adhesion . . . . . . . . . . . . . . . . . . . 59

2.3.2 Detachment Phase . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

2.3.3 Tangential Direction . . . . . . . . . . . . . . . . . . . . . . . . . . 62

2.4 Adhesion of Normal Pad in Curved Surfaces . . . . . . . . . . . . . . . . . 63

2.4.1 Attachment Phase . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

2.4.2 Detachment Phase . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

2.5 Contact Mechanics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

2.5.1 Stress and Strain . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67

2.5.1.1 Isotropic Materials . . . . . . . . . . . . . . . . . . . . . . 67

2.5.1.2 Anisotropic Materials . . . . . . . . . . . . . . . . . . . . 67

2.5.2 Contact Model in Normal Direction . . . . . . . . . . . . . . . . . . 68

2.5.2.1 Hertz Contact Model . . . . . . . . . . . . . . . . . . . . . 69

2.5.2.2 JKR Model . . . . . . . . . . . . . . . . . . . . . . . . . . 70

2.5.2.3 Greenwood and Williamson Model . . . . . . . . . . . . . 71

2.5.2.4 Bush, Gibson and Thomas Model . . . . . . . . . . . . . . 71

2.5.2.5 Persson Model . . . . . . . . . . . . . . . . . . . . . . . . 72

2.5.3 Contact Model in Tangential Direction . . . . . . . . . . . . . . . . 73

2.5.3.1 Without Slippage . . . . . . . . . . . . . . . . . . . . . . . 73

2.5.3.2 With Slippage . . . . . . . . . . . . . . . . . . . . . . . . 74

2.6 Contact Mechanics With Wet Adhesion of Normal Pad . . . . . . . . . . . 74

2.6.1 Contact Mechanics with Wet Adhesion of N-pad in Flat Interface . 75



2.6.1.1 Normal Direction . . . . . . . . . . . . . . . . . . . . . . . 75

2.6.1.2 Tangential Direction . . . . . . . . . . . . . . . . . . . . . 76

2.6.2 Contact Mechanics with Wet Adhesion of N-pad in Curved Interface 78

2.6.2.1 Complete Wet . . . . . . . . . . . . . . . . . . . . . . . . 78

3 CONTACT MECHANICS OF WET ADHESION WITH PATTERNED

MORPHOLOGY 80

3.1 Design of Patterned Morphology . . . . . . . . . . . . . . . . . . . . . . . . 80

3.1.1 Flat Contact Interface . . . . . . . . . . . . . . . . . . . . . . . . . 80

3.1.2 Curved Contact Interface . . . . . . . . . . . . . . . . . . . . . . . . 81

3.2 Adhesion of Micro-patterned Pad with Flat Interface . . . . . . . . . . . . 83

3.2.1 Normal Adhesion . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83

3.2.1.1 Complete Wet . . . . . . . . . . . . . . . . . . . . . . . . 83

3.2.1.2 Partial Wet . . . . . . . . . . . . . . . . . . . . . . . . . . 87

3.2.1.3 Detachment Phase . . . . . . . . . . . . . . . . . . . . . . 90

3.2.2 Tangential Direction . . . . . . . . . . . . . . . . . . . . . . . . . . 90

3.2.2.1 Complete Wet . . . . . . . . . . . . . . . . . . . . . . . . 91

3.2.2.2 Partial Wet . . . . . . . . . . . . . . . . . . . . . . . . . . 92

3.3 Adhesion of Micro-patterned Pad with Curved Interface . . . . . . . . . . . 93

3.3.1 Normal Attachment Without Preload . . . . . . . . . . . . . . . . . 93

3.3.1.1 Complete Wet . . . . . . . . . . . . . . . . . . . . . . . . 93

3.3.1.2 Partial Wet . . . . . . . . . . . . . . . . . . . . . . . . . . 95

3.3.2 Normal Attachment Under Preload . . . . . . . . . . . . . . . . . . 95

3.3.3 Detachment Phase . . . . . . . . . . . . . . . . . . . . . . . . . . . 97

3.3.3.1 Complete Wet . . . . . . . . . . . . . . . . . . . . . . . . 97

3.3.3.2 Partial Wet . . . . . . . . . . . . . . . . . . . . . . . . . . 98

4 FABRICATION OF PATTERNED SURFACE 99

4.1 Micro-patterned Mold’s Fab . . . . . . . . . . . . . . . . . . . . . . . . . . 99

4.1.1 Photo-Lithography . . . . . . . . . . . . . . . . . . . . . . . . . . . 99

4.1.2 Electron Beam Lithography . . . . . . . . . . . . . . . . . . . . . . 101

4.1.3 Test Micropatterned Mold . . . . . . . . . . . . . . . . . . . . . . . 102

4.2 Fabricate Pads for Flat Contact Interface . . . . . . . . . . . . . . . . . . . 103

4.2.1 Micropatterned Pad . . . . . . . . . . . . . . . . . . . . . . . . . . 103

4.2.2 Normal Pad . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104

4.2.3 Test Sample . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104

4.3 Fabricate Pads for Curved Contact Interface . . . . . . . . . . . . . . . . . 105



5 RESULTS 106

5.1 Contributions of Dry Adhesion in Wet Contact . . . . . . . . . . . . . . . . 106

5.2 Validate Adhesion Between The Pads and Substrate In Flat Interface . . . 108

5.2.1 Compare Adhesion Between N- and M-pad in Flat Interface . . . . 109

5.2.1.1 Normal Adhesion Without Preload . . . . . . . . . . . . . 109

5.2.1.2 Normal Adhesion in Detachment Phase . . . . . . . . . . 110

5.2.1.3 Normal Adhesion With Preload . . . . . . . . . . . . . . . 112

5.2.1.4 Tangential Direction . . . . . . . . . . . . . . . . . . . . . 113

5.2.2 Evaluation Experiment Setup . . . . . . . . . . . . . . . . . . . . . 114

5.2.2.1 Normal Force . . . . . . . . . . . . . . . . . . . . . . . . . 115

5.2.2.2 Tangential Force . . . . . . . . . . . . . . . . . . . . . . . 116

5.2.3 Evaluation Results . . . . . . . . . . . . . . . . . . . . . . . . . . . 116

5.2.3.1 Normal Force . . . . . . . . . . . . . . . . . . . . . . . . . 116

5.2.3.2 Tangential Force . . . . . . . . . . . . . . . . . . . . . . . 120

5.3 Validate Adhesion Between The Pads and Substrate In Curved Interface . 122

5.3.1 Compare Adhesion Between N- and M-pad in Curved Interface . . . 122

5.3.1.1 Normal Adhesion Without Preload . . . . . . . . . . . . . 123

5.3.1.2 Detachment Phase . . . . . . . . . . . . . . . . . . . . . . 124

5.3.1.3 Normal Adhesion with Preload . . . . . . . . . . . . . . . 126

5.3.2 Setting Experiment . . . . . . . . . . . . . . . . . . . . . . . . . . . 128

5.3.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 129

6 APPLICATIONS 134

6.1 Design of Soft Robotic Hand for Gripping Thin Shell . . . . . . . . . . . . 134

6.1.1 Mechanics of Bending a Thin Hemispherical Shell . . . . . . . . . . 134

6.1.2 Wet Adhesion Between Two Parallel Curved Surfaces . . . . . . . . 136

6.1.3 Wet Adhesion In Grasping A Thin Hemispherical Shell . . . . . . . 136

6.1.3.1 Shell Inside Liquid . . . . . . . . . . . . . . . . . . . . . . 137

6.1.3.2 Shell Outside Liquid . . . . . . . . . . . . . . . . . . . . . 138

6.1.3.3 Shell in Contact with a Hemispherical Substrate . . . . . . 139

6.1.4 Grasping Interface With A Patterned Morphology . . . . . . . . . . 141

6.1.4.1 Design of the Robotic Hand . . . . . . . . . . . . . . . . . 141

6.1.4.2 Wet Adhesion for M-pad . . . . . . . . . . . . . . . . . . 142

6.1.5 Estimated Results . . . . . . . . . . . . . . . . . . . . . . . . . . . 144

6.1.6 Results Of Preliminary Experiments . . . . . . . . . . . . . . . . . 145

6.1.6.1 Prototype . . . . . . . . . . . . . . . . . . . . . . . . . . . 145

6.1.7 Experimental Setup . . . . . . . . . . . . . . . . . . . . . . . . . . . 145

6.1.7.1 Contact Lens Inside Liquid . . . . . . . . . . . . . . . . . 146

6.1.7.2 Contact Lens Outside Liquid . . . . . . . . . . . . . . . . 146



6.1.7.3 Contact Lens in Contact with the Substrate . . . . . . . . 147

6.1.8 Preliminary Results . . . . . . . . . . . . . . . . . . . . . . . . . . . 147

6.1.8.1 Contact Lens Inside Liquid . . . . . . . . . . . . . . . . . 147

6.1.8.2 Contact Lens Outside Liquid . . . . . . . . . . . . . . . . 148

6.1.8.3 Contact Lens in Contact with a Substrate . . . . . . . . . 148

6.2 Design Soft Robotic Hand for Grasping Soft-Fragile Objects . . . . . . . . 149

6.2.1 Revisit Theory of Viscoelastic Deformation . . . . . . . . . . . . . . 150

6.2.2 Mechanics of Grasping with Wet Adhesion . . . . . . . . . . . . . . 152

6.2.2.1 Design Robotic Hand . . . . . . . . . . . . . . . . . . . . . 152

6.2.3 Modelling Grasping of a Wet Object . . . . . . . . . . . . . . . . . 153

6.2.3.1 In Normal Direction (along x− axis) . . . . . . . . . . . . 153

6.2.3.2 In Tangential Direction (along z − axis) . . . . . . . . . . 155

6.2.4 Experimental Setup . . . . . . . . . . . . . . . . . . . . . . . . . . . 156

6.2.4.1 Fabrication . . . . . . . . . . . . . . . . . . . . . . . . . . 157

6.2.4.2 Experimental setup . . . . . . . . . . . . . . . . . . . . . . 158

6.2.5 Evaluation results . . . . . . . . . . . . . . . . . . . . . . . . . . . . 160

6.2.5.1 Grasping pressure . . . . . . . . . . . . . . . . . . . . . . 160

6.2.5.2 Releasing pressure . . . . . . . . . . . . . . . . . . . . . . 161

6.2.5.3 Tofu Deformation . . . . . . . . . . . . . . . . . . . . . . . 162

7 DISCUSSION, CONCLUSION AND VISIONS 166

7.1 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 166

7.1.1 Adhesion of Flat Contact Interface . . . . . . . . . . . . . . . . . . 166

7.1.1.1 Analytical Model . . . . . . . . . . . . . . . . . . . . . . . 166

7.1.1.2 Parameters . . . . . . . . . . . . . . . . . . . . . . . . . . 167

7.1.1.3 Experimental Results . . . . . . . . . . . . . . . . . . . . 167

7.1.1.4 Morphology of the Micropattern Pad . . . . . . . . . . . . 168

7.1.2 Adhesion of Curved Contact Interface . . . . . . . . . . . . . . . . . 168

7.1.2.1 Analytical Model . . . . . . . . . . . . . . . . . . . . . . . 168

7.1.2.2 Obtained Results . . . . . . . . . . . . . . . . . . . . . . . 169

7.1.3 Role of Viscosity . . . . . . . . . . . . . . . . . . . . . . . . . . . . 169

7.1.4 Contribution of the Dry Adhesion in Adhesion Force . . . . . . . . 170

7.1.5 Role of Preload . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 170

7.2 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 170

7.3 Visions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 171

A PUBLICATIONS AND AWARDS 173

A.1 Journals . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 173

A.2 Peer-review International Conference . . . . . . . . . . . . . . . . . . . . . 173



A.3 Peer-reviewed International Workshop . . . . . . . . . . . . . . . . . . . . 174

A.4 Domestic Conference and Symposiums . . . . . . . . . . . . . . . . . . . . 174

A.5 Other Journals . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 175

A.6 Awards . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 175

Bibliography 176

14



List of Figures

1.1 Figure1.1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

1.2 Figure1.2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

1.3 Figure1.3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

1.4 Figure1.4 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

1.5 Figure1.5 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

1.6 Figure1.6 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

1.7 Figure1.7 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

1.8 Figure1.8 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

1.9 Figure1.9 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

2.1 Figure2.1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

2.2 Figure2.2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

2.3 Figure2.3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

2.4 Figure2.4 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

2.5 Figure2.5 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

2.6 Figure2.6 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

2.7 Figure2.7 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

2.8 Figure2.8 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

2.9 Figure2.9 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

2.10 Figure2.10 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

2.11 Figure2.11 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

2.12 Figure2.12 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

2.13 Figure2.13 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68

2.14 Figure2.14 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

2.15 Figure2.15 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70

2.16 Figure2.16 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72

2.17 Figure2.17 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73

2.18 Figure2.18 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

2.19 Figure2.19 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76

15



2.20 Figure2.20 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

3.1 Figure3.1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

3.2 Figure3.2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82

3.3 Figure3.3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84

3.4 Figure3.4 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86

3.5 Figure3.5 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86

3.6 Figure3.6 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91

3.7 Figure3.7 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92

3.8 Figure3.8 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94

3.9 Figure3.9 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96

3.10 Figure3.10 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97

4.1 Figure4.1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100

4.2 Figure4.2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101

4.3 Figure4.3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102

4.4 Figure4.4 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103

4.5 Figure4.5 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104

4.6 Figure4.6 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105

5.1 Figure5.1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107

5.2 Figure5.2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109

5.3 Figure5.3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110

5.4 Figure5.4 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111

5.5 Figure5.5 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112

5.6 Figure5.6 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113

5.7 Figure5.1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114

5.8 Figure5.2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115

5.9 Figure5.9 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116

5.10 Figure5.10 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117

5.11 Figure5.11 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117

5.12 Figure5.12 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118

5.13 Figure5.13 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119

5.14 Figure5.14 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120

5.15 Figure5.15 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121

5.16 Figure5.16 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122

5.17 Figure5.17 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123

5.18 Figure5.18 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123

5.19 Figure5.19 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124

5.20 Figure5.20 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124

16



5.21 Figure5.21 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 125

5.22 Figure5.22 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 125

5.23 Figure5.23 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 126

5.24 Figure5.24 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 126

5.25 Figure5.25 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 127

5.26 Figure5.26 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 127

5.27 Figure5.27 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 128

5.28 Figure5.28 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 129

5.29 Figure5.29 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 130

5.30 Figure5.30 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 131

5.31 Figure5.31 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 132

6.1 Figure6.1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 135

6.2 Figure6.2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 137

6.3 Figure6.3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 138

6.4 Figure6.4 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 140

6.5 Figure6.5 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 142

6.6 Figure6.6 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 142

6.7 Figure6.7 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 144

6.8 Figure6.8 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 144

6.9 Figure6.9 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 146

6.10 Figure6.10 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 147

6.11 Figure6.11 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 149

6.12 Figure6.12 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 150

6.13 Figure6.13 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 151

6.14 Figure6.14 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 151

6.15 Figure6.15 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 152

6.16 Figure6.16 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 154

6.17 Figure6.17 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 157

6.18 Figure6.18 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 158

6.19 Figure6.19 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 159

6.20 Figure6.20 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 160

6.21 Figure6.21 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 161

6.22 Figure6.22 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 162

6.23 Figure6.23 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 164

7.1 Figure7.1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 169

17



List of Tables

2.1 List of abbreviations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

2.2 Two contact interfaces of the n- and m-pad . . . . . . . . . . . . . . . . . . 54

2.3 Four states of wet adhesion . . . . . . . . . . . . . . . . . . . . . . . . . . 55

5.1 Parameters of the dry adhesion forces . . . . . . . . . . . . . . . . . . . . . 107

5.2 Contribution of dry adhesion in adhesion force . . . . . . . . . . . . . . . . 108

5.3 Parameters using in estimation of adhesion force. . . . . . . . . . . . . . . 108

7.1 Comparison of the increment ratios of wet adhesion forces with previous work.167

18



Nomenclature

η Viscosity coefficient (Pas)

γ Surface tension (N/m)
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CHAPTER 1

INTRODUCTION

1.1 Traditional Robot

Under the rapid development of technology, robots gradually help human in enhancing

labour productivity or handling tasks in dangerous environments thanks to it autonomous

working ability [1–4]. Indeed, as shown in Figure 1.1(a), an underwater robot named

Jaguar, which has a robotic arm put on an ocean vehicle, can work under deep sea or

riverbed. In industry, many robots without taking up rest can create same products in

production lines of factories such as: mechanical manufacturing, textile and garment, food

productions. For example, an assembly robot co-works with a worker or other robots

(welding robots, hangers) for making a complete car in Audi production line (Fig. 1.1(b)).

In human daily life, the other robots work as servers or housemaids in cleaning tall

buildings or rooms, shipping goods (Fig. 1.1(c)). And a vast number of applications in

many aspects in figure 1.1(d-f) such as humanoid robot for interacting with human [5, 6],

educational robots for teaching and training [7], drone for exploring space [8], surgery [9]

and so on that have the present of these robots one can discuss outside this study.

The bodies of the aforementioned robots have been designed using rigid structure which

are almost made from metals, strong plastics or rigid materials. This is appropriate with

the adaptation of stability and durability in industrial environments. In other words, these

robots highlights benefits for handling solid or stable objects; whereas, for this reason, it

may not be friendly to interact with soft-fragile objects.

Demands of manipulating food products, fruits, human care or medical objects by

automatic systems have been emergent recently. Such scenarios typically feature soft and

fragile properties that themselves are easy to deform under being exerted by external loads.

In addition, their surrounding environments always require materials during interacting.
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Figure 1.1: Several familiar examples of robotic application in industry and human daily life.
a) Underwater robot manipulating in ocean or river [1], b) and c) assembly robot working at
Audi’s car production line and delivery robot for automatically shipping goods, those are found
in [10]. d) and e) humanoid robots Pepper [11] and Asimo [12]. f) A drone for investigating
space [13].

1.2 Soft Robotics

In order to solve the given problems it is necessary to change the operation principles or

materials in designs of robots. That led to forming research on soft robotics, which is

defined as a novel field of the robotics that uses highly compliant or soft materials as much

as possible for constructing robot’s bodies, mostly by mimicking living mechanisms [14–17].

These robots are inherently and physically soft and deformable, resulting in new functions

that was not able to obtain in conventional rigid robots [18]. Thanks to soft-deformable

ability of the body, the soft robots can endure large deformation in interaction with their

surrounding environments, which may eliminate the risk of damage.

1.2.1 Morphological Design and Control

To design the soft robots one considers typically ideas started from mimicking principles of

living organisms in nature (Fig. 1.2). In fact, it is nearly impossible to directly embed those

mechanisms into an actual robot. Hence, it is necessary to convert selected mechanisms into
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Figure 1.2: Step-by-step schema of soft robotics introduction.

those corresponding with the soft robots. These works include systematically synthesizing

soft materials and novel mechanisms relating to the ways of control novel actuators.

Afterward, this step provides necessary data for carrying out modelling, design and

fabrication of the soft robots. The main components in Figure 1.2 can be stated in details

as followed:

• Materials: To mimic the living mechanisms with minimizing the force acting on

surrounding environments, the selected materials require the elastic and visco-elastic

properties [16, 19, 20]. Such scenarios, the materials have low-modulus to adapt

with deformation. Majidi [21] classified the range of soft and hard materials based

on their Young modulus, in which the soft materials are recognized in 102 ÷ 106 Pa.

Currently, soft polymers and elastomers-like silicon rubber [22], and smart materials

such as shape memory alloys (SMA) [23] and liquid crystal elastomers (LCEs) are of

the most popular options for making the soft body [24].

• Actuators : To create motions and interactions with environment, soft robot’s body

needs a system of actuators. This system has to be compatible with the mentioned

materials and compliant with the robot’s surrounding environment. There are several

ways of appropriate control that are utilized in the actuators. One first example is

using dielectric elastomer actuators (DEAs) to vary the robot’s morphology thanks

to high-voltage electric field. This mechanism generates strong forces and obtains

a rapid actuation rate (10 ms÷1 s) [25]. However, according to Diaham [26], using

DEAs usually appears leakage currents that may lead to electrical breakdowns, and

needs pre-stretch for achieving a large deformation. Thermal actuator is typically

shown in using shape memory polymers (SMPs) as the smart and re-configurable

materials. When rising temperature, such kind of materials can revert to their

initial shapes, thanks to their memory abilities. Applying these materials into the
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corresponding actuators can reach the strains up to maximum 1000 [27], and perform

energy density in a wide range < 50 kJm3 ÷ 2MJm3. Pneumatic artificial muscles

is also one of the most popular way to control soft robots. This method is based on

alternating the pressure inside a Pneunet structure can shrink and extend through

the signals of the external force like pneumatic or tendon [28, 29]. To control such

muscles, one often utilizes proportional integral derivative (PID) controller as a

primary algorithm [30].

• Modelling: Since the body of the soft robot comprises of the soft actuators and

flexible materials, their behaviours during operation normally presents continuum

states [18]. To modelling these structures, methods usually used are infinite degree

of freedoms (DOF). Among them, using Finite Element Method (FEM) shows the

most effective ways to solve the given problems. A vast of software is appropriate

with the modelling and simulation of the soft robot such as: Comsol Multiphysics,

Ansys, Abaqus. However, those may be much expensive and difficult for adapting the

variation of diverse applications in this robotics field. Currently, stimulation using

open source codes program is gradually developed by the community researchers

around the world. One of those example is SOFA Framework (Simulation Open

Framework Architecture) [31] which is utilized to model application in medical fields.

This framework is useful for many simulating applications of the soft robotics such

as: haptics, locomotion, manipulation, surgery and so on [32–34].

• Design: Designing the soft robots currently is carried out in the 3D computer aided

design (CAD) softwares like Autocad, Solidworks, Autodesk Inventor and Catia.

Besides soft and flexible characteristics, the design of the robot body also has to

satisfy the durability and rigidity requirements during operations. Additionally, the

outcomes of this process need objective to friendly interaction with their surrounding

environments, for instance: human, medical fields, food.

• Fabrication: Nowadays, progress of making soft robotics has been conveniently

performing, thanks to combining digital design and fabrication machines [18]. In

fact, the manufacturing methods in [35], consisting of 3D printing with various

materials [36], soft lithography [37] and shape deposition manufacturing (SDM) [38]

created many prolific structures of soft robot through their rapid and adaptable

abilities. Those techniques are integrated for generating other ways to stand for a

range of applications in soft robot fields.
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Figure 1.3: Applications of soft robotics in manipulation. Grasping objects by Pneunet finger
a) [39], pneumatic actuator b) [40] and soft glove c) [41]. d) Gripping large object by a particle
jamming [42]. Others grippers with novel mechanisms: soft fingers with contact feedback e) [43]
and soft wrapping f) [44].

1.2.2 Applications

Although has been explored recently, soft robotics makes enormous contributions through

a huge range of applications. It can be addressed at five major fields: manipulation, soft

sensor, locomotion, medical and wearable devices and soft cyborgs.

1.2.2.1 Manipulation

Handling objects plays the canonical role in soft robotics [45]. Soft structures, which

inherit the characteristics from living mechanisms, help traditional robots in overcoming

the problems of gripping and manipulating complex objects. This is due to the compliant

ability of soft bodies that allows them to easily approach various objects in the very

simple ways (Fig. 1.3). Most popular example are the gripper designed with Pneunet

fingers [39, 46], pneumatic actuator [40] and soft glove [41] as shown in Fig. 1.3(a-c).

These can stably manipulate many complex objects, thanks to the flexibility in the finger’s

morphology these grippers advantages to adapt with various types of the objects. Universal

jamming in Fig. 1.3(d) can replace multi-finger grippers to pick up and hold unfamiliar

objects by changing their own shape. When contacting an object, sucking vacuum lets

the jamming reduce itself volume and increase the density of particles inside. That leads

to generating a grasp force in the jamming surface to keep the object. And many novel
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grippers were proposed by Ho such as using principle of tendon [43] and wrapping [44]

(Fig. 1.3(e-f)).

1.2.2.2 Soft Sensor

Basing on the compliance of the soft robotics, researchers fabricated many applications in

sensor as shown in Fig. 1.4. Charbel [47] designed a soft pneumatic sensor for the interfaces

between human and machine. This sensor can enhance the generic and interactive abilities

during interactions. Authors in [48] fabricated sensor with high sensitive capacity by

combination of fabric and microporous dielectric structure. A soft device is implanted to

the the heart to tracking the failing heart as demonstrated in [49]. In studying friendly

interaction with human and objects, Van and his colleagues illustrates many soft sensors

for detecting touch [50–52].

Figure 1.4: Applications of soft robotics in fabrication sensors. Grasping objects by Pneunet
finger a) Creating sensitive by soft pneumatic [47]. b) Combining conductive fabric and dielectric
layer comprising from microporus structure [48]. c) Tracking heart by soft robotic sensor
embedded on it surface [49]. d) Detecting touch and force through wrinkles inspired by human
skin [51].

1.2.2.3 Locomotion

Mimicking animal in locomotion for designing soft robots has been explored recently.

There are abundant living mechanisms [53] that inspired the design of mobile robots

introduced in [54]. For example, the locomotion robots can crawl thanks to the principles:

two anchor [55] (Fig. 1.5(a)) or peristalsis [56]. Some soft legged robots have motions such

as: hopping, running and walking with hexapod runner as an typical example introduced

in [57]. Jumping gait is applied in soft mobile robot [58] as shown in Fig. 1.5(b) which

can generate nine levels of stiffness. Gliding with the fixed wings [59] and flapping [60]

can generate the thrust force to lift the robot up. In underwater locomotion, the soft

robots usually mimic 4 swimming principles lift-power in Fig. 1.5(c), undulation [61],

drag-power [62] and jet propulsion [63].
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1.2.2.4 Medical and Wearable Devices

Thanks to friendly interactions with the objects, the soft robotics can avoid the poor

outcome during operation. This characteristic is useful for applying to medical and wearable

applications. Roche et al [64] attempted to make artificial heart from soft materials (Fig.

1.5(d)). Additionally, the applications of soft robotics are shown in wearable devices such

as wearable keyboard [65](Fig. 1.5(e)) or ankle-foot rehabilitation [66].

1.2.2.5 Soft Cyborgs

Researchers has started to explore integrating the soft robotics with living materials. For

instance, authors in [67] present the living materials utilized in fabricating cardiac fibers.

Also, a microbial fuel cell can achieve strong artificial muscles for autonomous robots,

thanks to digesting organic entities and creating electricity [68]. In [69], cardiomyocytes

was utilized to power a soft robot mimicked swimming mechanism of jellyfish (Fig. 1.5(f)).

Figure 1.5: Applications of soft robotics in locomotion, medical and wearable devices, and soft
cyborgs. a) Soft mobile robot is actuated by pneunet structure [55]. b) Jumping robot which has
various levels of stiffness [58]. c) A soft underwater locomotion robot inspires by a turtle [70]. d)
Modelling and making an artificial heart by soft materials [64]. e) The thin sensitive keypad
made by embedding a film of silicone rubber with conductive liquid inside micron grooves [65].
f) A jelly fish-like cybot which built from dissociated rat tissue and silicone polymer [69].
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1.3 Soft Robotics in Grasping Soft-Fragile Objects

1.3.1 Research Question

Benefiting the interactions of the soft-bodies, manipulating soft-fragile objects becomes

one of the most popular contributions in soft robotics shown in figure 1.6(a). In order

to adapt various kinds of object, designing a universal robotic hand has to face with the

challenge of broad ranges in shape, size, and stiffness of the handled articles. Particularly,

while the features of rigid parts in industry are predetermined, objects in humans’ daily

life (like fruits and food) or in medical field (such as soft tissues or tools) exist in wet

environments (mucus, blood, water and chemical liquids). That increases difficulties for

soft robotic hands toward stable handling of those objects. One example of such cases

is designing an autonomous gripper for helping the disable or patients to inserting and

removing a contact lens from their eyes as shown in figure 1.6(c). Lifting off a tofu block

from its container tray and subsequently positioning alternative places such as a lunch box

in food production lines by a robotic hand/gripper is a similar application in Fig. 1.6(c).

The contact lens and tofu block in this situation are soft-fragile with their surfaces are

extremely slippery in liquid environments. However, because of different characteristics of

materials, the contact lens and tofu themselves exhibit different behaviors during absorbing

external forces. Herein, the contact lens is made from hydro gel having elasticity [71, 72];

whereas, the tofu has characteristics of rheology [73, 74]. In any situation, designing the

corresponding soft robotic hands requires avoiding the risk of unexpected results during

operations due to the grasped objects are soft and fragile, which are easily deformable

and breakdown. In other words, the principle and structure of these soft robots have to

exert a grasp force which is minimum to mitigate deformation and the slippage on the

objects’ surfaces. Thus, our research aims to investigating efficient grasp mechanisms to

the development of soft robot hands in manipulation applications as shown in Fig. 1.6(b).

1.3.2 Attachments Mechanisms in Robotic

Locking surfaces by a soft robotic hand mimicking the living organisms has been explored

for years. A vast number of studies discovered efficient mechanisms for different purposes

of attachment that were based on imitation of biological attachment devices. The evolution

in nature induces diverse skin of animals’ body such as fingers or toes. Apical ridges

on gecko’s sole foot or spider foot hair in Fig. 1.7(a-b) can strengthen their dry stick

to the contact interfaces in surrounding environment thanks to Van der Waals force

exerted by atoms interactions [77]. Also, several primates promote the climbing ability [78]

through the enhancement of attachment force with rough surfaces due to the asperities

on their volar surfaces. Other biological principles can be found in [79] consisting of
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Figure 1.6: Our research objectives. a) Contributions of soft robot in robotic field. b) Popular
principles are utilized to manipulation applications. c) Potential applications of the soft robotics
hand in actually gripping soft-fragile objects: food like tofu [75] and sushi, lunchbox, fruit in
the production lines or restaurants, medical object such as contact lens [76], surgery devices of
human soft tissues, human care, fragile products in industry, and objects inside human body.

electrostatic, interlocking, van der Waals, wet adhesion, frictional force and so on as shown

in Fig. 1.6(b). Profitable attachment in anatomic characteristics has been imitated in

roboticists to generate novel principles for various purposes. For instance, a patterned

pad mimicked gecko foot [80] is utilized to facilitate a Stickybot for moving on walls. It is

akin to amphibians’ toes, the adhesive pads in [80] include a micropatterned morphology

and secrete film. This design can strengthen sticky force between those pads and their

corresponding environments. Although the biological adhesion was incorporated with the

locomotion robots such as climbing, few adhesive constructions were applied to design

of manipulation. Currently, handling objects is carried out by robotic hands or grippers

through compressing forces to enlarge frictional force at corresponding contact positions.

Traditional gripping approaches, nevertheless, are universally inappropriate to adapting

objects having low-friction or wet surfaces. In this situation, applying adhesion can be

applicable strategy to surmount such obstacle.

Pneumatic equipment affixed to robotic end-effectors [81] or suction cups embedded in

and octopus-like robot [82] were employed for suction to or disengagement from various

kinds of objects. However, they are unprofitable to grasping objects with coarse or hollow

surfaces as pressure leakage. Despite benefiting in gripping large or curved objects [83],

gecko-like pads are adaptable to dry couple surfaces. Fabricating a soft gripper actuated by

a dielectric elastomer can produce strong electroadhesion between the contact interfaces of

the gripper’s pads and objects, achieving efficient grasp [84]. Authors in [85] demonstrate

integrating the beneficial characteristics of electrostatic adhesives with dry adhesives to
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enhance stick force on various roughness surfaces. However, this work needs an extremely

high voltage (around 3.5 kV) to controlling its manipulation processes. That may induce

bad influences for the handled objects during operation, especially in case interacting with

wet conditions such as food or medical fields as shown in Fig. 1.6(e).

The aforementioned mechanisms exhibit their prolific advantages in grasping, however,

it lacks of good adaption for handling soft-fragile objects in wet or moisture environments.

In this situation, the structure of robotic hands mimicking biological principles needs to

satisfy three main design conditions:

• Has an efficient grasp with minimum resultant force acting on the object,

• Is safe in wet environments,

• Generates friendly interactions.

In nature, wet attachments of animals bodies such as: tree frog or grasshoppers can

help them obtain firm sticks to their surrounding environment both wet and dry without

requiring high grasp force exerted from the bodies. Hence, mimicking the wet adhesion

mechanisms of those living organisms, which is clarified in the next section, gives a practical

guideline for answering the given question.

1.3.3 Wet bio-mechanism in Robotics

Figure 1.7: Microstructure inside animal and insects feet observed by SEM a) gecko [86], b)
spider [87], c) beetle [88] and d) ant [89].

Many insects or animals such as grasshoppers [90], beetle [91], snail [92] and ant [93]

have the wet adhesion principles generated by the liquid or mucus contained inside micro

structures in their sole toes. When contacting with surrounding environments, the liquid
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inside the micro structures of the insect feet demonstrated in Fig. 1.7(c-d) is delivered to

fill the vacant space between the contact interface gaps that can enhance the sticky ability

through the liquid capillary bridge. Additionally, authors in [94] present managing the

ejection of fluid volume into the contact interface thanks to capillary suction in several

species of stick insects and cockroaches. Snails can achieve good performance in locomotion

due to varying the properties of their adhesive mucus. As sticking to a solid substrate, the

adhesive liquid inside the snail’s foot acts as solid material, whereas in locomotion state,

this liquid behaves as a visco–elastic lubricant film [95, 96].

The sole surface of a tree frog toe pad in Fig. 1.8 comprises from a large number of

polygonal blocks approximating 10µm in diameter interspaced by a network of grooves

approximating 40µm in depth. Each of cell in Fig. 1.8(d) includes a nanoscale texture of

minor cell and tiny groove in Fig. 1.8(e). When contacting to surrounding environments,

the mucus inside these grooves is injected to cover the gap between two contact inter-

faces [97]. This principle can enhance the stick force for the toe pad during attachment in

Fig. 1.9(a). Since the mucus film on the contact interface of those cells rapidly evaporates,

the liquid exists mostly inside the groove system. Hence, such channels act as liquid

containers for governing wet adhesion between the toe pad and corresponding environments.

The toe pad structures of tree frog species are soft for interaction with the substrate,

which the elastic modulus Etp of the whole epidermis in low range 4 ÷ 61 kPa [98–100].

This modulus can reach up to 14000 [101] due to the structure of cytoskeleton. The mucus

inside the pad grooves, which can sufficiently cover the separation gap between the contact

interfaces [102], has the viscosity η=1.43 mPa and the contact angle θ << 10◦ for species

L.caerulea [103]. Generally, this mucus is usually considered a Newtonian property in

calculation and independent from substrate adhesion characteristic [104].

Among the shown wet bio-attachments, the mechanism of tree frog is more advanta-

geous to design of soft robotic hands, since morphology of its toe pad can generate soft

characteristic to adapt with diverse substrate surfaces. Additionally, multilayers structure

on its sole toe pad can enhance the frictional ability during grasping. And the ratio of

the dimensions between one cell and one groove of the microstructure is much larger than

other stick insects, which produces a higher stiffness in case the tree frog’s pad than that

of the others.

1.4 My Research Overview

1.4.1 Research Purpose

Inspired by the wet attachment principle of tree frog’s toes in Fig. 1.9(a), our research

aims to constructing an estimated model for evaluating grasp force in wet conditions in

33



Figure 1.8: Toe pad morphology of a tree frog’s toe. a) A tree frog with its feet b) are securely
attaching to a tree (surrounding environment). Each foot b) includes four toe pads c) having a
microstructure on the sole surface d). One cell (block) in d) consists of many minor cell e). Inside
anatomy of f) the toe pad, g) the microstructure and h) the texture. In figure f), BV, CFG, D,
DC, DE, KOL, MG and PE are respectively blood vessels, circum-feral groove, dermis, digital
cartilage, dorsal epidermis, keratinised outer layer, mucous gland, and pad epidermis. Figures
c-e) are adopted from [103]. SEM images in b), f) and g-h) are, in turn, after [98, 105, 106].

Fig. 1.9(b-c). Hence, two morphological cases of soft pad with: a micropatterned structure

(m-pad) and a normal surface (n-pad) were fabricated and wiped with a thin film liquid to

explore their underlying behaviors during contacting a substrate. In this scenario, the wet

adhesion generated from capillary phenomenon and viscosity of the liquid film between

the pad and the contact interface is similar to the secreted mucus inside the tree frog’s toe

pad [97, 103]. In our projects, those evaluations play a basic foundation to development of

soft robotic hands that can grasp soft-fragile objects in wet conditions such as: contact

lens and tofu in Fig. 1.9(d). In future, it is promising to make contributions in developing

other soft robotic hand for universally manipulating various kind of objects.

1.4.2 Research Content

Our study is summarized as followed:

1. Chapter 1 : shows the introduction of our research including: short review of

traditional robot, introduction of soft robotic, overview of our research content,

literature review of soft manipulation objects, and our research contributions to

science and applications.

2. Chapter 2 : presents the theoretical foundation of soft contact mechanics for wetting

interface consisting of: contact mechanics models, capillary phenomenon, design pad
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Figure 1.9: My research concept. a) Wet adhesion mechanism of the tree frog’s toe pad with
the substrate in three phases: a-1) initial state, a-2) attachment and a-3) detachment. b) Wet
adhesion principle of the pad having micropatterned morphology (m-pad) [107, 108] in three
phases: b-1) initial state, b-2) attachment and b-3) detachment. c) Wet adhesion the m-pad
in b) in different forms of the contact interface: flat c-1), concave c-2) and convex c-3). In this
figure, the contact interfaces shown in the red lines are the pairs of the surface in the pad and the
substrate joining contact. d) Showcases of the soft robotics hand attaching micropatterned pad
in actually gripping soft-fragile objects: contact lens d-1) and tofu d-2). Since our research is in
the preliminary evaluation, it has not yet concerned the texture of the tree frog pad comprising
from the minor cells and groove in Fig. 1.8(e) and Fig. 1.9(a). Also the contact interface of the
m-pad was wiped with a thin liquid film for both cell and inside grooves. The red arrows show
the moving direction of the pad; whereas, the substrate was stationary.

morphology, wet adhesion of normal surface in cases flat and curve, and mechanics

of grasping with wet adhesion.

3. Chapter 3 : proposes an analytical model for the adhesion generated in case the

pad with micropatterned morphology (square pattern). Through estimated results,

this chapter, the principal content of analytical model, also shows the role of the

micropattern on strengthening the wet adhesion for the grasping interface.

4. Chapter 4 : describes fabricating process of the soft robotic finger with two types

of the pad: n-pad (the pad without any pattern) and m-pad (the pad has pattern

structures).

5. Chapter 5 : setups experiments using the fabricated pads in chapter 4 for validating

the analytical in chapter 2-3.

6. Chapter 6 : showcases the designs validated for the actual applications in handling

contact lens and grasping tofu.
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7. Chapter 7 : gives our conclusions and discussions for the achieved works and the

future plans for development of this projects.

1.4.3 Related Works

A few researches investigated the wet adhesion principle inspiring by the attachment of

the tree frog’s toes pad to the surrounding environment both in nature and in robotic

applications. Firstly, the self-leaning mechanism to recover the mucus on the toe pad of the

living tree frog was explored by Barnes and his colleagues in [109]. Authors in [110–112]

provided some measurements of the grip force of the tree frog’s pad to attaching the

environment. The properties of the substrate encountered by those pads are concerned in

prolific cases of random roughness: tree bark, leave, stone and so on as shown in [113–115].

When moving, the locomotion of tree frog usually includes three forms: walking, climbing

and jumping [116]. The dynamic of alternating attachment and detachment in the toe

pad is fast controlled under assuring condition of sufficient contact force [117]. Recently,

Langowski and his team have given the analytical model for evaluating the wet adhesion

of tree frog’s toe pad in [118–120]. Although the theoretical models for evaluating the

wet attachment of tree frog’s toe pad were presented, such estimations were in preliminary

evaluation without regarding the role of groove and micropatterned morphology.

Other researchers [121–124] explore the wet adhesion and friction enhancement of the

nanoscale array mimicking the tree frog’s toe, which the hexagonal pillars are made from

rubber. Authors in [125] test the wet ability of micro pillar array, in attachment and

climb mimicked a newt, in several cell shapes: hexagon, round, and hybrid of hexagon and

round. The wet properties of hexagonal cell micropattern are experimentally evaluated in

different wetting cases and the stiffness of polydimethylsiloxane (PDMS) [126]. The role

of powering the wet adhesion for the micropatterned interfaces have been revealed though

various testing evidences in silicon rubbers. Authors in [127] examined the wet friction

force by alternating the hexagonal patterns in: shape, surface size, and depth of grooves.

Herein, the wet frictional force of the m-pad is 4÷10 times higher and 1÷2 times lower

than that of the n-pad in cases hydrophilic and hydrophobic respectively. In [128], the pad

designed with micropatterned morphology enhanced with a similar increment ratio of the

frictional force in case of wet contact; whereas, in dry contact, the m-pad was 1.6 times

smaller than that of the n-pad. However, the analytical models for general evaluation are

scarce.

In actual applications, the role of patterned morphology on strengthening the contact

forces for soft fingertips illustrated in [129] through experimenting on resistance force

exerted in different adhesion cases: wet and dry. However, the authors majorly focused on

evaluating for large scale (millimeter) design of the pattern. Researchers in [130] improved

motion ability of the climb robot by powering the wet adhesion force of an arthropods-like
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pad with a square micropatterned morphology. According to [130], the testing results in

case the m-pad produced increment of the adhesion roughly 4 times in normal and two folds

bigger in tangential direction than that of the n-pad. Additionally, micro structure designs

were applied to enhancing the efficient of intestine traction [131]. In another medical

application, a surgical gripper with a biomimetic contact interface [132] can produce a

powerful wet frictional force which was enough to hold soft tissues without any outcome

risk. In [132], the frictional force with wet adhesion in grasp was investigated for a diverse

morphology of the micropattern consisting of polygonal shapes such as: pentagon and

hexagon, teeth and so on. In general, the increment ratio of the frictional force between

the gripper having micropatterns and without any pattern was always higher than 1.

Although concerning the wet adhesion properties in the given models, the mentioned

researches [127, 128, 132] majorly concentrated on investigating for tangential direction of

the wet frictional force.

The previous studies demonstrated a diverse amount of testing data to explore the

role of wet adhesion of the m-pad during interaction with existence of the fluid film

or mucus. In almost situations, comparing with the flat surface pad (n-pad) the pad

having biomimetic morphology (m-pad) can strengthen a higher wet adhesion force in

the contact both in tangential and normal direction. That provided potential results for

applying to the development of soft robotic hand in manipulation like grasping. However,

thoroughly investigating the analytical model for understanding the underlying physics

and the significant role of micropatterned morphology in powering the wet adhesion were

not completely proposed. Moreover, the micropatterned design for fabricating the actual

applications in the soft robotics have just been emergent recently with a few showcases;

whereas, currently, the need for autonomous grasping/manipulating soft-fragile objects

becomes enormous.

1.4.4 Contributions

Motivation in solving the given problems, our study aimed to develop the novel soft robotic

hand enabling grip/manipulation of the soft-fragile objects. In this scenario, the principle

and morphological designs of the adhesive pads attached in the robotic fingers are inspired

by the wet attachment of the tree frog’s toe pad. Additionally, the role of micro pattern

on enhancement of the grasp force/contact force was investigated through constructing

theoretical model validated by experimental evidences. Our research makes meaningful

contributions to science and tech as followed:

1. Studied the wet attachment mechanism of tree frog’ toe pads for improving the

adhesive ability of the pad in robotic finger.

2. Came up with a theoretical model for estimating the wet adhesion force in normal
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and tangential direction for flat contact interface between the pads (m-and n-pad)

and the substrate (Fig. 1.9(c-1)), which is potential for other related researchers to

follow and develop their current works.

3. Developed the approximation of the wet adhesion in flat surface of of the pads

(m-and n-pad) to two parallel curved contact interfaces between those pads with the

curved substrates. Studying curved contact interfaces is more suitable for utilizing

the actual applications of soft robotic manipulation because the object’s surfaces

may be not completely flat.

4. Presented a theoretical approach for gripping thin hemispherical shell in wet en-

vironment by the pad having micropatterned morphology. Our work is useful for

evaluating the manipulation of thin soft objects by robotic fingertips with patterned

structure in wet or moisture conditions.

5. Showed an analytical model for evaluating the grasping ability of a soft robotic

finger’s tip attaching micropatterned pad (m-pad) over a wet, fragile object such as

a tofu block. This work is potential for extending to grasping soft-fragile objects in

wet conditions by micropattern interface fixed on the fingertips.

6. Demonstrated some ways to making a soft robotic finger’s tips attaching the bioin-

spired pad with an array of the cells and grooves in microscale.
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CHAPTER 2

CONTACT MECHANICS FOR WET

INTERFACES

This chapter mainly aims to investigating the mechanics of wet adhesion interaction

between the pad with micopatterned morphology (m-pad) and the pad without any

pattern (normal surface pad or n-pad) in contact with their substrate. Herein, the contact

generally included two components wet and dry adhesion, in which the wet entity was.

2.1 Surface and Interfacial Forces

According to [133], the interfaces comprise of the region separated by a couple of phases

among gas, solid, and liquid. Associating such phases forms interfaces: the solid–gas, the

solid–liquid, and the liquid–gas ones. Also, we call the solid-solid interfaces for the solid

behaviors. This section clarifies the surface and interfacial forces relating to the contact

interfaces between the pads (m- and n-pad) and the substrate.

2.1.1 Adhesion Force

Adhesion is a physical phenomenon that between separated particles or surfaces exert an

attractive energy to the others [133, 134]. The adhesion force includes four main types:

dispersive, chemical, diffusive and mechanical. The magnitude of the adhesion force is

equal to the total of the followed force components: electrostatic Fels, Van der Waal Fvd

(in small distance), Casimir-Polder or Casimir FC−P (in large distance), interlock Fil,

capillary Fca and hydrodynamics Fhd, and other forces [133, 135]. Hence, we can rewrite

the adhesion force in Eq. (2.1):

Fa = Fels + Fvd + Fca + Fhd + Fil + ϑFo, (2.1)
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with ϑFo is the total of other forces. To detach the contact interfaces, the minimum

external force Fex has to be larger than the adhesion force Fa. Also the entities in right

hand side of Eq. (2.1) are sequentially shown in the next followed sections.

2.1.2 Electrostatic Forces

Figure 2.1: Electrostatic force between a couple of spherical particles in a medium permittivity
κp. a) Two particles have the same electric charge’s sign and b) different electric charge’s sign.

Electrostatic force is produced on an object when the electrical charges having slow

motion or stationary [136]. Depending on the polar states, the charges on the object’s

surface can execute attaching or releasing actions with higher strength comparing with the

van der Waals force. Primarily, the electrostatic force can be calculated for all cases by

using Coulomb law when the surface charges and volume of the investigating systems are

determined. According to [137], we have the electrostatic force between two non-conductive

spherical particles in Fig. 2.1 as followed:

Fels =
1

4πκ0κp

q1q2
(r1 + r2 + h)2

−−−→
O1O2, (2.2)

with r1, r2 and κ0, κp are the radii of the particles, and permittivity of vacuum and medium,

respectively. In Eq. (2.2), the electrostatic force performs the attachment action in case

two particles are in the anti-polar charges (Fig. 2.1(a)), and reversed for the uni-polar

charges being activated (Fig. 2.1(b)).

2.1.3 Van der Waals Forces

Van der Waals force which plays the primary role in the adhesion force between similar

materials[138, 139] especially in dry contact interfaces, is an attractive force arise between

atoms or molecules with a narrow distance (h<5 nm). Although van der Waals force is

very important, it is quite weak [140] and rapidly vanishes as the distances of interacting

molecules become larger. In the case without other acting force, the van der Waals contact

distance is the atom gap when this force turn into repulsive rather than attractive [141].

The van der Waals force comprises of three sources of atomic interaction force: the London

dispersion, Debye and the Keesom as shown in Fig. 2.2.
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Figure 2.2: Van der Waals interaction between a) two dipoles ( Keemson interaction), b) a
permanent and an induced dipole (Debye interaction) and c) a couple of induced dipole (London
interaction).

2.1.3.1 Keesom Interaction

Keesom [142] is one component constituting van der Waals force generated by the attraction

from one permanent dipoles to another, and depends on temperature parameter [143]. It

can be explained by electrostatic charges produced among the interactions of molecular

ions, dipoles, quadrupoles, and permanent multipoles (Fig. 2.2(a)). A couple of dipoles

having free rotation usually appeals together due to the orientation of their opposite

charges confronting directly. In addition, the thermal motion induces another fluctuation

propelling them out of their preferential orientation. According to [144], the Keesom

energy of the couple dipoles interaction from free rotational dipoles with their dipole

moments M1 and M2 can be calculated in Eq. (2.3):

Vd = − M2
1M

2
2

48(πε0)2kBTh6
, (2.3)

where kB, T are respectively the Boltzmann constant (kB = 1.38064852.10−23 kgm2/(Ks2))

and temperature. Those permanent dipoles aligning with the other generates a net

attractive force denoted as Keesom force. This force majorly varies by the dipoles distance

d and the thermal energy (kBT ).

2.1.3.2 Debye Interaction

Debye force [143] is the second entity of the van der Waals force that emerges from

interactions between a permanent dipoles in free rotation state and a corresponding

induced dipoles (Fig. 2.2(b)). Those induced dipoles arise as a permanent dipole drives

the electrons of other molecule away. The permanent dipole molecule may generate a

dipole for a neighbour molecule leading to reciprocal appeal. Also, this force cannot

appear among atoms, and is independent to temperature variation since the free motion in
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shift and rotation of the induced dipole around the molecule’s polar. In case the dipoles

freely rotate, the Debye interaction between the permanent dipole and the induced dipole

(Helmholtz free energy) can be calculated in Eq. (2.4):

Vd = − M2Mind

16Ef (πε0)2h6
, (2.4)

where Mint, Ef are the induced dipole moment and electric field strength produced by the

permanent dipole.

2.1.3.3 London Interaction

When the molecules have no permanent dipoles, an attractive force still arises between

them, which explain how liquid condenses at low temperatures. The electron’s fluctuation

produces molecules dipoles changing overtime, which is not sufficient to orient themselves

into alignment for forming attraction force. This force is the greatest contributor to van

der Waals interaction, named as London dispersion or London interaction. London [145]

showed a calculation of this force as followed:

Vd = − 3p1p2
32(πε0)2h6

~f1f2
f1 + f2

, (2.5)

where p1, p2, h, f1, f2 are respectively the polarizabilities of the molecules, Plank constant

~ = 662607004.10−43 kgm2/s, and the electron’s frequencies.

Hence, by totalling all items: the Keesom, the Debye, and the London dispersion

interaction in Equations (2.3) to (2.5), the van der Waals interaction becomes:

Vvd = − 1

h6

[
M2

1M
2
2

48(πε0)2kBT
+

M2Mind

16Ef (πε0)2
+

3p1p2
32(πε0)2

~f1f2
f1 + f2

]
= −Cvd

h6
. (2.6)

Eq. (2.6) reveals that its entities on the right hand side have the same distance

dependency: is inversely proportional to sixth power of the distance h (∝ h−6). As the

distance h ≤ 10, the van der Waals force declines more rapidly with the proportion in case

molecules is ∝ h−7 instead of ∝ h−6 at very smaller distances.

In soft robotics, Van der Waals force is dominantly investigated for the morphological

designs inspired by the gecko’s attachment [146–149] and may also contribute to tree frog’s

toe pad in dry attachment [103, 150]. We have two main ways for determining the van

der Waals interaction between macroscopic solids: the microscopic and the macroscopic

approach [151, 152].
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2.1.3.4 Van der Waals Interaction-Microscopic Approach

The van der Waals energy between two macroscopic solids can be determined in case

a single molecule M1 separates a distance h from a planar surface extended from the

molecules M2 as shown in Fig. 2.3(a). Hence, the van der Waals energy is the total of

the molecular interactions between M1 and all M2. Applying Eq. (2.6) to each molecular

density ρM2 yields the van der Waals energy over the entire volume of the solid as followed:

VM1/P lan(M2) = −CM1M2

∫∫∫
V

ρM2

h61
dV = −πρM2CM1M2

6h3
. (2.7)

In Eq. (2.7), the interaction energy between a molecule-a macroscopic body is propor-

tional to h−3 which declines more slowly than that of between two molecules ∝ h−6.

Figure 2.3: Van der Waals interaction energy between a) a molecule M1 and planar surface
M2, b) two sphere with radii r1 and r2, c) a sphere with radius r1 and a planar surface, and d)
Two parallel half-spaces with different materials of 1 and 2.

Thus, the van der Waals energy per unit area between two infinitely extended solids:

M1,M2 separated by a parallel gap of thickness h can be derived from Eq. (2.7):

w =
VPlan(M1)/P lan(M2)

A
= −

∫ ∞
0

πρM1ρM2CM1M2

6(h+ x)3
dx = − CH

6πh2
. (2.8)

In Eq. (2.8), ρM1 presents the molecular density in the solid M1, and CH is the Hamaker

constant CH = π2CM1M2ρM1ρM2 . As deriving the energy per unit area w in Eq. (2.8)

yields the unit force in Eq. (2.9)

fvd = −π
2CM1M2ρM1ρM2

6πh3
. (2.9)

Similarly, Hamaker [153] showed methods to evaluating the van der Waals energy

between solids with diverse geometries. Among such geometries, the van der Waals

interaction between a couple of spheres or is one first significant case in Fig. 2.3(b). Herein,
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the van der Waals interaction energy equals to:

Vvd = −CH
6

[
2r1r2

H2 − (r1 + r2)2
+

2r1r2
H2 − (r1 − r2)2

+ ln

(
H2 − (r1 + r2)

2

H2 − (r1 − r2)2

)]
, (2.10)

with H = h+ r1 + r2. According to [154], as the electron orbitals begin to overlap which

induces repelling between the molecules, the Eq. (2.10) need to be modified. Also in case

the radii of the particles are much larger than then distance h (h� r1, r2), Eq. (2.10) is

rewritten [155] as followed:

Vvd = −π
2CM1M2ρM1ρM2

6h

2r1r2
r1 + r2

, (2.11)

and we have the van der Waals force by the derivative of Eq. (2.11):

Fvd = −π
2CM1M2ρM1ρM2

6h2
2r1r2
r1 + r2

, (2.12)

Thus, considering that r2 −→∞, we have the energy and force of the van der Waals

interaction between a sphere and a planar surface in Fig. 2.3(c) in Eq. (2.13):

Vvd = −π
2CM1M2ρM1ρM2r1

6h
,&Fvd = −π

2CM1M2ρM1ρM2r1
6h2

, (2.13)

In actual conditions, the van der Waals interaction usually makes lower contribution

because of the influence of contamination and roughness surface, which changes the contact

distance h.

2.1.3.5 Van der Waals Interaction-Macroscopic Approach

The van der Waals interaction in the microscopic approach neglects the affect of neigh-

bouring molecules. However, this assumption is not completely perfect. In fact, the actual

the van der Waals interaction between two molecules varies by the appearance of a third

one. Authors in [156] overcame the given question by utilizing the macroscopic theory

(Lifshitz theory) that treated the solids as continuous matters with bulk characteristic, for

instance, the refractive index and permittivity. The obtained results of Lifshitz theory

showed a good agreement with Hamaker’s works [153, 157]. However, determining the

Hamaker constant is still carried out in a different approach. Herein, the Hamaker constant

is influenced by the total of various frequencies. In Fig. 2.3(d), the interaction between a

material 1 with material 2 across a medium 3 has the Hamaker constant as followed:

CH ≈ −
3kBT

4

(
ε1 − ε3
ε1 + ε3

)(
ε2 − ε3
ε2 + ε3

)
+

3h

4π

∫ ∞
f1

(
ε1if − ε3if
ε1if + ε3if

)(
ε2if − ε3if
ε2if + ε3if

)
df. (2.14)
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Where ε1, ε2, ε3 are, in turn, the static dielectric permititivities at the frequency f = 0

of three mediums (Fig. 2.3(d)), and ε1if, ε2if, ε3if present respectively the mentioned

permititivities at imaginary frequencies if . Also the frequency f1 = 2BT/h = 3.9×1013 Hz

at 25◦ C, which equals to a wavelength being 760 nm. And the two first entities on the

right hand side of Eq. (2.14) illustrate the contributions of the Keesom and Debye energy.

Determining the Hamaker constant requires explicit dielectric parameters of three

mediums. In case the frequencies begin the visible zone, the permittivity of nonconductive

materials is calculated in Eq. (2.15):

εif = 1 +
n2 − 1

1 + f 2/f 2
m

, (2.15)

where n, fm are the refractive index and the mean ionization frequency of the materials

(with fm ≈ 3.1015 Hz). Let us consider that those three materials have the same ionization

frequencies, and their refractive indices be n1, n2, n3, an approximation of the non-retarded

Hamaker constant can be shown as followed:

CH =
3kBT

4
.
ε1 − ε3
ε1 + ε3

.
ε2 − ε3
ε2 + ε3

+
3~fm
8
√

2

(n2
1 − n2

3)(n
2
2 − n2

3)√
n2
1 + n2

3

√
n2
2 + n2

3(
√
n2
1 + n2

3 +
√
n2
2 + n2

3)
. (2.16)

The Hamaker constant in Eq. (2.16) helps one figure out attraction or repulsion

through the Hamaker constant’s signs (positive or negative). The Hamaker constant

between similar materials is always positive, which is deduced from the Eq. (2.16) with

ε1 = ε2 and n1 = n2. Also, for the interaction between two different medias in vacuum

environment (ε3 = n3 = 1), or a real gas, the van der Waals force performs attraction.

In contrast, this force can revert to repulsion in the case of between different materials

across a condensed phase. The van der Waals repulsion appears as medium 3 exerts a

more powerful attraction to medium 1 comparing with to the medium 2 (Fig. 2.3). In

additional, for a thin wetting layer spread on the solid interfaces, the van der Waals forces

usually exert the repulsion for the interactions of the solid–liquid and the liquid–gas [158].

In case of the dielectric materials, Hamaker constant often values in range 10−21 ÷ 10−20 J;

whereas, it is usually in the range of 10−19 J for the metal case.

2.1.4 Casimir Effect

The van der Waals interaction appears for two nearby atoms or molecules, it is absent in

a larger distance. However, the correlated oscillations between the induced atomic dipole

moments forms an attractive force between the couple of atoms. That is the Casimir-Polder

force. According to [159, 160], the Casimir force generated between two plane as followed:
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FCP = −207~cACP
640π2h4

, (2.17)

with ACP is the area generating Casimir force. From Eq. (2.17), the force FCP depends

on the area ACP and is inversely proportional to fourth power of the distance h. Thus, at

large distance h the van der Waals force Fvd in Eq. (2.1 is replaced by the Casimir force

in Eq. (2.17).

2.1.5 DLVO Theory

The DLVO theory [161], which was proposed by the authors Boris Derjaguin and Lev

Landau [158] and Evert Verwey and Theodoor Overbeek [162], illustrates the colloidal

dispersion’s stabilization through integration of the van der Waals attraction and the

electrostatic double layer’s repulsion. Taking into account both components, we can

approximate the energy per unit area between two infinitely extended solids that are

separated by a gap x

VDPV O(x) = 64c0kBTλd tanh2(
eψ0

4kBT
)e−x/λd − πCM1M2ρM1ρM2

12x2
. (2.18)

Here, c0, ψ0, λd are bulk concentration of the salt, surface potential at radius particle rp

and Debye length [133]. The DLPO force results better in estimation for the surface

distances up to 5 nm.

2.1.6 Steric Forces

According to [138], steric effects is the stable suspensions generated from adsorbing

polymers coating on the particle surfaces. Steric stabilization requires the thickness of

polymer film and its refractive index are sufficient to remain the particles out of range of

the Lifshitz-van der Waals force. The interaction energy generated between polymer layers

and the particles in an aprotic solvent, which depends on the Flory–Huggins’s parameters,

can be calculated [163] in Eq. (2.19):

VStr = V 2
f (0.5− χ)(2tp − 2r +H)2.

πrkBT

Vp
, (2.19)

where, χ, Vp, Vf , tp are, in turn, the polymer-solvent interaction parameter, polymer’s

partial molar volume, ratio volume of chains in the absorbed layer and polymer layer

thickness, respectively.
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2.1.7 Non-DLVO Forces

Besides aforementioned forces, there are other forces also contribute to colloidal stability

such as “non-DLVO” forces. The two first examples of these such forces are hydrophilic and

hydrophobic force, and magnetic or electric dipoles interactions linked with ferromagnetism

or ferroelectricity [164, 165].

2.1.7.1 Hydrophylic Interaction

Hydrophilic interactions presenting for the wetting ability is generated in polar chemical

liquid like water [166]. In fact, the atom O in a H2O molecule is further electronegative

than H which the shared electrons of an oxygen-hydrogen bond take longer time in

approaching to the O. This mechanism induces the partial polarization between atom

O taking on a negative and the atom H having a positive. Also, the bonds in a H2O

molecule is always available due to its orientation angle is 105◦. Additionally, other polar

molecules can generate ionic bonds to water. Generally, molecules of the proteins and

biology that discloses to environment shows normally hydrophilic property.

2.1.7.2 Hydrophobic Interaction

Hydrophobic interactions [167] pushed from a volume of water arise from the uncharged

property of the involved chemical groups like CH3. In this example, the bonds in the C

atom are fully resided in, which produces non-polar states. Hence, one H2O molecule

possessing polarization property is inapplicable to associate with such non-polar group

(-CH3 ). That induces unstable association between the water molecules which can force

hydrophobic areas into a like association regions under the repulsion of the neighbour

water molecules. As a result, this mechanism creates a hydrophobic pocket or an envelope

in carbohydrate or a protein.

2.1.8 Interlock Force

Mechanical interlocking (or “hooking”) [168] illustrates the adhesive liquid remaining

in various crevices after flowing into and becoming hard in there. This constructs a

structure to restrict the separations between the surfaces. Although interlocking has

meaningful contributions to the adhesion force, it is an intuitive concept which depends on

the roughness of the contact interfaces, the materials properties and the external acting

forces. In other words, it is complicated to build a theoretical model for this force.
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2.1.9 Capillary Force

Capillary is the phenomenon which the liquid can move in narrow regions without requiring

the support sources from external forces. Capillary forces influencing in microscale, arise at

the solid-gas-liquid interfaces to obtaining the minimum surface energy [169, 170]. Inside

a liquid volume, each liquid molecule has cohesive forces with its surrounding molecules.

However, there are no liquid neighbour molecules for that of at the interface. This induces

producing more powerful attraction with surrounding molecules on and below the interface

(Fig. 2.4(a)). Integrating surface tension and adhesive forces between the interaction of

the liquid-walls can push the liquid to move up (water) or down (mercury) as the tube’s

diameters are small enough.

Capillary phenomenon has significant contributions to the wet adhesion of surface-

surface and particle-surface [171]. To investigate the underlying physical properties of

capillary forces, we step-by-step approach the theories shown in the below sections.

Figure 2.4: Schematic demonstration of capillary phenomenon. a) Capillary in side a small
tube between water and meniscus. b) Liquid surface tension of the liquid-gas interface. c) Model
applies to deriving Young-Laplace force.
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2.1.9.1 Surface Tension

Surface tension is one of the important concepts in capillary theory. One can find out the

underlying physics of this definition through exploring a gas-liquid interface in microscale.

Herein, surface tension is resulted from the imbalance attraction between molecules

originated from declining in surface energy. The molecules inside the liquid volume impact

to the others thanks to attracting forces like hydrogen bonds or van der Waals. However,

at the gas-liquid interface in Fig. 2.4(b), the molecules having stronger bonds form a

different layer which is harder to enter into the liquid surface than its inside volume. In

this scenario, the molecules joining in stronger attractions generate the surface tension

with higher values than that of the rests. Let us denote γ is the surface tension, the work

dW produced from an area dA is:

dW = γdA. (2.20)

In Eq. (2.20), the surface tension’s γ is presented in energy per area (J/m2) or force per

length (N/m). Also, the surface tension depends on the state of the liquid and gas, and

temperature.

2.1.9.2 Young-Laplace Equation

As equilibrium state, meniscus curvature forms convex or concave shapes (Fig. 2.4(c))

depending on the different pressure between the inside and outside the liquid-gas interface

(pi, po). According to [169], the Young-Laplace theory can estimate the relation between

different pressure and the meniscus curvature in Eq. (2.21):

PL = po − pi = γ∇.n̂ = −γ
(

1

R1

+
1

R2

)
, (2.21)

with R1, R2 are the principal radii of the meniscus curvature. As shown in Fig. 2.5(a), the

radius R1 takes ”positive” sign in contrast to that of R2; whereas, the signs of R1, R2 are

shifted in Fig. 2.5(b). This is caused from the different pressure between inside and out

side the liquid-gas interface.

Equation 2.21 is also called as Young-Laplace equation, and PL is Laplace pressure.

In addition, we have some basic implications for the Young–Laplace equation as

followed:

• One can estimate the Laplace pressure after having the parameters of the meniscus

curvatures.

• If there are no impact of the external forces, the Laplace pressure takes the same

value at each point inside the capillary bridge. Hence, as PL is constant, the capillary

curvature is same everywhere.
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Figure 2.5: Curvature shapes of the capillary bridge under pressure differences. a) The inside
pressure value is larger than that of the outside. b) The inside pressure value is smaller than
that of the outside.

• The Young–Laplace equation (2.21) facilitates us to determine a liquid surface’s

shape in the equilibrium. For instance, when the different pressure and boundary

conditions are explicit, the geometry of the capillary bridge can be obtained.

Practically, the meniscus curvature in Eq. (2.21) is normally determined through

a coordination function of x, y, z with z = f(x, y) [172]. In this scenario, the capillary

curvature relates to the second derivative of x, y which gives their radii R1, R2 by Eq.

(2.22):

R1 =
ẍ

(1 + ẋ2)1.5
,&R2 =

ẋ

y
√

1 + ẋ2
. (2.22)

2.1.9.3 Kelvin Equation

The Young–Laplace equation in previous section has no concern the properties of material

or estimated conditions. Kelvin equation [173] displays problems relating to the liquid’s

vapor pressure. The vapor pressure depends on the capillary curvature, which takes higher

value in a drop comparing with that of a plain surface, and decreases a bubble. In this

section, the Kelvin equation shows the relation of the vapor pressure and the the capillary

curvature in Eq. (2.23):

RT.ln
pK0
p0

= γVc

(
1

R1

+
1

R2

)
. (2.23)

Here, R, pK0 , p0, Vm are respectively the universal gas constant, vapor pressure of the curve

and flat surface, and the volume of capillary. The Kelvin equation in Eq. (2.23) is also

utilized in explaining the capillary condensation.
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2.1.9.4 Contact Angle

As dropping a volume liquid on a solid surface, the interface edge of solid-liquid forms a

contact angle (Fig. 2.6). This angle is determined through measuring the angle at the

line at the cross interface of gas-liquid-solid. Also the contact angle can indicate the wet

ability of the solid surface with the liquid volume through the Young-Laplace law [174] in

Eq. (2.24):

γSL + γLG cos θ = γSG, (2.24)

with γSL, γSG, γLG are respectively the interfacial surface tension of the solid-liquid, solid-

gas and liquid-gas.

Figure 2.6: Schematic illustration of dropping a liquid volume on a plain surface of the solid
with contact angle θ. Contact angle in hydrophilic a) and hydrophobic state b).

Additionally, the contact angle θ in Eq. (2.23) shows the wet ability of the liquid in

spreading over the solid surface by the value of θ. As shown in Fig. 2.6(a), in hydrophilic

state the contact angle of θ < 90◦, which has stronger wet adhesion force than that of

the contact angle in hydrophobic state (Fig. 2.6(b)). Also, reducing the contact angle

value can enhance the wet adhesion ability of the solid surface. This can be explained by

the cohesive force influenced by the hydrophilicity and hydrophobicity in section 2.1.6.

Furthermore, an interface comprising from liquid-solid-gas with a given temperature and

pressure parameters takes a unique contact angle value in equilibrium condition.

2.1.9.5 Surface and Adhesion Energy

In liquids, when calculating the amount of energy dW to rise the small surface area dA,

we can use the Eq. (2.20) with regarding γLG = γ. In other words, the surface energy

and surface tension of the liquid are directly proportional. However, it has some problems

when applied to solids, since the solid surface area may rise in two ways. Herein, the first

question is the increment of number molecules N at the solid surface as well as in the

liquid case, and the rest one is the surface stretching from the elastic. Thus, it is necessary
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to concern the elastic and plastic contributions in the surface energy, or we have:

dW

dA
= ES

∂N

∂A
+N

∂ES
∂A

, (2.25)

with Es is the excess energy of each molecules. In case having only a plastic deformation,

the surface area Am of each molecule is constant. That leads to the surface energy

dW/dA = γSG is similar to the liquid case, which can be also called ”surface tension”. As

investigating a purely elastic, the number of molecule N is constant; whereas alternating

surface area Am induces the changes of the surface area of the solid. Hence, let us denote

εelas is the elastic strain, applying Eq. (2.25) applying this scenario yields:

dW

dA

∣∣∣∣
elas

= γSG +
∂γSG
∂εelas

= Γ, (2.26)

In Eq. (2.26), the entity Γ is also called ”surface stress”. Therefore, in case a new surface

area resulted from the contributions of the elastic and plastic variation generally has its

surface energy in Eq. (2.27):

dW

dA
= γSG

dεplas
dεtot

+ Γ
dεelas
dεtot

, (2.27)

with εtot = dA/A, εplas are, in turn, the total strain and the plastic strain. Therefore, the

variation in Gibbs energy (dW ) needs enlarging surface against the γSG and Γ.

In order to determine the adhesion force, let us split two blocks of different materials 1

and 2, and bring them into contact. Hence, according to [175, 176], the different energy

balancing to the adhesive energy equal to:

Wh =
dW

dA

∣∣∣∣
1

+
dW

dA

∣∣∣∣
2

− γ12, (2.28)

with γ12 is the interfacial energy at the contact between materials 1 and 2. Eq. (2.28) is

Dupré work for adhesion. Because of the influence of the roughness and contamination

on the surface, experimentally results of the adhesion energy may take lower values than

estimations.

2.2 Adhesion of Pads with A Substrate Surface

When a pad covered by a thin fluid film contacts a substrate surface, the liquid film forms a

capillary bridge inside the contact interface. From Eq. (2.1), we can consider the adhesion

force Fa between the pad and the substrate in general calculation majorly comprises of

two components wet Fw and dry adhesion Fd, whereas the interlock force Fil appears in
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Table 2.1: List of abbreviations

n-pad Pad with normal surface or w/o any patterns
n-pad-c n-pad with concave surface
n-pad-v n-pad with convex surface
m-pad Pad with micropatterned surface
m-pad-c m-pad with concave surface
m-pad-v m-pad with convex surface
Fi,n, Fi,t Force Fi in normal and tangential directions (N)
Fin, Fim Force Fi in case n- and m- pads (N)
Fin,n, Fim,n Force Fi in case n- and m- pads in normal direction (N)
Fin,t, Fim,t Force Fi in case n- and m- pads in tangential direction (N)
Fi〈c− o〉 Force Fi in cases complete wet without dry adhesion (N)
Fi〈c− w〉 Force Fi in cases complete wet with dry adhesion (N)
Fi〈p− o〉 Force Fi in cases partial wet without dry adhesion (N)
Fi〈p− w〉 Force Fi in cases partial with dry adhesion (N)

F
c(v)
in Force Fi in case n-pad-c and n-pad-v (N)

F
c(v)
im Force Fi in case m-pad-c and m-pad-v (N)

F
c(v)
in,n Normal force Fi in case n-pad-c and n-pad-v (N)

F
c(v)
in,t Tangential force Fi in case n-pad-c and n-pad-v (N)

F
c(v)
im,n Normal force Fi in case m-pad-c and m-pad-v (N)

F
c(v)
im,t Tangential force Fi in case m-pad-c and m-pad-v (N)
γ Surface tension (N/m)
η Viscosity coefficient (Nsm−2)

case tangential direction:

Fa = Fa,n + Fa,t = Fw + Fd + Fil + ϑFo. (2.29)

Where Fa,n, Fa,t are the adhesion in normal and tangential directions. In this scenarios,

we use the abbreviations for other forces following the rules in the table 2.1. In Eq. (2.29),

the dry adhesion Fd is the total of the electrostatic Fels, van der Waals Fvd and Casimir

FCP forces; whereas, wet adhesion force Fw is the sum of the capillary Fca and viscosity

forces Fv (one type of hydrodynamic force Fhd). According to [108, 177, 178], the force

Fw is the total of three primary components: Laplace force FL, surface tension Fst and

viscosity force Fv. Hence, the forces Fd and Fw are described by the following equation:Fd = Fd,n + Fd,t = Fvd + FCP

Fw = Fw,n + Fw,t = FL + Fst + Fv.
(2.30)

From Eq. (2.30), we get the capillary force by

Fca = Fca,n + Fca,t = FL + Fst. (2.31)
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When the pad contacts with the substrate, the total force generated by the external

entities called Fex such as: peeling force Fp = Fp,n + Fp,t and compress force acting on the

pad (preload P ) balances the resistant entities, for example, the adhesion force Fa and the

friction force Ff . Summing them yields the contact force Fc as followed:

Fc = Fc,n + Fc,t

Fc,n = P + Fa

Fc,t = µFc,n + Fa,t

, (2.32)

with µ is the friction coefficient. In this thesis, two kinds of the pad: n- and m-pad

are used to constitute the contact mechanic with the adhesion in two cases of contact

interfaces: flat and curved (in table 2.2). In this scenario, the interface gap h is assumed

same value at all points inside the contact.

Table 2.2: Two contact interfaces of the n- and m-pad

Types of pad Flat contact interface Curved contact interface
n-pad n-pad (Fig. 2.7) n-pad-c and n-pad-v (Fig. 2.11)
m-pad m-pad (Fig. 3.1) m-pad-c and m-pad-v (Fig. 3.2)

Equations (2.30) to (2.33) illustrate the forces in general case for both n- and m-pad.

In addition, t hese equations play the primary role for calculations of the resultant and

contact force both flat and curved contact interface will be shown in the next following

sections.

2.3 Adhesion of Normal Pad in Flat Surfaces

This section studies the adhesion between the n-pad and a flat substrate as shown in Fig.

2.7(a). In this scenario, the pad is wiped a thin film of liquid before approaching to contact

with the substrate. After making a contact with the substrate, the liquid film forms a

capillary bridge inside the contact interface. In microscale, the contact interfaces usually

have various surface roughness which induces different states for the wet contact (Fig.

2.7(b-c)). The wet adhesion depends on various parameters such as: properties of liquid,

vapor, substrate, and interface gap h [177]. Simply, if the capillary bridge curvatures are

already known, one can can calculate the force Fw.

2.3.1 Attachment Phase

As contacting with a flat-rigid substrate, the liquid film spreads to fill the vacancies

between the contact interface [97], which produces wet adhesion for bonding the surfaces

together (Fig. 2.7). Depending on the surface properties of the pad and the substrate and

the liquid characteristic, the attachment phase may include four cases: wet without dry
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Figure 2.7: Schematic illustration of the wet adhesion between the n-pad (normal pad or a pad
without any patterns) with a plain substrate. a) The general model of the wet adhesion for flat
contact interface in attachment phase. b) Insets exaggerate one unit region of a) in case without
dry adhesion: complete b-1) [177, 179] and partial wet b-2) [180]. c) Insets exaggerate one unit
region of a) in case with dry adhesion: complete c-1) [177, 179] and partial wet c-2) [180].

adhesion as the n-pad is complete flat (Fig. 2.7(b)) and wet with dry adhesion as the

n-pad has deformation (Fig. 2.7(c)). In addition, the volume of liquid film affect on the

fully filling the empty space to achieve complete wet (Fig. 2.7(b-1),(c-1)) or partial wet

(Fig. 2.7(b-2),(c-2)). Such cases of the adhesion are illustrated in table 2.3

Table 2.3: Four states of wet adhesion

With dry adhesion Without dry adhesion
Complete wet Complete wet
Partial wet Partial wet

2.3.1.1 Wet Without Dry Adhesion

When having no deformation, the contact can be considered only appearing at the top

points of the roughness surface as shown in Fig. 2.7(b). In other words, the dry adhesion

may exist at these points with the adhesion area Ad ∼ 0.

Complete Wet In case complete wet in Fig. 2.7(b-1), let us consider h being the

separation gap between two surfaces with h = h̄ =
∫
hidAw/Np〈i〉 is the median value of

the n-pad surface to the substrate surface. Np〈i〉 is the number of points with the interface

gap hi on the wet area Aw, and this couple surfaces are assumed to completely parallel.

By replacing the Eqs. (2.21,2.24) into Eq. (2.31) for the n-pad with its wet radius rw
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Figure 2.8: Mechanics of the wet adhesion between the n-pad and a flat substrate at interface
gap h. a) The complete wet state between the n-pad and the substrate in a-1) normal and a-2)
tangential direction. b) The partial wet state between the n-pad and the substrate in b-1) normal
and b-2) tangential direction. For normal direction, the red dot line show varying interface gap
h with a small distance dz. In addition, θ1, θ1′ , θ2 and θ2′ are the contact angles of the liquid
capillary bridge. In case there are no tangential movement, we can consider θ1=θ1′ , θ2=θ2′ .

yields the capillary force for normal direction as followed:

Fcan,n〈c− o〉 =

γ
∫∫

Aw

(
1

R1

+
1

R2

)
dAw︸ ︷︷ ︸

Laplace force

+ γPw sin θ1︸ ︷︷ ︸
Normal surface tension force

 ẑ, (2.33)

and in case thermaldynamic law, the radius rL = 1/R1 + 1/R2 also called as Kelvin

radius [181] is additionally regarded the temperature in Kelvin equation Eq. (2.23). Thus,

we can rewrite Eq. (2.33) by:

Fcan,n〈c− o〉 = γ

(∫∫
Aw

Vc
RT ln(pK0 /p0)

dAw + Pw sin θ1

)
ẑ, (2.34)

Here, the wet perimeter of the n-pad Pw is equivalent to 2πrw. Eq. (2.34) can result

a precise estimation of the normal capillary force. However, it is too complicated to

determining exactly the pressure ratio pk0/p0, especially in microscale of interface gap h.

In this scenario, the Young-Laplace equation (Eq. (2.33) is more practical to calculating

Fcan,n by determining the capillary curvature R1, R2. Hence, replacing Eq. (2.22) into the
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Eq. (2.33) yields the force Fcan,n as followed:

Fcan,n〈c− o〉 = γ

[
Aw

(
(1 + ẋ2)1.5

ẍ
− y
√

1 + ẋ2

ẋ

)
+ Pw sin θ1

]
ẑ. (2.35)

To solve Eq. (2.33) it has to face with a challenge of the uncertain state of the capillary

curvature which cannot show the accuracy functions x, y at each point [182]. However,

in the actual contact model, the interface gap h is infinitesimal to the dimension of the

n-pad (rw) or we have 1/R2 << 1/R1. Simply, let us assume that the capillary curvature

has round shape with radius R1 is approximately tangential to the surface tension force

Fstn and neglect 1/R2. Thus, Eq. (2.35) becomes:

Fcan,n〈c− o〉 =

γAw cosθ1 + cosθ2
h︸ ︷︷ ︸

Laplace force

+ γPw sin θ1︸ ︷︷ ︸
Normal surface tension force

 ẑ, (2.36)

As can be seen, if the radius rw is a constant amount for the defined pad, the force

Fca,n in Eq. (2.36) depends on the variations: surface tension γ, interface gap h and the

contact angles θ1, θ2. Firstly, the surface tension γ explained in Eq. (2.20) is determined

by Eötvös or Guggenheim–Katayama [183] as followed:

γ =

k(TC − T )V
−2/3
c , Eötvös

γ0(1− T/TC)n, Guggenheim–Katayama
, (2.37)

with TC , n are respectively the critical temperature and the empirical factor. Since

our study applying to interaction with food or human which organic is usually chosen

for the liquid film, the corresponding model uses the surface tension γ by following

Guggenheim–Katayama in Eq. (2.37) with n = 11/9. The change of the contact angle θ

depending on many parameters which was explored by many researchers. Among them,

Souza and his colleagues [184, 185] give a vast number of experimental evaluations for the

thick liquid films. Authors in [186, 187] develop Young-Lalace equation in Eq. (2.24) for

calculating the contact angles by:

cos θ =
γSG − γSL

γLG
+

γl
γLGR2

, (2.38)

with R2, γl are the droplet radius and line tension [188]. Eq. (2.38) can be applied to the

droplet or large interface gap h; whereas, for the narrow interface gap, it is difficult to use.

Hence, in this thesis, we consider the contact angle, in static state, θ1 = θ2 = θ and in

normal direction θ1 = θ1′ = θ2 = θ2′ in Fig. 2.8(a-1)(b-1). By projecting the vectors in

Eq. (2.31) in the tangential direction (Fig. 2.8(b-1)(b-2)) we have the tangential capillary
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force Fcan,t as followed:

Fcan,t〈c− o〉 ≈ 0.5γPw(cosθ1′ − cosθ1)x̂. (2.39)

In case of static condition, the viscosity force Fvn is neglected. Thus the wet adhesion

Fwn is equal to capillary force Fcan. Therefore, Eq. (2.36 and 2.39) already determine the

force Fwn,n and Fwn,t in Eq. (2.30).

Figure 2.9: Mechanics of the adhesion between the n-pad and a flat substrate at interface gap
h. a) The dry and wet adhesion in case complete wet state between the n-pad and the substrate
in a-1) normal and a-2) tangential direction. b) The dry and wet adhesion in case partial wet
state between the n-pad and the substrate in b-1) normal and b-2) tangential direction. In this
figure, the areas of dry and wet contact at position i are, in turn, Adi and Awi.

Partial Wet In case partial wet in Fig. 2.7(b-2), let us assume that between each

trough of the substrate surface and the n-pad forms a bubble which locally separates

the capillary bridge into the minor capillary bridges (Fig. 2.8(b-1)). Since every minor

capillary also have the solid-liquid-gas interface, calculating the wet adhesion force for

them is similar to the entire n-pad in case complete wet. Thus, by applying Eqs. (2.31,

2.36 and 2.39) to the partial wet case, the normal wet adhesion force is:

Fwn,n〈p− o〉 = γπNn〈i〉rwi
(
rwi

cosθ1i + cosθ2i
hi

+ 2π sin θ1i

)
ẑ = Fcan,n〈p− o〉, (2.40)
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and the tangential wet adhesion force equals to:

Fwn,t〈p− o〉 ≈ γπNn〈i〉rwi(cosθ1′i − cosθ1i)x̂ = Fcan,t〈p− o〉. (2.41)

Herein, Nn〈i〉 is the total number of minor capillaries i with its wetting radius, area and

perimeter are, in turn, rwi, Awi = πr2wi, Pwi = 2πrwi.

2.3.1.2 Wet With Dry Adhesion

When the deformation appears on the n-pad interface or the substrate surface is extremely

smooth, the liquid is pushed out of the contact areas as shown in Fig. 2.7(c). Then

the interface comprises of two contact regions: wet and dry. Thus, dry adhesion force is

concerned in this scenario. Since the design materials in our research are nonconductive,

the adhesion force Fan in Eq. (2.1) includes the van der Waal, Casimir and interlock forces.

Complete Wet Depending on the wet ability and the surface roughness of the contact

interface’s components, the liquid may exist or vanish at dry regions (Fig. 2.9). Generally,

the van der Waal interaction between the n-pad and the substrate can be considered

as macroscopic approach which using the Hamaker constant in Eq. (2.16). Hence, by

replacing this constant to Eq. (2.9) and applying it to this contact, the van der Waals

force Fvdi at each position i can be given by:

Fvdi = −0.75kBTφε + 0.265~fmφn
6πh3

Adi. (2.42)

Where εp〈i〉, εs, εlg are respectively the permittivity of the pad, substrate and the

liquid (or gas), φε = (εp〈i〉 − εlg)(εs − εlg)/[(εp〈i〉+ εlg)(εs + εlg)], ns, nlg are, in turn, the

retractive indices of the pad, substrate and the liquid (or gas), and φn = (n2
p − n2

lg)(n
2
s −

n2
lg)/[

√
n2
p + n2

lg

√
n2
s + n2

lg(
√
n2
p + n2

lg +
√
n2
s + n2

lg)].

In normal direction, the dry adhesion force Fdn can neglect the effect of the interlock

force Filn (Fig. 2.9(a-1)(b-1)); whereas,the wet adhesion force Fwn is calculated for the rest

regions of the n-pad. Thus, applying Eqs. (2.36) and (2.42) yields the normal adhesion

force between the n-pad and substrate as followed:

Fan,n〈c− w〉 =

[
Fwn,n〈c− o〉+ Fdn,n

]
ẑ. (2.43)

Where the dry adhesion force Fdn,n = Nn
d 〈i〉Fvdi and Nn

d 〈i〉 is the total number of the

dry contact position i with area Adi. Also, the wet area in this scenario is Aw = ΣAwi =

πr2w −Np〈i〉Adi.
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When the n-pad is impacted by the tangential external force, the dry adhesion force

additionally includes interlock force Filn [189] as shown in Fig. 2.9(a-2)(b-2). Walraven

presents the force Filn in case the rigid materials like steel and concrete which is not

completely suitable to use for our study which design soft materials. Additionally, as

aforementioned in section 2.1.7, this force is extremely intuitive and relates to the contact

mechanics. Apply Eqs. (2.39) and (2.42), the tangential adhesion force equals to:

Fan,t〈c− w〉 =

[
Fwn,t〈c− o〉+ Fdn,t + Fils

]
x̂. (2.44)

Partial Wet When the liquid film can not entirely cover the contact surface of the

substrate in Fig. 2.9(b-1)(b-2), the bubbles also separate the capillary bridge into the

minor capillaries. However, the number of the minor capillaries Nn〈i〉 may differ with that

of the dry contact positions Np〈i〉. Hence, combining Eqs. (2.40), (2.42) and (2.29) derives

the normal adhesion force as followed:

Fan,n〈p− w〉 =

[
Fwn,n〈p− o〉+ Fdn,n

]
ẑ. (2.45)

Similarly, by synthesizing Eqs. (2.41), (2.42) and (2.29) we have the tangential adhesion

force as followed:

Fan,t〈p− w〉 =

[
Fwn,t〈p− o〉+ Fdn,t + Filn

]
x̂. (2.46)

Equations (2.33) to (2.46) are used to calculate the total adhesion between the n-pad and

the flat substrate in static condition. They also play the key role for the evaluation in curved

and micropatterned contact interfaces in the following sections. Also, in the attachment,

the contact force is considered in normal direction where Fcn = Fcn,n balancing against

the adhesion force Fan = Fan,n; whereas, the tangential contact force Fcn,t is neglected.

2.3.2 Detachment Phase

This section shows investigating the dynamics of the adhesion between the n-pad and the

flat substrate under the normal peeling force Fp,n in normal direction. Herein, the n-pad

moves with a distance dz in z axis in their corresponding velocity vz. Also, we neglect

the n-pad’s acceleration az and the substrate is stationary. In this scenario, the force Fp,n

equals to the force Fan,n. Also, the contact force Fcn mentioned in Eq. (2.32) is equivalent
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to the adhesion force in the following equation:

Fcn = Fcn,n = Fan,n, (2.47)

In dynamic state, the wet adhesion force Fwn in Eq. (2.47) also adds an entity: the

viscosity force Fvn as mentioned in Eq. (2.30). The force Fvn comprises of normal and

tangential components Fvn,n and Fvn,t which is shown as followed:

Fvn,n =
3πηr4w
4dt

(
1

h2
− 1

h2
0

)
ẑ,Normal [190]

Fvn,t =
ηAw

h
.
dx

dt
x̂,Tangential [93]. (2.48)

The force Fvn,n becomes Stefan force Fvn,n = [1.5πηr4w/h
3](dz/dt) [130, 191] as the displace-

ment dz is infinitesimal to h. Hence, we can use the capillary number nca to evaluating the

effect of the viscosity component comparing with the surface tension on the contributions

to the force Fwn [174]. This number is given in Eq. (2.49)

nca = ηv/γ. (2.49)

As the n-pad detaches from the substrate in normal direction, the interface gap h

increases, which abates the adhesion force of the contact Fan,n. The dry adhesion force

Fdn,n decreases rapidly; whereas, the wet adhesion force Fwn,n gradually reduces until

the capillary bridge completely vanishes. There are two principal states of the capillary

bridge in this scenario: collapses the wet area in the substrate into the center region (Fig.

2.10(a)) as low Laplace pressure, and separates into minor capillaries (Fig. 2.10(b)) as

high Laplace pressure. Hence, by replacing Eqs. (2.46) and (2.48) into Eq. (2.29) the

normal adhesion in case the n-pad in case partial wet adhesion is generally given by:

Fan,n〈c− w〉 =

[
γ

(∫∫
Aw

cosθ1i + cosθ2i
hi

dAw +Nn〈i〉Pwi sin θ1i
)

+Fdn,n +
3πηr42n

4dt

(
1

h2
− 1

h20

)]
ẑ. (2.50)

In case of complete wet adhesion with narrow interface gap h, we can assume that the

capillary majorly separated by the break bubbles [107] having the contact angles θbn1, θbn2

and the radius rbn (Fig. 2.10(b)); whereas, the influence of collapsing the capillary into

the center substrate in Fig. 2.10(b) is neglected. In this scenario, the force Fwn,n rapidly

declines after reaching the peak of interface gap hp as the minor capillary bridges become
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weak. For sake of simplicity, we can consider the bubble radius at position i being

rbni ∼ 0.5hbni(1/ sin θbn1i + 1/ sin θbn2i) with hbni = fn(hi). Hence, the wet area at each

minor capillary bridge Awi is estimated in:

Awi = π

[
rwi −

ghifn(hi)

4

(
1

sin θbn1i
+

1

sin θbn2i
− 1

tan θbn1i
− 1

tan θbn2i

)]2
. (2.51)

Where ghi = {0, 1} is the function of bubble disappearance or appearance at position i

Figure 2.10: Schematic illustration of the adhesion between the n-pad and the planar substrate
at the interface gap h = h0 + dz under pulled by a normal peeling force Fp,n. a) The capillary
bridge in case the system of the substrate and the liquid film have weak wet adhesion (low Laplace
pressure [177]). In this scenario, the wet area on the substrate becomes more narrow and bubble
appear on the interface line [184]. In case strong wet adhesion (high Laplace pressure [177]) b),
the capillary bridge is interspaced by the minor capillary bridges [192, 193]. Differences in suction
due to pad morphology, liquid characteristics and substrate’s surfaces caused the bubbles to vary
in shape and partly affected the number of minor bridge capillaries. Because wet adhesion force
on the pad is larger than the substrate, fractures tend to occur initially at the lower part of the
bridge near the substrate’s surface. Also the bubbles were considered spherical stimulated in the
dot lines with radius rbn.

corresponding value 0 or 1 respectively. Hence, by replacing Eqs. (2.45), (2.48) and (2.51)

into Eq. (2.29) the normal adhesion generated by the n-pad in case partial wet adhesion

is generally given by:

Fan,n〈p− w〉 =

[
Fcan,n〈p− w〉+

3πηNn〈i〉r4wi
4dt

(
1

h2
− 1

h20

)
+ Fdn,n

]
ẑ. (2.52)

2.3.3 Tangential Direction

When the n-pad moves on x direction with velocity vx as shown in Fig. 2.8(a-2)(b-2), the

tangential adhesion force Fan,t sums up the forces: dry adhesion Fdn,t, wet adhesion Fwn,t

and interlock force Filn. Thus, by replacing Eqs. (2.46), (2.48) and (2.51) into Eq. (2.29)
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the tangential adhesion in case the n-pad in case complete wet adhesion is generally given

by:

Fan,t〈c− w〉 =

[
Fcan,t〈c− o〉+ Filn +

ηAw
h

.
dx

dt
+ Fdn,t

]
x̂. (2.53)

and that of in case partial wet is:

Fan,t〈p− w〉 =

[
Fcan,t〈p− o〉+ Filn +Nn〈i〉

ηAwi
hi

.
dx

dt
+ Fdn,t

]
x̂. (2.54)

The interlock force Filn in equation 2.54 is complicated for calculation, thus it is

normally transferred into an amount of the friction force Ffn. In case the contact interface

has smooth surfaces (small surface roughness), we can neglect the force Filn

In general, this section constitutes the adhesion model of the contact interface between

the n-pad and a flat surface of the substrate by utilizing the principles and theoretical

foundations. This analytical model sets up an estimation to describe the contact mechanics

for the curved and micropatterned contact interfaces in the next steps.

2.4 Adhesion of Normal Pad in Curved Surfaces

Previous sections show the theoretical foundation for estimating the adhesion in case the

flat contact interface. In fact, the contact interface in the actual applications of soft robots

is not always flat because of the diverse shapes of the manipulated objects (substrates).

Such prolific cases of the substrate’s shape require the soft pad to have suitable morphology

for achieving the effective adaptions. There are several research on the estimation of the

wet adhesion or dry adhesion between a sphere and a flat substrate [194–196]; whereas,

that of two curved contact interfaces is scarce. Thus, this section aims to develop the

model of adhesion for the couple of curved contact interfaces between the n-pad and

the substrate. There are two cases of the n-pad’s morphology are investigated: concave

(n-pad-c) and convex (n-pad-v) as shown in Fig. 2.11. To avoid replicate explanations we

denote ac(v) presents the entities ac for the n-pad-c and av for the n-pad-v, respectively.

2.4.1 Attachment Phase

The n-pad c(v) comes to make contact with their corresponding hemispherical substrates

having convex and concave shape with radii Rs. In this scenario, α1, α2 are the angles

between the tangential line and x-axis at the interface line solid-liquid-gas of the n-pad-c(v)

and the substrate. Also zc, the curvature function of the capillary, has its variation xc.
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However, Eq. (2.22) is complicated to calculate zc(xc). Simply, let us consider the surface

of the n-pad is parallel with the substrate’s surface, which has the consistent interface

gap h in the entire contact area. By drawing a normal line between the couple of contact

interfaces AD and AC⊥EC yields AD = AB sinα2, and AB = AE sinα1−Rc
2 +xs. Thus,

we have DE = AE(1 − sinα1 sinα2) + (Rc
2 − xs) sinα2. Then, the interface gap h can

be determined as: h ≈ DE/ cosα1 = [AE(1 − sinα1 sinα2) + (Rc
2 − xs) sinα2]/ cosα1.

In addition, from AE = CE/ cosα1 = Rc
1[cos(θ1 − α1) + cos(θ2 + α2)]/ cosα1 derives

h = {Rc
1[cos(θ1 − α1) + cos(θ2 + α2)](1− sinα1 sinα2)/ cosα1 + (Rc

2 − xs) sinα2]}/ cosα1.

Hence, the outside radius of the capillary bridge in case the n-pad-c Rc
1 equals to:

Rc
1 =

[h cosα1 − (Rc
2 − xs) sinα2] cosα1

[cos βc1 + cos βc2](1− sinα1 sinα2)
, βc1 = θ1 − α1, β

c
2 = θ2 + α2. (2.55)

It is similar to determining Rc
1, the outside radius of the capillary bridge in case the

n-pad-v Rv
1 becomes:

Rv
1 =

[h cosα1 − (Rv
2 − xs) sinα2] cosα1

[(cos βv1 + cos βv2) (1− sinα1 sinα2)] cosα1

, βv1 = θ1 + α1, β
v
2 = θ2 − α2. (2.56)

Figure 2.11: Mechanics scheme of the curved contact interfaces between the normal pad and
a hemispherical substrate at the interface gap h. There are two cases of the pad: a) concave
normal pad (n-pad-c) and b) convex normal pad (n-pad-v).

The radii R
c(v)
1 in Eqs. (2.55) and (2.56) are usually infinitesimal to xc (or R

c(v)
2 ) at

small interface gap h. Thus, the entity 1/xc can be neglected in Laplace force. Replacing

Eqs. (2.55) and (2.56) into Eq. (2.33) yields the normal wet adhesion force F
c(v)
wn,n for the
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n-pad-c and the n-pad-v as followed:

F c(v)
wn,n〈c− o〉 =

πγ2R
c(v)
2 sin β

c(v)
1︸ ︷︷ ︸

Surface tension force

+

∫∫
A

c(v)
w

R
c(v)
2

R
c(v)
1

dAc(v)w︸ ︷︷ ︸
Laplace force

 ẑ. (2.57)

The surface roughness affects on the adhesion in case of curved contact interface, which

is similar to the flat contact interface as mentioned in section 2.3. In this scenario, the

normal adhesion is also concerned with or without dry adhesion as shown in Fig. 2.7. For

the complete wet case without dry adhesion, the normal adhesion force F
c(v)
an,n is determined

in Eq. (2.57). In case partial wet without dry adhesion, there are Nn〈i〉 minor capillary

bridges instead of one capillary. Hence, the radii R
c(v)
1 , R

c(v)
2 in Eq. (2.57) is replaced by

the minor capillary curvature’s radii r
c(v)
1i , r

c(v)
2i at each position i. By synthesizing Eq.

(2.40) and (2.57) derives the normal adhesion force F
c(v)
an,n in Eq. (2.58):

F c(v)
wn,n〈p− o〉 = γπNn〈i〉rc(v)wi

(
r
c(v)
wi

r
c(v)
2i

r
c(v)
1i

+ 2π sin β
c(v)
1i

)
ẑ. (2.58)

For complete wet with dry adhesion, combining Eq. (2.43) and (2.57), the normal

adhesion force F
c(v)
an,n can be given by:

Fan,n〈c− w〉 =
(
F c(v)
wn,n〈c− o〉+ F

c(v)
dn,n

)
ẑ. (2.59)

And in case the partial wet with dry adhesion, combining Eq. (2.45) and (2.57) yields

the normal adhesion force F
c(v)
an,n as followed:

Fan,n〈p− w〉 =
(
F c(v)
wn,n〈p− o〉+ F

c(v)
dn,n

)
ẑ. (2.60)

2.4.2 Detachment Phase

Under normal peeling force Fp,n, the normal adhesion force F
c(v)
an,n is in dynamic state.

Herein, the wet adhesion forces F
c(v)
wn,n, one major component of the force F

c(v)
an,n, additionally

include viscosity forces F
c(v)
vn,n. Since, the liquid film is very thin and the interface gap h

is infinitesimal, we can assume that the capillary bridge is separated by minor capillary

bridges as shown in Fig. 2.12(b) and neglect another case in Fig. 2.12(a). Thus, the

normal wet adhesion forces Fan,n in Eq. (2.58) can be rewritten in the general case as

followed:

F c(v)
wn,n = F c(v)

can,n + F c(v)
vn,n. (2.61)
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In any situations, the bubbles appear inside the capillary bridge. Thus, we can apply

the calculation of the partial wet with dry adhesion to estimating the normal adhesion

between the n-pad-c(v) and their corresponding substrate. Hence, in the dynamic state,

synthesizing Eqs. (2.48), (2.57) and (2.61) derives the normal wet adhesion forces for the

n-pad-c and the n-pad-v in:

F c(v)
an,n =

[
F c(v)
wn,n〈p− w〉+

3πηNn〈i〉(rc(v)wi )4

4dt

(
1

h2
− 1

h20

)
+ F

c(v)
dn,n〈p− w〉

]
ẑ. (2.62)

In Eq. (2.62), the wet area Awi is determined in Eq. (2.51); whereas Adi may be value

zero. In general, equation (2.62) can estimate the adhesion forces respectively generated

by the n-pad-c(v) with convex and concave surfaces of the substrate. In these equations,

parameters of angles α1, α2, θ1, and θ2, associated with pad form, differ between two

cases of the n-pad: concave and convex. Accordingly, the obtained results described in

this section are theoretical foundations in the mechanics of wet contact between curved

surfaces. We applied these estimations for the pads with micropatterns in the following

sections.

Figure 2.12: Schematic illustration of normal adhesion for the curved contact interface between
the n-pad and the hemispherical substrates at interface gap h = h0 +dz under pulled by a normal
peeling force Fp,n. a) The capillary bridge as the system of the substrate and the liquid film has
weak wet adhesion (low Laplace pressure). In case strong wet adhesion (high Laplace pressure)
b), the capillary bridge is interspaced by the minor capillary bridges, forming minor capillary
bridges in the fluid film. a-1) and b-1) show the adhesion of the n-pad-c; whereas, a-2) and b-2)
illustrate the adhesion of the n-pad-v.

2.5 Contact Mechanics

Solid shows behaviors under interaction with external force, and deformation is one of the

most important feature among them. In particularly, in manipulating soft-fragile objects
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by soft robotic hand, deformation of the soft matters should be focused. Thus, this section

illustrates the underlying physic of soft contact mechanic through theoretical foundation

to utilizing in grasping with wet adhesion.

2.5.1 Stress and Strain

A bar has its own characteristic as: length lb, cross-sectional area Ab, Young modulus Eb,

Poisson ratio υb is under external force Fex being perpendicular to Ab. Hence, we have

basic relations as followed:

σA = Fex/Ab = Ebεl (2.63a)

εlb = ∆lb/lbεwb
= ∆wb/wb (2.63b)

εwb
= υbεlb , (2.63c)

with σA, εlb are the normal stress and strain at section Ab, and υb is the Poisson ratio.

2.5.1.1 Isotropic Materials

The relation between the stress and strain of an elastic material is normally described by

Hook’s law. In 3D elasticity, we have:



σ11

σ22

σ33

σ23

σ13

σ12


=

E

(1 + υ)(1− 2υ)



1− υ υ υ 0 0 0

υ 1− υ υ 0 0 0

υ υ 1− υ 0 0 0

0 0 0 0.5− υ 0 0

0 0 0 0 0.5− υ 0

0 0 0 0 0.5− υ





υ11

υ22

υ33

2υ23

2υ13

2υ12


(2.64)

2.5.1.2 Anisotropic Materials

For an anisotropic materials, the stress–strain relation is the derivation of a strain energy

density function (U) by the formulation: σij = ∂U/∂εij. In this scenario, the Hook’s law
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Figure 2.13: Schematic illustration of the deformation for a bar a) and stress tensor b).

is rewritten in Eq. (2.65):

σ1

σ2

σ3

σ4

σ5

σ6


=



s1111 s1122 s1133 s1123 s1131 s1112

s2211 s2222 s2233 s2223 s2231 s2212

s3311 s3322 s3333 s3323 s3331 s3312

s2311 s2322 s2333 s2323 s2331 s2312

s3111 s3122 s3133 s3123 s3131 s3112

s1211 s1222 s1233 s1223 s1231 s1212





υ1

υ2

υ3

2υ4

2υ5

2υ6


, (2.65)

with S = [sijkl] is the stiffness tensor which has sijkl = sklij.

2.5.2 Contact Model in Normal Direction

Contact model is utilized for investigating the mechanics of grasping/handling objects

during their interactions with the soft robotic fingers or bodies. The main objective in our

research is focusing on manipulating soft-fragile objects in wet conditions. However, it is

developed to universally handle others rigid objects in diverse environment. In this thesis,

the materials for making the soft pads in directly contacting with the substrates is soft

such as: silicon rubber; whereas, the objects is generally soft (tofu, contact lens) or rigid

(hard contact lens, medical equipment).

The adhesion force Fan helps the soft robotic finger to achieve a stickier attachment

with the substrate, which can reduce the compress stress on the handled objects exerted

by the external force from the fingers. However, in actual grasp, to get an effective

manipulation the grasp force Fgn may need the squeezing force Fs (in my thesis we use

preload P as a case of Fs) combining with the adhesion force Fan as shown in Fig. 2.14.
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In general, the grasp force is in the following relation:

Fgn = Fcn,n + Fcn,t = Fan + Fs. (2.66)

The grasp force Fgn in Eq. (2.66) generates the normal and shear stress on the object’s

surface which affects on the safe condition of manipulation. Hence, it is necessary to

investigate the role of the grasp force Fgn on the contact mechanics of the interface between

the pad and the substrate. In this scenario, the contact force Fcn exerted by the grasp

force comprising from the normal Fcn,n and tangential (shear) Fcn,t force. There are several

theories related to contact mechanics given in [197–199].

Figure 2.14: Schematic illustration of grasping object by the soft robotic hand with each of its
finger tip fixes with a soft adhesive pad. a) The finger attaches and grips an object through a
grasp force Fgn. b) The finger detaches from the object.

2.5.2.1 Hertz Contact Model

The first theoretical model of contact mechanics was proposed by Hertz [197], which

showed the non-adhesive contact between two elastic bodies without roughness surface and

small strain. These bodies with their radii r1, r2 come into contact under the squeezing

force Fs, and their deformation are determined through elastic energy. In Fig. 2.15(a),

the contact radius r3 equals to:

r3 =

[
0.75Fsr1r2
r1 + r2

(
1− υ21
E1

+
1− υ22
E2

)]1/3
. (2.67)

Also the penetration δ between two surface is:

δ =

(
r1 + r2
4r1r2

)1/3
[

0.75Fs

(
1− υ21
E1

+
1− υ22
E2

)]2/3
. (2.68)
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In case a sphere contacts a half space in Fig. 2.15(b), the penetration δ in Eq. (2.68)

becomes:

δ =

(
r1 + r2
4r1r2

)1/3
[

0.75Fs√
r1

(
1− υ21
E1

+
1− υ22
E2

)]2/3
. (2.69)

Then, the contact pressure is distributed on the distance r3i from the center of the

contact region.

σi =
Fs
πr23

[
1−

(
r3i
r3

)2
]
. (2.70)

Figure 2.15: Schematic illustration of contact model proposed by Hertz and JKR in different
types of the Hertzian contact model between a) sphere and sphere and b) sphere and half space.
c) sphere and half space in JKR contact model.

2.5.2.2 JKR Model

Hertz constructed a contact model between two elastic solid bodies without concerning the

adhesive properties of surface roughness. Later, Johnson, Kendall and Robert [200, 201]

have done this work by accounting the adhesive forces in the contact evaluation. This model

called JKR theory based on the energy relation of the adhesion and elastic deformation.

In Fig. 2.15(c), the adhesive neck forms a contact area differing from the Hertizan model,

the circular contact radius in this case equals to [197]:

r3 =

[
3r1
8

(
1− ε21
E1

+
1− ε22
E2

)1/2
(√

8γ12π +

√
8γ12π +

16Fs
3r1

)]3/2
, (2.71)
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with γ12 is the relative energy between two objects. The adhesion force is:

Fa = −1.5γ12πr1, (2.72)

and the penetration depth δ equals to:

δmin =

[
3π2γ212r1

64

(
1− ε21
E1

+
1− ε22
E2

)2
]1/3

, (2.73)

Hence, the pressure distribution is determined in:

σi =
1

π

(
1− ε21
E1

+
1− ε22
E2

)−1 [(
δ

r3
− r3
r1

)(
1− r2i

r23

)−1/2
+

2r3
r1

(
1− r2i

r23

)1/2
]
, (2.74)

2.5.2.3 Greenwood and Williamson Model

The JKR theory (Fig. 2.16(a)) developed the previous work of Hertz. However, it did not

concern on the roughness surface of the objects. Greenwood and William proposed a new

approach by assuming the asperity height of the object surface is a probability distribution

ζh [202]. From Gaussian distribution, we have:

ζh =
1√

2πh∗
exp

(
− h2

2h∗2

)
, (2.75)

with h∗ is the root-mean-square of the summit height. Hence, the normal stress equals to:

σn =
4

3

(
1− ε21
E1

+
1− ε22
E2

)−1
N0

∫ ∞
δ

(h− δ)1.5r0.51 ζhdh. (2.76)

Where N0 is the number of asperities in a unit area. From Eq. (2.76), one can add the

adhesion force for the contact model according to [202, 203].

2.5.2.4 Bush, Gibson and Thomas Model

In this model (Fig. 2.16(b)), the asperities in the roughness surface were modeled as

paraboloids with their curvature radii: r1, r2. According to [204, 205], the probability

distribution in Eq. (2.75) becomes:

ζh =

√
27

16π2m2m4
√
m0m4

m0.5
3 exp

[
−m3

(
h

m0.5
0

+
3(r1i + r2i)

4
√
χm4

)2
]

(r1i − r2i)

r1ir2iexp

[
− 3[(r1i + r2i)

2 − 8r1ir2i
16m4

]
. (2.77)
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In Eq. (2.77), m0,m2,m4 are, in turn, the zero, second and fourth moments of surface

roughness spectrum, χ = m0m4/m
2
2, and m3 = m0m4/(2m0m4− 3m2

2). By using equation

(2.77), the normal pressure in the contact area Ac can be calculated in:

σc =
Fs
Ac

=

∫ ∞
u

dh

∫∫
ω

dhdr2Fsiζh. (2.78)

Here, ω is the domain of {r1, r2} and Fsi is the squeezing force acting on one asperity.

Figure 2.16: Schematic illustration of contact model proposed by Greenwood-Williamson a)
and Bush-Gibson-Thomas b).

The BGT model showed that the true contact area Ac is proportional to the squeezing

force Fs. However, this theory is appropriate to the simple surface roughness and neglects

long-range elastic coupling.

2.5.2.5 Persson Model

Previous contact theories considered that in the contact interfaces the actual contact area

is smaller than that of the nominal one. In the Persson theory [206, 207], the contact

mechanics eliminates the mentioned assumption by limiting case of the contact between a

rigid rough surface and a flat elastic half-space as shown in Fig. 2.17. Here, as increasing

the magnification ζ, there only several asperities joint to the contact. ζ, the reference

length, is the ratio of the lateral size lc of the nominal contact area and the shortest wave

length roughness at λ: ζ = lc/λ = q/qlc . The stress distribution at ζ is:

σζ =
1

A0

=

∫
Ac

dx2δ(σ − σζ(x)), (2.79)

with A0, σζ(x), and δ(σ − σζ) are, in turn, the unit nominal contact area, the interface

stress, and delta function.
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Figure 2.17: Schematic illustration of contact model proposed by Persson in various magnifica-
tions a) actual scale, b) scale = 10, and c) scale = 100. This image is after [207].

For entire contact, the distribution stress satisfies the following different equation:

∂σζ
∂ζ

=
π

4

(
1− ε21
E1

+
1− ε22
E2

)−2
qLcq

3C(q)
∂2σζ
∂2σ

. (2.80)

Here, qLc = 2π/Lc, q = υ2π/Lc, and C(q) is the surface roughness power spectrum:

C(q) =
1

4π2

∫
d2x
〈
h(i)h(0)

〉
e−iq.i, (2.81)

with h(i) is the height of the surface at the point i = (ix, iy) above a reference plane having

averaging hi 〈h(i)〉 = 0. Also, q = (qx, qy) is the frequency or wavevector space. For a

self-affine fractal surface, the power spectrum is approximated by:

C(q) ∝ q−2(H+1). (2.82)

Here, H is the Hurst exponent in the relations of fractal dimension utilizing Df = 3−H.

2.5.3 Contact Model in Tangential Direction

Tangential contact force Fc,t plays an important role in holding objects. In this section,

the two bodies come into contact with the contact interface is smooth.

2.5.3.1 Without Slippage

Let us assume that a two opposite contact surface have their displacement dx and −dx for

the other and there are no slippage between them (Fig. 2.18(a)). According to [197, 208],

the tangential stress distribution at point i is given by:

τi = τ0

[
1−

(
risi
ris

)2
]−0.5

. (2.83)
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and by denoting G1, G2 are the shear modulus of two objects yields the relative displacement

between two bodies in the form:

urel = 0.25πτ0ris

(
2− υ1
G1

+
2− υ2
G2

)
. (2.84)

2.5.3.2 With Slippage

In this scenario, two spheres, under a squeezing force Fz and simultaneously pulled in the

tangential direction with a force Fp,t, have dry friction with frictional coefficient µisn, µo

(Fig. 2.18(b)). According to Coulomb’s law [209, 210] the friction force inside the contact

equals to:

Ffn =

µisnFc,n, vx = 0, dx = 0

µonFc,n, vx > 0, dx 6= 0
. (2.85)

Hence, the tangential stress τ is the sum of two stress components: τi and τo with:

τi = τi0

[
1−

(risi
is

)2 ]0.5
= µisnσi. (2.86)

and

τo = τo0

[
1−

(
roi
ro

)2
]0.5

= µoσi
ro
ris
, (2.87)

with σi is obtained in Eq. (2.74).

Hence, as beginning slide (ro = 0), the body can be displaced in the tangential direction

by at the most

dx =
3(2− υ)µisnFs

16Gr3
. (2.88)

Also the total tangential contact force becomes:

Fc,t = µi,oFs

[
1−

(
ro
ris

)3
]
. (2.89)

2.6 Contact Mechanics With Wet Adhesion of Nor-

mal Pad

Sections 2.2 and 2.3 mentioned the adhesion of the contact between the n-pad and the

substrate in cases: flat and curved interface. In such works, we also propose the contact

without concerning the deformation of the pad and the substrate. In actual applications of
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Figure 2.18: Schematic illustration of contact model in tangential direction with a) incipient
slippage and b) overt slippage. In this scenario, the contact interface is considered having round
shape. Additionally, in figure b), the contact interface includes two regions: without slippage
(ris) and slippage (ro).

soft manipulation, to obtain an efficient grasp the soft robotic fingers require the squeezing

force Fs (or preload P ) in Eq. (2.66) acting on the objects. Therefore, in this section,

we aim to develop our previous works by applying the contact theories to the adhesion

model in microscale. For simplicity, the entire n-pad is compressed by a uniform preload

P = Aw.p instead of concentration squeezing force Fs. As aforementioned, the n-pad

wiped by a thin liquid film before approaching to contact with the substrate. Depending

on the film thickness and the roughness surface of the substrate, this liquid can completely

or partly cover entire vacant space inside the interface gap. In addition, contact theory of

Persson is appropriate to roughness surfaces especially having sine wave. However, the

actual soft fragile objects usually have random surfaces with diverse roughness and the

deformation is small. For simplicity, we can use the JKR model for calculating the contact

mechanics with adhesion.

2.6.1 Contact Mechanics with Wet Adhesion of N-pad in Flat

Interface

2.6.1.1 Normal Direction

Complete Wet As shown in Fig. 2.19(a), the the liquid film can cover whole the empty

space of the contact interface. We have to consider two conditions of the liquid film:

without squeeze out and squeeze out. Determining these conditions in microscale is too

complicated.

In case the liquid is not squeezed out, applying Eqs. (2.43) and (2.66) to (2.32) yields

the normal contact force Fcn,n as followed:

Fcn,n〈c− w〉 =

(
Fan,n〈c− w〉+ P

)
ẑ. (2.90)

The force Fcn,n in Eq. (2.90) can reach maximum value because the liquid film generate

the wet adhesion for entire contact area. In case the liquid is squeezed out, the Laplace
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Figure 2.19: Mechanics of the wet adhesion between the n-pad and a flat substrate at interface
gap h under distribution preload pressure p. a) The complete wet state between the n-pad and
the substrate in a-1) normal and a-2) tangential direction. b) The partial wet state between the
n-pad and the substrate in b-1) normal and b-2) tangential direction. For normal direction, the
red dot line show varying interface gap h with a small distance dz. In addition, θ1, θ1′ , θ2 and
θ2′ are the contact angles of the liquid capillary bridge.

pressure in Eq. (2.90) becomes negative, which reduce the contact force between the pad

and the substrate.

Partial Wet In a similar way, the normal contact force between the n-pad and the

substrate in case partial wet is synthesized from Eqs. (2.45), (2.66) and (2.32) in the form:

Fcn,n〈p− w〉 =

(
Fan,n〈p− w〉+ P

)
ẑ. (2.91)

2.6.1.2 Tangential Direction

From Eq. (2.85), the tangential contact force Fcn,t depends greatly on the normal contact

forces Fcn,n in Eq. (2.90). We also investigate the force Fcn,t in both incipient and overt

slippage case.

Incipient Slip The slippery displacement of the contact interface between the n-pad and

the substrate is zero, as the tangential peeling force Fp,t is not larger than the tangential

contact force Fcn,t. Hence, we can eliminate the viscosity force component Fvn,t in the wet
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adhesion force Fwn,t; whereas the surface tension force Fstn,t cancels together because the

symmetrical contact angle.

By replacing Eqs. (2.85), (2.90), and (2.66) into Eq. (2.32) derives the tangential

contact force Fcn,t for the contact between the n-pad and the substrate in case complete

wet as followed:

Fcn,t〈c− w〉 = µisnFcn,n〈c− w〉x̂. (2.92)

Also, by replacing Eqs. (2.85), (2.91) and (2.66) into Eq. (2.32) yields the tangential

contact force in case partial wet as followed:

Fcn,t〈p− w〉 = µisnFcn,n〈p− w〉x̂. (2.93)

Overt Slippage When the tangential peeling force Fp,t is larger than the contact force

Fcn,t, the slippage gradually appears between the n-pad and substrate surface. Let us

denote this slippery displacement is s under conditions: the pad displacement dx and

slippery velocity vx. This motion is simultaneously restricted by the tangential viscosity

force Fvn,t and the overt slippage friction force Ff,o. Additionally, the contact angles

become more vertical slope which rises the tangential surface tension force Fstn,t. In

addition, the capillary with it radius curvature is in the form: R1 = Rs
1 = 0.5h{cos[θ1 +

arctan(s/h)] cos[arctan(s/h)]}−1 = 0.5h{cos[θ+ arctan(s/h)] cos arctan(s/h)}−1 and R2 is

infinitely great with R1 [107]. Therefore, rising s leads to increasing R1 which declines the

force FL = γAwR
−1
1 of the normal contact force Fcn,n - one of the principal component of

tangential contact force Fcn,t.

Synthesizing Eqs. (2.44), (2.85), (2.90) and (2.66) into Eq. (2.32) we have the tangential

contact force between the n-pad and substrate Fcn,t in case complete wet given by:

Fcn,t〈c− w〉 =

[
µon

(
Fan,n〈c− w〉+ P

)
+ Fan,t〈c− w〉+

ηAwvx
h

]
x̂. (2.94)

Also, by replacing Eqs. (2.46), (2.85), (2.91) and (2.66) into Eq. (2.32) yields the

tangential contact force in case partial wet as followed:

Fcn,t〈p− w〉 =

[
µon

(
Fan,n〈p− w〉+ P

)
+ Fan,t〈p− w〉+Nn〈i〉

ηAwivx
hi

]
x̂. (2.95)
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2.6.2 Contact Mechanics with Wet Adhesion of N-pad in Curved

Interface

Figure 2.20: Mechanics of the curved contact interfaces between the normal pad and a
hemispherical substrate at the interface gap h under preload P = p.Aw. There are two cases of
the pad: a) concave normal pad (n-pad-c) and b) convex normal pad (n-pad-v).

Since the estimation of tangential contact force between the n-pad and the substrate in

curved contact interface is too complicated, we focus on constitute the contact model in

normal direction. As shown in Fig. 2.20, the preload P is assumed to equally distributed

on the entire contact area of the pads.

2.6.2.1 Complete Wet

It is similar to the flat contact interface case, we have to consider two conditions of the

liquid film: without squeeze out and squeeze out. In case the liquid is not squeezed out,

applying Eqs. (2.59) and (2.66) to Eq.Eq. (2.32) yeilds the normal contact force F
c(v)
cn,n as

followed:

F c(v)
cn,n〈c− w〉 =

[
F c(v)
an,n〈c− w〉+ P

]
ẑ. (2.96)

In case the liquid is squeezed out, the Laplace pressure in Eq. (2.96) becomes negative,

which reduce the contact force between the pad and the substrate.

Partial Wet In a similar way, the normal contact force between the n-pad-c(v) and the

substrate in case partial wet is synthesized from Eqs. (2.60), (2.66) and (2.32) by the form:

F c(v)
cn,n〈p− w〉 =

[
F c(v)
an,n〈p− w〉+ P

]
ẑ. (2.97)
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In summary, chapter 2 shows our construction of modelling the contact mechanics

between the n-pad (the pad without any patterns) and the substrate in flat and curved

contact interfaces. Also this chapter concentrates on calculating the contact force Fcn

generated by the preload P (squeezing force) of the n-pad. It creates a theoretical

foundation for determining the contact mechanics in case micropatterned surface in

following chapters.
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CHAPTER 3

CONTACT MECHANICS OF WET

ADHESION WITH PATTERNED

MORPHOLOGY

In this chapter, we introduce proposal of our analytical model of wet adhesion between

a contact of a pad designed with micropatterned morphology (m-pad) and a substrate.

There are two cases of contact interfaces investigated: flat and curved.

3.1 Design of Patterned Morphology

3.1.1 Flat Contact Interface

As shown in Fig. 3.1, the n- and m-pad have the same overall dimensions with the pad

thickness and the edge are tl, Lp. The m-pad interface includes N square cells (blocks)

interspaced by 2N(1 − 1/
√
N) grooves (channels). Hence, the pad edge size is in form

Lp =
√
N(a+w)−w. Inspired by the wet attachment of tree frog toe with its surrounding

environment, the m-pad in Fig. 3.1(b) is wiped by a thin fluid film with the same thickness

tl at the its contact interface comparing with that of the n-pad. Also, the liquid is available

inside the grooves for reducing evaporation and governing the wet adhesion force.

As the n- and m-pad make contact with their corresponding substrate, their contact

interfaces form the liquid capillary generating the wet adhesion for enhancement of the

contact forces Fcn, Fcm. For the n-pad, the wet adhesion is already investigated in chapter

2. In case the m-pad, applying Young-Laplace equation (2.21) we have the fluid pressure

inside the groove and at the contact interface are γ/r1 and γ/R1. Herein, the radii: r1

approximates to 0.5w/cosθ3 and R1 equals to h/(cosθ1 + cosθ2) [108]. As the interface

gap h is larger than the groove width w, the pressure inside the groove is larger than
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Figure 3.1: Morphological designs of a normal pad (n-pad) and a micropatterned pad (m-pad)
in flat contact interface have the same overall dimensions. a) The n-pad (normal surface) is wiped
by a thin liquid film. b) The m-pad with an array of N square cells with edge a interspaced by a
network of grooves with cross section dimensions w, d are for the width and depth.

that of at the interface, causing liquid evacuation onto the interface [97]. This mechanism

strengthens the wet adhesion Fwm at the contact interface between the m-pad and substrate.

Therefore, for designing a micropatterned morphology, one should concern the groove

width in condition of being smaller than the interface gap h. In addition, the liquid film tl

is sufficiently thin to achieve an efficient enhancement of the wet adhesion.

3.1.2 Curved Contact Interface

The m-pad depicted in figure 3.2(a) was designed based on the Fig. 3.1. It comprises of

a plain square with N square cells and 2N(1 − 1/
√
N) grooves. The width and depth

of a groove are denoted as w and d, respectively, and ec represents the length of a side

of a square cell. The length of the pad is equal to Lp =
√
N(a + w) − w. When bent,

the soft pad exhibits a concave or convex shape with different radii Rs (according to the

substrate) (Fig. 3.2(b) and (c)). The pad was covered of approximate thickness tl liquid

over its entire surface and inside each groove.

When flexed, the micropattern is deformed and the grooves of m-pad-c are compressed

to reduce the size of section wc1 below that of w̄c (Fig. 3.2(b)); whereas in m-pad-v,

wv1 is larger than w̄v. Since the walls of each groove are not parallel when the pad
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Figure 3.2: Form of m-pad under differential bending states. a) M-pad in a resting state with
red and blue curves representing its concave and convex interfaces in a flexed state. Form of
the m-pad when flexed to adapt to substrate surface a) concave and b) convex surfaces. d) and
e) variations of the groove’s width in cases: the m-pad-c and the m-pad-v by changing the pad
thickness L and the substrate radius Rs.

is flexed, we approximate the width of a groove as the mean value wc(v) = w̄c(v) at

the mid-depth of the groove (0.5d). Let us assume the two boundary walls of the

pad and the grooves have their extent lines intersecting at the center of the pad with

radius Rs, with ϕ
c(v)
p , and ϕ

c(v)
g denoting the bending angles for each pad and groove

respectively, we get ϕcp = 2 arcsin(Rc
2/Rs) for m-pad-c, and ϕvp = 2 arcsin(Rv

2/Rs) for m-

pad-v. Hence, with a curve length of Lp, we get ϕcg = [Lp/(Rs+L)−aN0.5R−1s ]/(N0.5−1),

wc1 = [LpRs/(Rs+L)−aN0.5]/(N0.5−1), w̄c = [Lp(Rs+0.5d)/(Rs+L)−aN0.5]/(N0.5−1)

in m-pad-c; whereas in m-pad-v with ϕvg = [Lp/(Rs − L) − aN0.5R−1s ]/(N0.5 − 1), wv1 =

[LpRs/(Rs−L)−aN0.5]/(N0.5−1), and w̄v = [Lp(Rs−0.5d)/(Rs−L)−aN0.5]/(N0.5−1). If

aN0.5 ≥ RsLp/(Rs +L), the contact between m-pad-c and the substrate can be considered

completely cells-substrate (i.e., the grooves were closed due to concave flexing). As the

m-pad and the substrate come into contact, the Laplace pressure of the liquid inside groove

Pg and cells Pc are γ/r
c(v)
1 ∼ 2γcosθ3/w and γ/R

c(v)
1 ∼ γ(cosθ1 + cosθ2)/h. If wc(v) < h,

the Laplace pressure Pg is greater than pressure Pc, causing rapid evacuation of liquid

onto the surfaces. This enhances capillary force F
c(v)
cam at the interface between m-pad and

substrate. Therefore, the micropattern was designed so that the groove width is smaller

than the interface gap wc(v) < h.
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Figure 3.2(d-e) shows affects of L and Rs on varying the morphology of groove w for

m-pad cases under bending. As Rs →∞ or the curved surfaces gradually change to flat, w̄

of both m-pad-c and m-pad-v is proximate 15µm equaling to the value of w in flat case (no

bending). In contrast, w̄ of m-pad-c reduces rapidly, corresponding to decline Rs; whereas

w̄ →∞ for the m-pad-v. In case w̄ ≤0, the m-pad-c becomes n-pad-c, which satisfies the

condition aN0.5 ≥ RsLp/(Rs +L), and if w →∞, then the m-pad-c becomes n-pad-c (the

groove disappears). Also there has slight difference between w1 and w̄ because the entity

0.5d is infinitesimal to Rs, Lp, and L. Decreasing L leads to reducing trend of w̄ in both

cases of m-pad. Thus, we neglect calculation of the models as w are much smaller than

15µm.

3.2 Adhesion of Micro-patterned Pad with Flat In-

terface

In general, the adhesion generated on the contact between the m-pad and the substrate is

the integration of the cells and the adjacent grooves. Hence, applying Eq. (2.29) to the

adhesion force Fam in case m-pad we have:

Fam = Fam,n + Fam,t = Fdm |{cell,groove} +Fwm |{cell,groove} +Film |{cell,groove}. (3.1)

The groove in Fig. 3.3 majorly affects the wet adhesion force Fwm and the interlock force

Filn. Therefore, we can neglect the role of the groove on varying the van der Waal force

Fvdm and Casimir force FC−P ; whereas the cells have the same role as that of the surface

of the n-pad. Additionally, Eq. (3.1) is also used for estimating the adhesion in case the

curved contact interface.

3.2.1 Normal Adhesion

Similar to the adhesion model in case the n-pad, the contact between the m-pad and the

substrate also includes two states: complete wet (the fluid covers entire empty space inside

the interface gap h in Fig. 3.3(a)) and partial wet (the fluid covers entire empty space

inside the interface gap h in Fig. 3.3(b)).

3.2.1.1 Complete Wet

As shown in Fig. 3.3(a), when the micropatterned pad comes to contact with the flat

substrate, four types of contact zone generally forms: A1- the dry adhesion with without

liquid film, A2- the wet adhesion,A3- the dry adhesion with an extreme thin liquid film
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Figure 3.3: Mechanics of the adhesion between the m-pad and a flat substrate at interface gap
h. a) The dry and wet adhesion in case complete wet state between the m-pad and the substrate.
b) The dry and wet adhesion in case partial wet state between the m-pad and the substrate. In
this figure, the areas of dry and wet contact at position i are Adi and Awi.

and A4- the dry adhesion with without liquid film and interlock force. These zones depend

on the roughness surface of the substrate, and the properties of the liquid film and the

m-pad’s morphology. In fact, the cell surface can be considered being completely flat

because it is very small and is fabricated by accuracy methods as illustrated in chapter 4.

Thus, the surface roughness of the substrate is randomly chosen.

When the liquid film fills entire space inside the interface gap, we can neglect the fluid

motion. Herein, for simplicity, the wet adhesion approximates the total of the cells and

the grooves.

Attachment State without Preload In static state (Fig. 3.4(a-1)) where there are no

change of velocity vz, the normal viscosity force in grooves Fgv,n is infinitesimal; whereas

the Laplace force FL and surface tension Fst play the key role on the wet adhesion force

Fwm. Since the groove network are adjacent to each cell and the fluid can entirely move

inside this system, the adhesion also regard the static capillary interaction produced by

these channels. In this scenario, the Laplace pressure PLm includes: pressure inside the

groove Pg and the pressure of the cell Pc. In case h is tiny and the groove width satisfies

w < {a, h}, Pg strengthens the Laplace pressure surround the the grooves, while Pc shows

the Laplace pressure between the cells and their corresponding substrate. By denoting

nc = 1− 1/
√
N , the Laplace force FLm [107] produced by N cells and 2ncN channels is

taken in the form:

FLm =

γ (L2
p −Na2

) 2cosθ3
w︸ ︷︷ ︸

Groove

+Nγa2
cosθ1 + cosθ2

h︸ ︷︷ ︸
Cell

 ẑ. (3.2)
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Additionally, each groove has an amount of its surface tension as followed:

Fgs,n = 2aγ cos θ3. (3.3)

Hence, replacing Eqs. (3.3), (3.2) to Eq. (2.29) with wet radius of cell rwc = aπ−0.5 and

neglecting the curvature radius of the capillary bridge in the grooves r2, we have the

normal wet adhesion force in case m-pad is:

Fwm,n〈c− o〉 = 4Nγ

[
Awg

cos θ3
2w

+ Awc
cos θ1 + cos θ2

4h
+

a
sin θ1√
N︸ ︷︷ ︸

Surface tension force of cell

+ anc cos θ3︸ ︷︷ ︸
Surface tension force of groove

]
ẑ. (3.4)

As shown in Eq. (3.4), when rising the interface gap h, the normal wet adhesion force

declines. Therefore, keeping h as narrow as possible can enhance the force Fwm,n.

By applying Eqs. (2.43) and (3.4) to Eq. (3.1) yields the normal adhesion force in case

the m-pad Fam,n in:

Fam,n〈c− w〉 = (Fwm,n〈c− o〉+ Fdm,n) ẑ. (3.5)

Attachment State under Preload In order to calculate the normal contact force

Fcm,n between the m-pad and the substrate, the uniform preload p is also imposed on

the entire m-pad with its area is L2
p (Fig. 3.4(a-2)). Due to the compression of preload

P = pL2
p, the gap h is smaller that induces changing the m-pad morphology. The liquid

film quickly suffices the empty space inside the contact [206] and the groove network

governs achieving equilibrium state in the entire contact area. Hence, reducing the interface

gap h means rising the Laplace force FLm, whereas the fluid motion does not exist both

inside the channels and in the cell which allows us to eliminate the viscosity component

Fvm,n. The contact force generated from the m-pad in normal direction Fcm,n additionally

consists of the surface tensions inside the grooves Fgs,n and the m-pad periphery Fstm. The

deformation of the m-pad can make the groove width w become narrower, which varies

the adhesion properties in the contact area between the m-pad and the substrate. This

leads to vanishing of the bubbles inside the contact. By accounting the preload P in Eq.

(3.4) we have the normal contact force in case the m-pad Fcm,n as followed:
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Figure 3.4: Mechanics of the adhesion between the m-pad and a flat substrate at interface
gap h. a) The adhesion in case complete wet state between the m-pad and the substrate in a-1)
without preload and a-2) under preload. b) The adhesion in case partial wet state between the
m-pad and the substrate in b-1) without preload and b-2) under preload.

Fcm,n = [P + Fam,n〈c− w〉] ẑ. (3.6)

Figure 3.5: Mechanics of the adhesion between the m-pad and a flat substrate under peeling
force Fp,n at interface gap h. a) The adhesion between the m-pad and the substrate in case
complete wet state a) and partial wet b).

Detachment State When increasing the interface gap h, the normal wet adhesion force

in case m-pad Fwm,n starts to drop after passing their maximum value at the peak interface

gap hp. At this point, the gradual appearance of bubbles separate the capillary bridge

into minor bridges as in Fig. 3.4(b-1). It is similar to modelling the bubble in case the
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n-pad, we also have the wet radius of minor capillary bridge i as followed:

Awi = π

[
rwi −

ghifm(hi)

4

(
1

sin θbm1i

+
1

sin θbm2i

− 1

tan θbm1i

− 1

tan θbm2i

)]2
. (3.7)

In normal detachment phase, the m-pad interface does not directly contact with its

substrate, the normal wet adhesion force Fwm,n majorly depends on the minor capillary

bridges. Determining the force Fwm,n in this scenario is similar to that of the Eq. (3.4)

with regarding Awgi, Awci use Eq. (3.6). By replacing the wetting areas in Eq. (3.7)

into Eq. (3.5), the normal adhesion of the contact between the m-pad and the substrate

becomes:

Fam,n〈c− w〉 =

{
γ

[∫∫
Aw

(
Awgi

cos θ3
2w

+ Awci
cos θ1 + cos θ2

4h

)
dAw + 8Nπrwci(

sin θ1√
N

+ nc cos θ3

)]
+ Fvm,n + Fvg,t + Fdm,n

}
ẑ, (3.8)

with Fvm,n = [0.75Nπηr42i/dt](1/h
2 − 1/h20) and Fvg,t = NncηAwgivgl/w.

3.2.1.2 Partial Wet

Attachment State Without Preload As the liquid partially fills the interface gap

as shown in Fig. 3.4(b-1), the bubbles appear inside the capillary which randomly form

the minor capillaries. However, since the liquid is contained inside the grooves and in

continuity condition, we can assume that those such bubbles only exist at the contact

interface between the cells and substrate. Also the wet adhesion force Fwm also comprises

of the capillary force generated by the cells and the grooves. In this scenario, the fluid

flows both inside the channels and in the cell surfaces before reaching equilibrium state.

Thus, the kinetics of fluid motion should be investigated for estimation of the adhesion

interaction.

Let us assume that the liquid film between the m-pad and the substrate is a Newtonian

and imcompressible fluid, which can be used the Navier-Stocke equation in the form:

ρl

(
∂vf
∂t

+ vf .∇vf
)
− η∇2vf = −∇pf −∇=+ Fg, (3.9)

where ∇=, Fg, t the thermaldynamic work, the gravity force and time, and vf , pf , ρf

present the velocity, pressure and mass density of the fluid. In tiny interface gap h we can

neglect the gravity force Fg and the thermal dynamic ∇= in Eq. (3.9); whereas for the

87



imcompressible continuity fluid flow with a constant velocity, we have:

∇vf =
∂vf
∂x

+
∂vf
∂y

+
∂vf
∂z

= 0. (3.10)

Combining Eq. (3.9) and (3.10) we can rewrite the Navier-Stokes equation in the form of:

ρl
∂vf
t

+∇pf − η∇2vf = 0. (3.11)

In Fig. 3.4(b-1), if the liquid at one groove i flows with a symmetrical distance di and

the interface gap hi is smaller than w, the fluid flows out of the groove due to pg < pc.

According to [211], we have the travel distance of the fluid between the cell and the

substrate in the following relation:

∂pf
∂x

=
γ(cos θ1 + cos θ2)

hidi
. (3.12)

The velocity of the fluid in z-direction can be approximated in:

vfz = 6v̄fx,yz(hi − z)/h2i , (3.13)

with v̄fx,y is the mean velocity of the fluid in x, y directions. From Eq. (3.12), we have the

peak and mean velocity of the fluid as followed:

max{vfz} =
γ(cos θ1 + cos θ2)hi

8ηdi
,

v̄fx,y =
γ(cos θ1 + cos θ2)hi

12ηdi
. (3.14)

In addition, the pressures pci , pgi at xi = di are γ(cos θ1 + cos θ2)/hi and 0, and that of

at the center groove xi = 0 are 0 and 2γ(cos θ3)/w. Thus, we have:

∂pf
∂x
∼ γ

di

(
cos θ1 + cos θ2

hi
− 2 cos θ3

w

)
. (3.15)

Hence, by replacing Equations (3.13) to (3.15) into Eq. (3.11) with regarding the vf in

equilibrium state derives:

γ

di

(
cos θ1 + cos θ2

hi
− 2 cos θ3

w

)
≈ 12η

h2i

ddi
dt
, (3.16)

with ddi = v̄fx,y . From Eq. (3.16), we have the travel distance in the form:

di = hi

√(
cos θ1 + cos θ2

hi
− 2 cos θ3

w

)
γdt

6η
. (3.17)
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Eq. (3.17) shows the relation between the travel distance di and other parameters

in the wet adhesion system. It also presents the time t, which is used to calculate the

mean velocity v̄fx,y . In this scenario, the pressure of the contact between cell-substrate

and groove-substrate are equal to γ[(cos θ1 + cos θ2)/h− cosθ3/w] as shown in Eq. (3.15).

Hence, by combining Eqs. (3.1) and (3.15) yields the normal adhesion force between the

m-pad and the substrate in case partial wet without preload as followed:

Fam,n〈p− w〉 =

{
4γ

Nnc∑
i=1

[
Awi〈di〉

(
cos θ1 + cos θ2

4h
− cos θ3

2w

)
+ a cos θ3

+Pwi〈di〉 sin θ1

]
+ Fdm,n

}
ẑ. (3.18)

Here, Awi〈di〉, Pwi〈di〉 are the wetting area and periphery at the groove having travel

distance of liquid di. In case the groove width is smaller than the interface gap hi, the

fluid flows backward the groove because the suction pressure inside the channel is higher

than that of the cell. Hence, the normal adhesion force in Eq. (3.18) is rewritten by:

Fam,n〈p− w〉 =

{
4γ

Nnc∑
i=1

[
Awi〈di〉

(
cos θ3

2w
− cos θ1 + cos θ2

4h

)
+ Pwi〈di〉 sin θ1

+a cos θ3

]
+ Fdm,n

}
ẑ. (3.19)

Attachment State Under Preload When imposing the uniform preload p (Fig. 3.4(b-

2)) in the entire m-pad, the interface gap h reduces because the morphological deformation

of the m-pad makes its own surface easily in contact with the substrate asperities. If

the liquid film can sufficiently fill in the empty space, the adhesion in this scenario is

calculated in a similar way to the complete wet case. As a result, let us assume that the

liquid generated a partial wet for the contact interface. By combining Eqs. (3.1) and

(3.18) yields the normal adhesion in case w > h as followed:

Fcm,n =

{
P + 4γ

Nnc∑
i=1

[
Awi〈di〉

(
cos θ1 + cos θ2

4h
− cos θ3

2w

)
+ Pwi〈di〉 sin θ1

+a cos θ3

]
+ Fdm,n

}
ẑ, (3.20)

and in case w < h we have:
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Fcm,n =

{
P + 4γ

Nnc∑
i=1

[
Awi〈di〉

(
cos θ3

2w
− cos θ1 + cos θ2

4h

)
+ Pwi〈di〉 sin θ1

+a cos θ3

]
+ Fdm,n

}
ẑ. (3.21)

As the surface roughness of the substrate is random, the conditions w < h and w > h

may happen at the same time. Thus, in a specific case, the eqs. (3.20) and (3.21) can

be utilized together. Furthermore, eqs. (3.18) to (3.21) reveal that in case partial wet

the micropattern can enhance or weaken the wet adhesion between the m-pad and the

substrate comparing with that of the n-pad. It is resulted in the ratio of w/h.

3.2.1.3 Detachment Phase

When peeling the m-pad from the substrate under the normal peeling force Fp,n, the

van der Waals force and Casimir force rapidly drop; whereas the wet adhesion gradually

declines before passing the peak interface gap. In this scenario, the minor capillaries

already appear, we may neglect the bubble appearance as mentioned in the complete wet

case. Hence, by applying Eq. (3.19) to (3.8) derives the normal adhesion force in the

following form:

Fam,n〈p− w〉 =

{
4γ

Nnc∑
i=1

[
Awi〈di〉

(
cos θ3

2w
− cos θ1 + cos θ2

4h

)
+ Pwi〈di〉 sin θ1

+a cos θ3

]
+
∑

Fvm,n〈i〉+
∑

Fvm,n〈i〉+ Fdm,n

}
ẑ. (3.22)

In detachment phase, the interface gap h is much larger than the groove width w, Eq.

(3.22) is applied to the partial wet in condition w < h. In case w > h, the normal adhesion

can be calculated Eq. (3.18).

3.2.2 Tangential Direction

As shown in Figs. 3.6 and 3.7, the m-pad is simultaneously exerted by two orthogonal

forces preload P and the peeling force Fp,t in normal and tangential direction, respectively.

The slide trend is restricted by the integration of the friction force Ffm and the adhesion

force Fam. It is similar to the estimation in case the n-pad, the difference of the tangential

contact force Fcm,t and the tangential peeling force Fp,t also induces two cases of tangential

motion: incipient slippage and over slippage.
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Figure 3.6: Scheme illustration of the adhesion between the m-pad and a flat substrate under
tangential peeling force Fp,t in case complete wet. a) The tangential adhesion between the m-pad
and the substrate in case incipient slippage a) and over slippage b).

3.2.2.1 Complete Wet

Incipient Slippage As the relation Fp,t < Fcm,t appears, the slippery displacement

between the contact interface of the m-pad and the substrate s is closed to zero in Fig.

3.6(a). We can neglect the tangential viscosity force Fvm,t on both the cells and inside

the channels. Additionally, the total tangential surface tension Fstm,t is zero due to their

symmetry vectors. Therefore, the tangential contact force Fcm,t is calculated by replacing

the right hand side of Eq. (3.6) into Eq. (2.85):

Fcm,t = µism (P + Fam,n〈c− w〉) x̂. (3.23)

Overt Slippage As the tangential peeling force Fp,t is larger than the tangential contact

force Fcm,t, slippage s between the contact interface of the m-pad and substrate appears;

whereas, the m-pad has a displacement dx under a slip velocity vx (Fig. 3.6(b). In this

scenario, the friction force Ffm,o and the adhesion force Fam resists the overt slippage

motion. Also the wet adhesion force Fwm additionally have the tangential viscosity

force Fvm,t in the cell surface and inside the grooves. At that time, the contact angles

θ1, θ1′ , θ2, θ2′ change, which vary the surface tension force Fstm,t in tangential direction.

The liquid inside the channels flows out that exerts the viscosity force Fvg on the groove

side walls of the m-pad.

By synthesizing Eqs. (3.6), (2.41) (2.48) and (2.85) with the denotation θ4 =

arctan(s/lt) we have the tangential contact force in case the m-pad contacting with

the substrate as followed:
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Fcm,t =

[
Pµom + 4Nµomγ

N∑
i=1

(
Awgi

cos θ3
2w

+ AwciR
s
i + a

sin θ1√
N

+ anc cos θ3

+Fvg,t cos θ4

)
+ Fvg,t sin θ4 +

L2
pvx

h
+ Fdm,n

]
x̂. (3.24)

3.2.2.2 Partial Wet

In case the liquid partially covers the contact interface as shown in Fig. 3.7, the minor

capillaries are assumed to have the same contact angle with θ1, θ1′ , θ2, θ2′ . We also

investigate the contact force Fcm,t in conditions: incipient slip and over slippage.

Incipient Slip In incipient slip state, where the slip does not appear between the contact

interface s = 0 (Fig. 3.7(a)), the viscosity forces at the cell surfaces and inside grooves

are neglected. In this scenario, the peeling force balances against the tangential contact

force. Thus, by synthesizing Eq. (3.21) into Eq. (2.85), we have the tangential contact

force Fcm,t in case w < h in the form:

Fcm,t = µism (P + Fam,n〈p− w〉) x̂. (3.25)

In case h < w, the calculation in Eq. (3.25) is the combination of Eqs. (3.20) into Eq.

(2.85).

Figure 3.7: Scheme illustration of the adhesion between the m-pad and a flat substrate under
tangential peeling force Fp,t in case partial wet. a) The tangential adhesion between the m-pad
and the substrate in case incipient slippage a) and overt slippage b).

Overt Slippage When the force Fp,t is larger than the the contact force generated from

the friction and the adhesion force, it appears a slip with a distance s between the m-pad
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and the substrate as shown in Fig. 3.7(b). In this situation, we consider the slipped

distance s is small, and each minor capillary have four contact angles θ1, θ1′ , θ2, θ2′ . Hence,

by synthesizing Eqs. (2.41), (2.48), and (3.21) into Eq. (2.85), the tangential contact force

Fcm,t in this situation becomes:

Fcm,t =

{
µomP + 4µom

Nnc∑
i=1

γ

[
Awi〈di, Rs

i 〉
(

cos θ3
2w

− cos θ1 + cos θ2
4h

)
+ Pwi〈di, Rs

i 〉
sin θ1
nc

+

Fvg,t cos θ4 + a cos θ3

]
+ 2Nnc

(
Fvg,t sin θ4 +

Awi〈di, Rs
i 〉vx

hi

)
+ Fdm,n

}
x̂.

(3.26)

In this section, the contact between the m-pad and the substrate have a higher interlock

force Fil than that of the n-pad case due to the asperities of the surface roughness are

easier to penetrate the grooves. For simplicity, this force is considered as a component of

friction force Ffm with µom ≥ µon and µism ≥ µisn, and neglected in the calculations.

3.3 Adhesion of Micro-patterned Pad with Curved

Interface

In this section, two different kinds of the curved contact interface are investigated to

understanding physic of the adhesion between the contact of the m-pad and the substrate.

Herein, the m-pad having two curved interface concave and convex shape, respectively

called m-pad-c and m-pad-v (Fig. 3.2) make contact with their corresponding hemispherical

substrates (Fig. 3.8). In addition, each couple of surfaces in each curved interface is

assumed to be parallel (interface gap h is same in the entire contact). In this scenario, we

also limit our research in constructing contact model in the normal direction.

3.3.1 Normal Attachment Without Preload

When contacting with the substrate without preload P , the m-pad-c(v) are considered

having no deformation. In this situation, we also calculate the adhesion in two cases: the

liquid fully or partially covers the empty space of the interface gap.

3.3.1.1 Complete Wet

In Fig. 3.8(a) where the attachment velocity of the m-pad-c(v) vz is approximately zero, it

is possible to neglect the normal viscosity forces in grooves F
c(v)
gv,n; whereas the Laplace forces

F
c(v)
Lm and the surface tension forces F

c(v)
stm are primary components of the wet adhesion. In
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Figure 3.8: Scheme illustration of the adhesion between the micropatterned pad with concave
and convex interface in contacting with their corresponding substrate. The m-pad-c(v) make
complete wet a) and partial wet b) with the substrate. a-1) and b-1) show the contact model of
the m-pad-c; whereas a-2) and b-2) demonstrate the contact model of the m-pad-v.

this scenario, the Laplace pressures P
c(v)
Lm consist of two components, pressure within the

groove channel Pg and that outside Pc which act together. Hence, the Laplace forces for

m-pad-c and m-pad-v can be estimated as:

F
c(v)
Lm = γ

2w
c(v)
1 (a+ w

c(v)
1 ) cos θ3

2Nnc∑
i=1

cosα3i

w̄c(v)︸ ︷︷ ︸
Groove

+ a2
N∑
i=1

cosα3j

R
c(v)
1︸ ︷︷ ︸

Groove

 ẑ, (3.27)

where α3i, α3j are in turn the inclined angle of the groove i and the cell j comparing with

z-axis. For two consecutive grooves or cells, the deviations are α3i = i(a+ w
c(v)
1 )/Rs and

α3j = (j + 0.5)(a + w
c(v)
1 )/Rs. Additionally, on the assumption that the contact angles

between two side walls of a groove always equal θ3, we determine the surface tension force

for each groove in the normal direction F
c(v)
gs,n = 2aγ cosα3i cos(θ3± 0.5ϕ

c(v)
g ) with sign ” + ”

and ” − ” being respective to cases: m-pad-c and m-pad-v. The whole pattern of the

m-pads including N cells and 2Nnc grooves has a normal surface tension as followed:

F c(v)
gs,n = 2aγ cos(θ3 ± 0.5ϕc(v)g )

2Nnc∑
i=1

cosα3iẑ. (3.28)

By denoting F
c(v)
stm,n = 2πγRs sinα2 sin β

c(v)
1 ẑ derived the normal wet adhesion forces as

followed:

F c(v)
wm,n = F

c(v)
Lm + F c(v)

gs,n + F
c(v)
stm,n. (3.29)

By replacing Eqs. (2.42) and (3.29) into Eq. (3.1) yields the normal adhesion force

F
c(v)
am,n in the form:
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F c(v)
am,n〈c− w〉 =

(
F c(v)
wm,n + F

c(v)
dm,n

)
ẑ, (3.30)

3.3.1.2 Partial Wet

The similar approach in the contact between the m-pad and the substrate in case flat

interface, when the fluid partially covers the empty space inside interface gap, the liquid

film also separated into many minor capillary bridges (Fig. 3.8(b)). In this scenario, we

also assume that each groove creates a minor capillary which interspaces with the other

through a bubble at the middle of the cell. As the interface gap hi of the minor capillary

i is smaller than the width of the groove w, the liquid inside the channel is sucked out.

Thus, to calculate the normal adhesion force F
c(v)
am,n it can apply Eq. (3.18) to Eq. (3.30)

as shown in the form:

F c(v)
am,n〈p− w〉 =

{
γ

[
Nnc∑
i=1

Awi〈di〉 cosα3i

(
1

R
c(v)
1

− 2 cos θ3
w̄c(v)

)
+

Nnc∑
i=1

Pwi〈di〉 sin(θ1 + α3i) + cos

(
θ3 ± 0.5ϕc(v)g

) 2Nnc∑
i=1

cosα3i

]
+ F

c(v)
dm,n

}
ẑ. (3.31)

In case w < h, we have:

F c(v)
am,n〈p− w〉 =

{
γ

[
Nnc∑
i=1

Awi〈di〉 cosα3i

(
2 cos θ3
w̄c(v)

− 1

R
c(v)
1

)
+

Nnc∑
i=1

Pwi〈di〉 sin(θ1 + α3i) + cos

(
θ3 ± 0.5ϕc(v)g

) 2Nnc∑
i=1

cosα3i

]
+ F

c(v)
dm,n

}
ẑ. (3.32)

3.3.2 Normal Attachment Under Preload

In this scenario, we investigated the normal contact force F
c(v)
c,n when imposing the uniform

preload p on the whole interface of a pad π(R
c(v)
2 )2 (Fig. 3.9). Under compression by

preload P = pπ(R
c(v)
2 )2, h reduced, changing the morphological structure of the pad;

simultaneously the liquid moves rapidly to fill the space between the two surfaces, while

the groove channels continuously suck and distribute fluid throughout the entire contact

area until equilibrium is reached. Normal compressed deformation can narrow the width

of the grooves w̄c(v) to enhance the contact area of the pad with the substrate, resulting in

disappearance of the bubbles.
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Figure 3.9: Scheme illustration of the adhesion between the micropatterned pad with concave
and convex interface in contacting with their corresponding substrate under an imposed preload
P . The m-pad-c(v) make complete wet a) and partial wet b) with the substrate. a-1) and b-1)
show the contact model of the m-pad-c; whereas a-2) and b-2) demonstrate the contact model of
the m-pad-v.

Complete Wet In case complete wet state (Fig. (3.9(a)), adding the preload P to Eq.

(3.30) yields the normal contact forces for the m-pad-c and the m-pad-v as followed:

F c(v)
cm,n =

(
P + F c(v)

am,n〈c− w〉
)
ẑ, (3.33)

Partial Wet As the liquid partially covers the interface gap (Fig. (3.9(b)), adding the

preload P to Eq. (3.31) yields the normal contact forces for the m-pad-c and the m-pad-v

in condition h < w as followed:

F c(v)
cm,n =

(
P + F c(v)

am,n〈p− w〉
)
ẑ. (3.34)

Additionally, determining the normal adhesion force of the contact between the m-pad-

c(v) and the substrate in case partial wet with w > h is similar to that of in case h < w.

Herein, we also add the preload P to Eq. (3.36) for this calculation.

Eq. (3.33) and (3.34) show a method to determine contact force in the case of wet

adhesion under preload P . In this study, we consider the preload P sets a maximum value

which does not generate the large deformation for the pad’s surface during contacting. This

value depending on the material property and morphology of the pad and the roughness of

the substrate can be evaluated in experiments. In actual application, reducing P applied

to the surface of a substrate is necessary to save objects. Thus, it is possible to neglect

the case of a large preload.
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3.3.3 Detachment Phase

Figure 3.10: Scheme illustration of the adhesion between the micropatterned pad with concave
a) and convex interface b) under normal peeling force Fp,n in case complete wet.

In this scenario, we investigated the adhesion force in the normal direction satisfies

starting to detach the substrate under peeling force Fp,n as shown in Fig. 3.10. As

mentioned in the previous section, in this case, the contact forces F
c(v)
cm,n are the total of

F
c(v)
am,n and the peeling force Fp,n. When the relation ||F c(v)

cm,n|| ≤ ||Fp,n||, the forces F
c(v)
cm,n

become zero. In detachment phase, the normal adhesion force Fam,n also means the normal

contact force Fcm,n. Hence, we focus on estimating the normal adhesion forces F
c(v)
am,n while

the peeling force Fp,n is considered as a given external force. Herein, the normal adhesion

is estimated in dynamic case (vz 6= 0).

3.3.3.1 Complete Wet

In case complete wet, the normal wet adhesion forces start to decrease after reaching

their maximum at peak interface gap hp due to the appearance of minor capillary bridges

separated by bubbles inside the capillary bridge (Fig. 3.10), whereas the dry adhesion

force Fam,n drops quickly. In this scenario, the wet area A
c(v)
wi of each minor capillary

bridge can be determined in the same method as mentioned in Eq. (3.7). Then, combining

Eq. (3.30) with applying Eq. (2.47) for the grooves and cells yields the normal adhesion

forces of the m-pad-c and the m-pad-v as followed:
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F c(v)
am,n〈c− w〉 =

{
γ

[
A
c(v)
gi 〈gi〉 cos θ3

2Nnc∑
i=1

cosα3i

w̄
c(v)
i

+ A
c(v)
ci 〈ci〉

N∑
i=1

cosα3j

R
c(v)
1

+2aγ cos

(
θ3 ± 0.5ϕc(v)g

) 2Nnc∑
i=1

cosα3i

]
+ 2altivgli

2Nnc∑
i=1

cosα3i

w̄
c(v)
i

+

N(2nc+1)∑
i=1

3

4

π(r
c(v)
wi )4

dt

(
1

h2i
− 1

h0i

)
+ F

c(v)
dm,n

}
ẑ, (3.35)

where A
c(v)
gi and A

c(v)
ci are the wetting area of the minor capillary at the groove i and cell i.

Additionally, lti, vgli are, in turn, the height and the velocity of liquid inside the grooves i.

In the detachment phase, the wet adhesion force of the n-pad depends on parameters

of the pad and substrate liquid and interface gap h; whereas that of the m-pad varies

with the micropattern. These findings suggest a need to evaluate the normal contact force

when applying preload P to the model.

3.3.3.2 Partial Wet

During detachment phase with partial wet, the minor capillary already exists in the small

interface gap h. Thus, the normal wet adhesion F
c(v)
wm,n ,in this scenario, additionally

comprises of the normal viscosity force F
c(v)
vm,n. Hence, by using Eq. (3.36) with applying

Eq. (2.47) for the grooves and minor capillaries derives the normal adhesion forces of the

m-pad-c and the m-pad-v in condition w < h as followed:

F c(v)
am,n =

{
γ

[
Nnc∑
i=1

Awi〈di〉 cosα3i

(
2 cos θ3
w̄c(v)

− 1

R
c(v)
1

)
+

Nnc∑
i=1

Pwi〈di〉 sin(θ1 + α3i)

+ cos

(
θ3 ± 0.5ϕc(v)g

) 2Nnc∑
i=1

cosα3i

]
+

N(2nc+1)∑
i=1

3

4

π(d
c(v)
i )4

dt

(
1

h2i
− 1

h0i

)
+

+2altivgli

2Nnc∑
i=1

cosα3i

w̄
c(v)
i

+ F
c(v)
dm,n

}
ẑ. (3.36)

In detachment phase, we consider that the groove width h is smaller than the interface

gap h. Thus, it may neglect the calculation of the normal adhesion in condition h < w.
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CHAPTER 4

FABRICATION OF PATTERNED

SURFACE

This chapter shows the process of fabricating the micropatterned and normal pads men-

tioned in previous chapters. Those pads were cast from silicon rubbers in assembled molds

comprising of the inserted pad molds and a finger mold. In this scenario, the molds have

two types: micropattern and normal surface (without any patterns); while, there is one

type of the finger mold.

4.1 Micro-patterned Mold’s Fab

In this dissertation, we used the pieces silicon wafer made from P-type (100) with its

resistivity at 0.005 m for creating the sample mold of our experiments. An original

silicon wafer having around 110 mm diameter was cut into small square pieces in size of

14×14mm2 to make a substrate for the micropattened mold in size 6×6mm2. Hence,

this substrate was patterned by utilizing one of the two methods: photo-lithography and

electron beam lithography (EBL). Also, fabricating these such microppaterned molds were

completely carried out in JAIST Nano Tech Center.

4.1.1 Photo-Lithography

1. Small pieces of silicon wafers were soaked and ultrasonically vibrated in acetone at

room temperature in 5 mins. This process was repeated again by using isopropanol

as shown in Fig. 4.1(a). Then, these wafer substrates were treated in oxygen plasma

at the machine Plasma etching system Samco FA-1 under conditions: power: 30 W,

pressure: 3 Pa and time: 5 mins as shown in Fig. 4.1(b). The purpose of these steps

was to eliminate the organic residues on the silicon surface where the micropattern
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Figure 4.1: The process of fabricating a micropatterned mold by using photo-lithography
technology. a) Clean the slicon wafer in chemical liquid under vibration condition. b) Remove
the organic on the wafer surface in oxyplasma treatment. c) and d) Weigh the resist SU8-3050
and carry out spin coating. e) Exposure the sample in lithography machine MLA-150. f) Beaking
the sample after exposure process. g) Develop the sample. Whole of this process was performed
in JAIST Nano Tech Center.

was created later [107, 108].

2. The Wafer substrate put in the holder of the spin coating machine was dropped

with a developer liquid Su-8 3050 with a thickness ∼ 2 mm through weighing in a

milligram scale (Fig. 4.1(c)). Then, the group of the substrate lying on the holder

was put on the rotational axis of the spin coating machine (Fig. 4.1(d)) and started

the spin coating process.

3. The wafer substrate obtained in step 2 was input in the center of the lithography

machine Heidenberg MLA150 (Fig. 4.1(e)). Hence, a design of the micropattern

output from Autocad software was input and setup the exposure conditions in the

lithography machine. The exposure laser created square pattern with line widths of

15 µm on negative resist Su-8 3050 [212].

4. After exposure and exposure bake (Fig. 4.1(f)), the wafer substrate was developed in

Su-8 developer in 10 min (Fig. 4.1(g)) for generating the micro-patterned structure
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with the depth was 44µm.

5. The silicon substrate with micropattern was washed by water and dried with N2

before testing in the laser scan microscope Keyence VK-9710.

4.1.2 Electron Beam Lithography

1. The pieces of silicon wafer were prepared by cleaning and removing the organic

residues on their surface as well as the step 1 in lithography technology.

Figure 4.2: The main machines for fabricating a micropatterned mold by using electron beam
lithography technology. a) The E-beam lithography ELS 7500 machine and b) Resistance heating
evaporation. Both of them are in JAIST Nano Tech Center.

2. The wafer substrate was carried out spin coating by dropping positive resist poly-

methyl methacrylate/methyl methacrylate (PMMA/MMA). Then, the substrate

was generated a square-patterned mask with a 15µm pattern line width by utilizing

E-beam lithography (EBL) technology in the ELS 7500 machine as shown in Fig.

4.2(a). In this step, we can also use the ELS 3700 machine for large scale of the

micropattern.

3. The silicon wafer patterned in the second step was deposited with a thin silver layer

via the thermal deposition in resistance heating evaporation machine (Fig. 4.2(b)).

Then, we carried out a lift-off process for the obtained substrate in acetone and

isopropanol at 60◦C for 30 mins each.

4. In this phase, the wafer substrate deposited by the silver layer was soaked in an

etching solution consisting of acid HF at 4.8 M and H2O2 at 0.3 M during 120 min.
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In addition, one can find out the principle of silver etching of silicon substrate wafer

through several previous research such as [213–215].

5. Finally, the wafer substrate was immersed in DI water, and soaked in DI −HNO3

63% at volume ratio 1:1 during 5 mins for dissolving the catalyst Ag. Then, this

substrate was cleaned with DI water again, and flowed by the gas N2 for drying.

4.1.3 Test Micropatterned Mold

After finishing the fabrication, the mold samples were tested through observing in optical

and electron laser microscope. Figure 4.3 shows the testing results of two micropattern:

square and hexagonal cell. Herein, the square pillar is the basic shape for preliminary

investigation (entirely used in our current research); while, the hexagonal pattern is the

research objectives we aim to carry out (shortly introduced in my first publication [108]).

In this figure, the micropatterns achieved high accuracy both in the edge length and the

cell shapes. Additionally, many texture structures exist in the cell surfaces as shown in

Fig. 4.3(a-3)(b-3), which can generate variations of the contact models.

Figure 4.3: Testing the micropatterned molds through observing in optical and scan electron
microscopes (SEM). The testing samples include two types of micropatterned morphology a)
square and b) hexagon cells with their images output from optical microscope: a-1) and b-1),
SEM a-2) and b-2). Also, the inset pictures a-3) and b-3) show the textures on each cell surface
of the patterns observed in the SEM.

Both two methods of fabricating the micropatterned mold gave the high accuracy
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in the final products. The lithography technology is more simple and cheaper than the

electron beam lithography, because it reduces many steps in fabrication. Furthermore, the

lithography technology can expose the laser on the resist Su-8 which generates a very high

thickness of the groove depth. This is very convenient to design the soft pads with diverse

micropatterned morphology in a short time. However, the electron beam lithography can

achieve a smaller scale of the micropattern.

4.2 Fabricate Pads for Flat Contact Interface

4.2.1 Micropatterned Pad

Figure 4.4: Process of making the micropatterned and normal pads. a) The molds of the m-pad
were fixed in the pad’s molds. b) Cast silicon rubber in the m-pad mold, this process is also
applied to the case of n-pad. c) Remove air bubbles. d) m-pad after casting. e) Make m-pad in
concave and convex surfaces.

The micropatterned mold deposited in the silicon wafer in the previous steps was fixed

in a pad mold (Fig. 4.4(a)) which its walls were created by the 3D printing technology

(using Zotrax 3D printer M200) and the base plate made from mica plastic. Then, the two

liquid ingredients of each silicon rubber, for instance, Dragon Skin or Ecoflex of Smooth-on

company, were mixed with the weight ratio 1:1 in the plastic tank as shown in Figure

4.4(b). To archive a good quality outcome these blends were carefully stirred so that they

can completely dissolve.
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After that, those blends were poured into the m-pad mold and sucked for removing

the air bubble inside a vacuum machine in 10 mins (Fig. 4.4(c)). Then, the silicon rubbers

were carefully removed from the m-pad’s mold after becoming solid during several hours

in the atmosphere (Fig. 4.4(d)). We also can reduce elapse time of changing states of the

silicon rubbers from the liquid to solid thanks to heating.

4.2.2 Normal Pad

In this case, to make a n-pad mold the silicon substrate without fabricating any micropat-

terns on it surface was fixed on the pad mold which had same structure as the m-pad’s

mold as shown in Fig. 4.4(c). Then, we poured the liquid silicon rubbers into the n-pad

mold and replicated the same steps as well as the m-pad for creating the n-pad.

4.2.3 Test Sample

Figure 4.5: Testing the surface profiles of the pads by observing in 3D laser microscope for a)
micropatterned pad and b) normal pad.

The m- and n-pads were observed in laser scan microscope Keyence VK-9710 as shown

in Fig. 4.5. As can be seen, the surface profile on each cell of the m-pad are almost flat;

whereas, the surface profile of the n-pad has higher roughness. However, these roughness

is much smaller than the depth of the grooves. Herein, the asperities are random and

appear in several places, which occupies an infinitesimal area comparing with entire contact

surface of the n-pad. The grooves of the m-pad have the same sizes of their width (about

16µm) and depth (about 44µm). In addition, the walls of the grooves are orthogonal to

the cell surfaces. The small slop angle on the cell’s surfaces comes from the deformation
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of the soft pad when fixed in the table of the microscope, and the errors of fabricating the

pad molds.

4.3 Fabricate Pads for Curved Contact Interface

Figure 4.6: Testing the surface profiles in curved contact interfaces by observing in 3D laser
microscope for a) m-pad-c, b) m-pad-v, c) n-pad-c and d) the hemispherical convex substrate.

The pads having curved contact interfaces as mentioned in figure 3.2 comprised from

two primary parts: the soft pad made from silicon rubbers, and the holder parts having

rigid structure for forming the curved interface of the pads (Fig. 4.4(e)). Herein, the soft

pads were fabricated in the same way as the case of flat contact interface; whereas, the

holders were precisely printed by the Zotrax Inspire 3D printer machine. Then, the soft

pads were fixed into the holder through a thin film of glue.

Fig. 4.6 shows the surface profiles of the pads and the substrate in curved contact

interfaces, which were observed in laser scan microscope Keyence VK-9710. Because the

grooves collapsed in concave surface which affected on scattering laser, the image of surface

profile in case the m-pad-c is not clear (Fig. 4.6(a)). In case the m-pad-v, the groove width

expanded at the contact interface positions (Fig. 4.6(b)). The surface of the n-pad-c had

small roughness (Fig. 4.6(c)); whereas, the surface roughness was high for the substrate

surface (Fig. 4.6(d)). This is due to the resolution of the 3D printer.

105



CHAPTER 5

RESULTS

This chapter shows the role of the micropaterned morphology on enhancement of the wet

adhesion for grasping soft-fragile objects, which is illustrated through comparison of the

adhesion and contact forces in two contact cases of the pads: the n-pad (the pad without

any pattern) and m-pad (the pad with micropattern) mentioned in mentioned in chapter 2

and 3. The comparisons were performed in estimations and then validated by experiments.

In this scenario, the fabricated pads in chapter 4 were treated in oxygen plasma before

setting up experiments. In addition, in case the flat contact interface, we carried out the

validation for the adhesion model in both tangential and normal directions; whereas, it

was performed in normal direction for the curved contact interface.

5.1 Contributions of Dry Adhesion in Wet Contact

The dry adhesion has contributions to the adhesion through the van der Waals and Casimir

forces. Since the roughness surfaces of the grasped objects are usually large (in micro

scale) and random, the contact between the pads and the substrate with nanoscale may

almost appear at the asperities. Let us assume that the total dry area Adi is same for the

n- and m-pad, and the parameters of the dry adhesion are as chosen in table 5.1. The

materials of the pad, liquid and substrate are silicon rubber, water, and polyetylen, and

the calculations are performed at room temperature 20◦. Replacing parameters in table

5.1 into Eqs. (2.17) and (2.42) yields the Casimir and van der Waals forces as shown in

Fig. 5.1. Between the contact of the pads and the substrate contains a liquid film, which

enlarges the interface gap h. Also the surface roughness of the substrate in Fig. 5.1(a) is

in microscale (roughness at planes and the depth of hollows are about 7.5µm and 50µm).

Thus, we can consider the maximum interface gap h in cases van der Waals and Casimir

force being respectively 7 nm and 50 nm that appear at the planes.
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Table 5.1: Parameters of the dry adhesion forces

Permitivity (F/m) [216] Refractive index Ionization frequency (Hz)
εp εlg εs np [217] nlg [218] ns [219] fm [133]
3.5 80.2 2.25 1.4 1.33 1.5 ∼ 3.1015

Figure 5.1: Estimated results of van der Waals and Casimir forces by varying interface gap h.
a) Surface profile of the plastic substrate observed in laser scan microscope Keyence VK-9710. b)
The Casimir and van der Waals forces are calculated according to Eqs. (2.17) and (2.42). The
total area of dry adhesion Adi is assumed to 6.9% of the contact area L2

p.

As shown in Fig. 5.1, the van der Waals and Casimir forces respectively reach 0.0045 N

and 0.003 N at the interface gaps h = 7 nm and 50 nm. Those forces drop rapidly when

increasing h. Since it is extremely complicated to determine the total of dry adhesion

area, we investigate the contribution of the dry adhesion force (van der Waals and Casimir

forces) through the ratio between the dry adhesion area and the contact area corresponding

with 6.9, 14 and 30 %. In table 5.2, the contribution of the dry adhesion force are the ratios

between the van der Waals or Casimir forces with the normal adhesion force measured
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in Fig. 5.9. These ratios are directly proportional with the percentage of dry area, and

achieves higher value (two fold) in case n-pad than that of the m-pad. The contribution of

the dry adhesion force is significant at the percentage of dry area being 30 %. However, the

surface roughness of the substrate is in microscale, the percentage of dry area is about 6.9 %

or lower. In other words, the dry adhesion force makes not much significant contribution

comparing with the wet adhesion in the wet contact (Fdn << Fwn, Fdm << Fwm). Hence,

we can neglect the dry adhesion force in validating the adhesion force 〈Fan, Fam〉.

Table 5.2: Contribution of dry adhesion in adhesion force

Percentage of dry area n-pad case m-pad case∑
Adi/L

2
p van der Waals Casimir van der Waals Casimir

6.9%̇ 6 % 4.2 % 3 % 2 %
14 % 12.17 % 8.48 % 6.06 % 4.04 %
30 % 26.1 % 18.26 % 13 % 8.7 %

5.2 Validate Adhesion Between The Pads and Sub-

strate In Flat Interface

The adhesion force of the contact between the n- and m-pad with their corresponding

substrates are investigated in chapter 2 and 3. In this section, we aim to evaluate

the role of micropatterned morphology on enhancement of the adhesion force in the

contact/grasping through comparison the corresponding entities between the n- and

m-pad case. To be convenient for comparisons it is assumed that the pads are made

from isotropic materials having same properties everywhere. Thus, we have some initial

conditions such as: h is a constant in one contact, in normal direction the contact angle

are same: θ1 = θ2 = θ1′ = θ2′ = θ3 = θ, in tangential direction the contact angle are:

θ1 = θ2′ = θ, θ2 = θ1′ = π − θ, θ3 = θ, and θbn = θbm = 0.5π − θ. Such comparisons were

performed for both flat and curved contact interface.

Table 5.3: Parameters using in estimation of adhesion force.

Water Dragon Skin 30 m-pad
γ η ν E Lp a× w × d N

0.073 N/m 1 mPas 0.5 592.95 kPa 6 mm 85× 15 × 44 (µm) 3600 cell
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5.2.1 Compare Adhesion Between N- and M-pad in Flat Inter-

face

In this scenario, we carry out the comparisons of the adhesion force and contact force

generated by the normal and micropatterned pad during contacting with their substrate

having flat interface. These comparisons include both normal and tangential direction of

the contact.

5.2.1.1 Normal Adhesion Without Preload

When the number of cells micropattern become enormous (N → +∞), the entity N−0.5

closes to zero that leads to eliminateing infinitesimal entities such as: wN−0.5, and

sin θN−0.5 from the calculations. Let us neglect the dry adhesion component Fdn = Fdm

in comparison of the adhesion force and majorly concentrate on estimating the increment

ratio of the normal wet adhesion force between the m- and n-pad. The increment ratio of

the normal adhesion force in case attachment w/o preload rs = Fam,n/Fan,n as followed:

rs =
h

w
+

2ncwh+ a(w − h)

aw(1 + w/a)2
, (5.1)

with Fan,n, Fam,n are obtained from Eqs. (2.43) and (3.5).

Figure 5.2: The role of the parameters m, k on the increment ratio of the normal wet adhesion
force rs and rd of a m-pad with its interface morphology including N = 3600 square cells (Fig.
3.1(b)) and the n-pad (Fig. 3.1(a)) at same contact area. Variations of the increment ratio for rs
a) using Eq. (5.1) and rd b) using Eq. (5.3). The initial conditions for comparison between two
cases of those such pad are: water at room temperature is the liquid film with γ = 0.07286 N/m,
η = 0.001 Pas (in table 5.3) and contact angle θ ∼ 0.86. The ranges of investigation for both rs
and rd are investigated in complete wet with normal velocity of the pad for rd is vz = 0.5 mm/s.

In equation (5.1), the ratio rs depends on interface gap h and the pad morphology: edge

length a, width of the groove w and the number of cell N ; whereas h is an independent
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variant. Let us denote k = a/w and m = h/w (m, k > 1), now Eq. (5.1) is rewritten in

the form:

rs = 1 +
(m− 1)(2/k + 1/k2) + 2ncm/k

(1 + 1/k)2
. (5.2)

From Eq. (5.2) with nc ≈ 1, the increment ratio rs majorly depends on the ratios k

and m. In condition m is higher than 1, the ratio rs is certainly larger than 1. In other

words, the wet adhesion force generated by the m-pad and the substrate is higher than

that of the n-pad and the substrate. As shown in Fig. 5.2(a), rs always positions upper

than plane z = 1 in the entire investigated region. Also, the ratio rs shows more directly

proportional trend for the ratio m than that of the ratio k.

5.2.1.2 Normal Adhesion in Detachment Phase

Figure 5.3: Normal wet adhesion forces of the n- and m-pads by varying the interface gap h.
a) The magnitude of the normal wet adhesion forces for the n- and m-pads. In this figure, the
solid lines correspond to the estimations in case without bubble using Eqs. (2.52) and (3.8) for
the n- and m-pads in case without bubbles (g = 0); whereas, the dot lines show the calculation
using Eqs. (2.52) and (3.8) in case with bubbles (g = 1). In addition, Nn for the n-pad case was
assumed to be equal 4Nnc for having the same number of bubbles in case the m-pad. b) The
increment ratios of normal wet adhesion output from a) for the detachment phase rd without
bubbles, and the ratio Fam,n/Fan,n with bubbles.

As w < 〈a, h〉, the micropattern morphology can strengthen the normal wet adhesion

in 1.5÷3 fold bigger than that of the surface without any patterns as shown in Fig. 5.2(b).

Also, the comparison in case gh = 1 is not carried out due to many confounding parameters

consisting of the angles θbn, θbm, the radii of the bubbles rbn, rbm, and the number of

bubbles Nn.

The viscosity forces Fvm,n and Fvn,n depend on many parameters such as the pad

velocity vz, liquid velocity inside groove vgl, interface gap h, the edge length a, and the

width of channel w. Thus, it is complicated to achieve a precise comparison between
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Fwm,n and Fwn,n. In this situation, let us consider vgl << vz and η << γ, and thereby

eliminate the infinitesimal entities. Hence, the increment ratio of normal wet adhesion

force for the contact between the n- and m-pad with the substrate in detachment phase

rd = Fam,n/Fan,n can be written as followed:

rd ≈
[(1 + w/a)2 − 1]/w + (1 + 2nch)/(ah) + φn[Lp(1 + w/a)]2/(2γcosθ)

(1 + w/a)2[1/h+ φnL2
p/(2γcosθ)]

. (5.3)

Where φn = [0.75πηr4w/dt](1/h
2 − 1/h20), and Fan,n, Fam,n are obtained from Eqs. (2.52)

and (3.8).

During detachment phase, the ratio rd in Eq. (5.3) shows its dependence on the normal

velocity of the pads vz. Hence, by replacing the ratios: m and k into Eq. (5.3) we have

the ratio rd in the form:

rd = 1 +
(m− 1)(2/k + 1/k2) + 2ncm/k]

(1 + 1/k)2[1 + 3Nηvz(k/m+ 1/m)2/(4πγ cos θ)]
. (5.4)

Figure 5.4: Influence of variables and the pad’s morphology on the increment ratio of normal
wet adhesion force rd in Eq. (5.4) between m- and n-pad in case without bubbles. a) Influence
of the variables: the number of cells N and the pad velocity vz on the variation of the ratio rd.
Herein, the ratios 〈m, k〉 value, in turn, 3 and 85/15. b) Influence of the ratio m and the pad
velocity vz on variation of the ratio rd. In this scenario, the lines illustrate the different values of
m, while k is unchanged; whereas, other conditions are identical to those in previous estimations.

From equation (5.4), it can be seen that the ratio rd majorly depends on 〈m, k,N, vz〉;
whereas, 〈η, θ, γ〉 are unchanged at each specific cases of the liquid and the pads (i.e

material). When the liquid film is water, the amount 3η/(4πγ cos θ) ∼ 0.005 in the

denominator of equation (5.4) becomes infinitesimal to 1. In Fig. 5.3(b), the normal wet

adhesion force of the m-pad is bigger than that of n-pad in condition without bubble, and

even with bubbles at very narrow gap h. Also, the increment ratio rd equals to rs if Nvz
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closes to zero. There are some slight differences of the calculation results between rs and

rd observed in the entire investigated range as shown figure 5.2. In general, those such

differences take value around 20%, but is down to 10%, corresponding to vz, which sets

values, in turn, 0.01 m/s and ∼ 0 as shown in figure 5.4(b). A low velocity multiplied by

N and a tiny wet area Aw cannot significantly strengthen the viscosity force. In case as

described in figure 5.4(a), the increment ratio rd is inversely proportional to the number

of the cells N and the pad velocity vz. Therefore, we can eliminate the viscosity force as

determining contact, which depends on each specific cases.

In the detachment phase, the estimated results of the normal wet adhesion in case

the micropatterned pad show a higher value than that of the flat surface pad (n-pad).

That is to say, interactions between the pad morphology and wet adhesion have significant

contributions for enhancement of the adhesion force during detachment.

5.2.1.3 Normal Adhesion With Preload

When the pads are compressed by the preload, besides effected by the parameters such as

the ratios 〈k,m〉, the contact forces in normal direction Fcn,n, Fcm,n additionally accords

with the preload P . The normal contact force in the preload condition is compared through

constructing the increment ratio of normal contact force: rp = Fcm,n/Fcn,n as followed:

rp = 1 +
2γ cos θ[(2 + 2nc − 1/m)/(kw) + 1/(mw)]

p(1 + 1/k)2 + 2γ cos θ(1 + 1/k)2/(mw)
, (5.5)

with Fcn,n, Fcm,n are obtained from Eqs. (2.90) and (3.6).

Figure 5.5: Schematic illustration of the normal contact forces of the pad having micropaterned
morphology Fcm,n in equation (3.6) and the normal pad Fcn,n in equation (2.92), and the
increment ratio rp in attachment phase under compressed by preload P . a) The influence of the
preload P on the contact forces in normal direction. The conditions were set at h = 40µm, w =
15µm and a = 85µm. b) The influence of P and m on the change of the increment ratio rp in
equation (5.5).
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Equation (5.5) acts as the function comprising of the variables 〈m, k, w, p〉. Since the

term 1/m has smaller value than 1, the value of the right hand side in equation (5.5) is

larger than 1. The ratios 〈m, k〉 remain their same roles in both the presence or absence

of the preload P . The increment ratio rp consists of w depending on 〈k, p〉, relating to the

others through the material and morphology of the pads. In case p has extremely large

value comparing with the other parameters, the increment ratio rp closes to 1; whereas,

rp is approximate to rd at small value of p. The preload P influences both the normal

contact force as shown in Fig. 5.5(a) and its increment ratio rp as shown in Fig. 5.5(b).

Rising p associates with declining the interface gap h. Also, this may stop when h achieves

its minimum value even though going on rising the compression. In this scenario, a rising

amount of p induces a decrease amount of the ratios of Fcm,n/Fcn,n and Fa/P . Wipping

surface of the pads with a thick liquid film and applying a large preload can lose the effects

of wet adhesion interaction in which the liquid film produces a positive pressure to detach

instead of stick the contact surfaces.

5.2.1.4 Tangential Direction

Figure 5.6: Calculating the tangential contact forces of the contact between the pads having
micropattern or normal surface and their substrate. a) The magnitude of the contact force
Fcm,t and Fcn,t use, in turn, equations (3.23) and (2.92). b) Influence of the preload P on the
increment ratio between Fcm,t and Fcn,t output from a). Herein, the parameters of the liquid
film use to those as the previous estimations; whereas, other parameters are set up as followed:
vx = 0.0005 m/s, µism = µisn = 0.83 and h = 40µm.

The contact forces in tangential direction Fcm,t, Fcn,t are compared by using the data

in Eqs. (3.23) and (2.92) respectively for the cases: micropatterned pad and normal pad

(Fig. 5.6). In this scenario, we also eliminate the term Fvg,t = ηNncAwgivgl/w due to

the aforementioned reasons. Hence, through the simplification of the calculation, the

increment ratio of tangential contact force of the contact between the m- and n-pads with
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their substrates rt = Fcm,t/Fcn,t is given in the form:

rt ≈ 1 +
4µom{(1 + nc) cos θ − 0.5w/R1 − 0.5vxηw(µoγ)−1}/(hk)

mwγ−1(1 + 1/k)2(µop+ ψ) + µow/Rs
1

. (5.6)

When the pad velocity in tangential direction vx becomes infinitesimal under conditions

of µom > 1, η << γ, the entity 0.5ψ1w(µdγ)−1 = 0.5vxη/(mµdγ) closes to zero. In addition,

the term 0.5w/R1 equals to cos[θ + arctan(s/h)] cos[arctan(s/h)] < cos θ being smaller

than (1 + nc) cos θ. This leads to the increment ratio rt is bigger than 1 or Fcm,t > Fcn,t.

At the tiny values in the conditions such as: velocity and displacement of the pads in

tangential direction vx, dx, the wetting area Aw, and viscous coefficient η, the tangential

contact forces Fcn,t, Fcm,t majorly depends on the forces: preload P and the capillary force

Fca.

Figure 5.7: Enhancement of wet adhesion ability by performing oxygen plasma treatment for
converting the pad’s surface from hydrophobic state into hydrophilic state [108].

Figure 5.6(a) illustrates the estimated results with the datum are output from equations

(3.23) and (2.92) in the same investigating conditions. Also, the curve representing the

increment ratio (figure 5.6(b)) matches the outcomes of the ratio Fcm,t/Fcn,t of tangential

contact force in case incipient slip. Rising the preload P leads to strengthening the

tangential contact forces Fcm,t and Fcn,t. However, it makes the ratio Fcm,t/Fcn,t become

down to 1. This trend is roughly similar to that of the increment ratio rp (equation (5.5)).

5.2.2 Evaluation Experiment Setup

To strengthen the ability of the adhesion in which the wet component was dominant, we

carried out the oxygen plasma treatment on the n- and m-pads obtained in chapter 4.

Herein, the condition was setup as following machine Plasma Etching Samco FA-1, power

30 W, pressure 3 Pa and during 15 min. This work can change the surface properties of

those such pads from hydrophobic state to hydrophilic state as shown in Fig. 5.7. As

aforementioned in previous sections, when the contact angle reduces, the wet adhesion

capacity becomes more powerful, which was proved through measuring the contact angle

after dropping a water drop on the pad’s surface (Fig. 5.7).

The adhesion of the soft pads with and without the micropattern in wet contacting
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Figure 5.8: Schematic illustration of experimental setup for measuring the adhesion and contact
forces in case flat contact interface. a) Scheme of measurement system. b) Testing the contact and
adhesion forces in normal direction. b-1) The initial state of the experiment - the film substrate
separated from the m-pad at an interface gap h at about 0.2 mm. b-2) Downward moving of
the film substrate in z direction with the constant velocity vz = 0.3 mm/s for compressing the
liquid film and the pad or generating the preload, b-3) upward moving of the film substrate
under various velocities vz corresponding to every experiment time to generate the peeling force.
c) The process of testing the contact forces in tangential direction. c-1) The loadcell exerting
various values of the preloads onto the m-pad, during the maintained condition in 5 sec, c-2) The
displacement of the film substrate with dx = 0.4 mm along the tangential direction or x-axis at
different values of velocities vx at 0.1, 0.2, 0.3 and 0.5 mm/s, c-3) returning the film substrate to
the initial state as shown in c-1).

with their substrates were experimentally validated. In this scenario, a plastic film with a

thin thickness was firmly fixed in a 6-axis load-cell ATI-Nano17, which then was affixed

to a linear stage running in z-axis under control of a stepping motor Suruga Seiki D212.

Output datum were recorded by utilizing an analog-to-digital (ADC) converter National

Instrument connected with Matlab program executing in Windows 10 operation system

(Fig. 5.8(a)). Both the n- and m-pads were wiped with a thin film of water and waited

in several minutes for covering whole wetting area. These pads were completely fixed

on a jig during experimental process under contact and peeling off motions from the

plastic film. The film substrate was initially distanced an interface gap about 0.2 mm from

the pad’s contact interface. And then, this film moved with the constant values of the

substrate velocity vx and vz at 4 levels of the preload P of, in turn, 0.05N −→ 0.08N −→
0.12N −→ 0.2N −→ 0.3N . In addition, five trials were carried out under corresponding

conditions.

5.2.2.1 Normal Force

The normal adhesion played a key role in validating the total adhesion force. Hence, We

performed the variation of the normal adhesion force through testing the contact forces in
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the normal direction under various conditions of the preload P and normal peeling force

Fp,n. The plastic film acting as the substrate (object), was initially separated at a gap

h from the pad’s contact interface such that it was enough for the subsequent capillary

bridge can completely break (Fig. 5.8(b-1)). This plastic film rapidly translated downward

to build up contact with the n- or m-pads under the specific preloads P , gone after a

brief pause of 5 sec as shown in figure 5.8(b-2). The purpose of this brief pause was to

ensure that the thin film of liquid had enough time to completely cover the empty space

inside the interface gap. Then, the loadcell moved upward along z-axis at velocity vz for

executing the normal detachment phase until the capillary bridge completely broke as

described in figure 5.8(b-3).

5.2.2.2 Tangential Force

In this scenario, the experimental system for evaluating the normal adhesion force was kept

for validating the tangential contact force 〈Frn,t, Frm,t〉. Herein, we additionally controlled

the motion of the loadcell on the x-direction. As shown in Fig. 5.8(c-1), the contact

force in tangential direction was initially paused for 5 sec under the same conditions of

the preload P as utilized for measuring the normal contact and adhesion forces in Fig.

5.8(b-2). After that, the plastic film moved forward 0.4 mm along the x-axis at 4 different

levels of the velocity (Fig. 5.8(c-2)) under constant preload conditions. And finally, this

film returned backward to its initial state as shown in figure 5.8(c-3).

5.2.3 Evaluation Results

5.2.3.1 Normal Force

Figure 5.9: Experimental validation of the normal adhesion force of the micropatterned and
normal pads with the substrate at different velocities vz of a) 0.25 mm/s and b) 0.5 mm/s.
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Figure 5.10: Illustration of the adhesion force over time in normal direction for normal a)
and micropatterned pad b) at the film velocity vz = 0.5 mm/s under the preload P = 0.3 N.
These graphs demonstrate the experimental results of multiple tests carried out under the same
conditions. In addition, the m-pad was initially compressed by the preload P = 0.3 N. After
that, the plastic film moved upward to determine the normal adhesion force 〈Fan,n, Fam,n〉. This
force rapidly rose to reach the peak gap hp before quickly falling from starting appearance of the
bubbles. Over time, the forces 〈Fan,n, Fam,n〉 closed to zero as the capillary bridge completely
broken.

Figure 5.11: Experimental validation of the normal adhesion forces for the normal a) and
micropatterned pad b) under five levels of the preloads P of 0.05N −→ 0.08N −→ 0.12N −→
0.20N −→ 0.30N and the film velocity vz = 0.5 mm/s.

As shown in figure 5.9, the mean values of normal adhesion forces for the contact cases

of the n- and m-pads gradually increased when the preload P rises in range 0.06÷0.26 N.

Also the normal pad showed that the smallest value of the normal adhesion force was about

0.1 N, while the pad having micropatterned design achieved the normal adhesion force

roughly 200 % higher. This finding showed an agreement with the estimated outputs in

the previous chapters. Since the contact interface of the m-pad comprising from the array

of the cells interspaced by the channel network possessed a softer property than that of
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Figure 5.12: The estimated and tested results of the normal adhesion forces 〈Fan,n, Fam,n〉. a)
Normal and b) micropatterned pad after passing the peak of the interface gap hp ∼ 40µm at the
substrate velocity vz = 0.5 mm/s and the preload P = 0.2 N. In addition, the estimated results
were output from equations (2.50)and (3.8) with gh= 0 and 1 for, in turn, without bubble and
with bubble case.

the n-pad, applying a greater preload P induced a larger deformation for the morphology

of the pad having micropatterned design. That is, in case the m-pad, the normal reaction

force was lower than that of the n-pad. This can be explained through the system of the

grooves helped the pad stiffness to become softer, enhancing the ability of absorbing the

external forces such as the preload P . Thanks to this property the micropatterned pad can

help to decrease the risk of large deformation in gripping soft-fragile objects by reducing

the normal resultant force, as well as strengthening the wet adhesion force.

Consequently, upon rising of the compression of the preload (P ), the interface gap h

between the pads and the substrate became gradually smaller, facilitating the liquid film

to quickly cover the vacant space inside the contact. Moreover, the preload P affected the

contact interface between the pads and their substrate, even when their couple surfaces of

the contact were not completely in parallel. This leads to strengthening the adhesion in

normal direction 〈Fan,n, Fam,n〉. It was clearly illustrated in figure 5.9 as the preload P

increased in range 0.05÷0.3 N. Whereas, it needs a stronger force to achieve entire contact

area between the normal pad and its substrate in case the objects are not completely

smooth. Therefore, the network of channels show its significant roles in both enhancing

the wet adhesion and reducing the resultant force in the contact.

The normal adhesion forces in case the normal pad were found to reach peak at about

0.7 N as shown in figure 5.9(a-b), while those in case the pad having micropatterned design

were directly proportional to P , with the average values of the peaks setting about 0.18 N.

In addition, the peaks of the gap hp had slight differences in time of magnitude and

appearance among the experiment times. Fig. 5.10 demonstrated the variations needed to

verify the dynamic lines of the normal adhesion force 〈Fan,n, Fam,n〉 over time for replicated

experiments in the same conditions.
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Although the dynamic performance was not completely identical, the normal adhesion

force curves for the two types of the pad increased before archiving their interface peaks,

contrary to the phase of bubble appearance after passing the peaks. Since the adhesion

force in normal direction was dominant, the m-pad stuck the substrate in a longer time

than that of the n-pad before entering the bubble phase as shown in figures 5.10 and

5.11. Generally, the average values of the normal adhesion times of the normal and

micropatterned pads were, in turn, set about 250 ms and 400 ms, while the average values

of the dropping time in the bubble phase for these pads was evaluated about 160 ms.

Altering the preload P influenced to the normal adhesion force, varying its configuration

and magnitude partly as shown in figure 5.11, which made it specify the distribution

region of the peak gap hp in lieu of fixation points.

Figure 5.13: Experimental validation of calculating the tangential contact forces for the contact
between the micropatterned and normal pads with their substrate at different velocities a) vx =
0.3 mm/s and b) vx = 0.5 mm/s. In addition, the estimated results were output from equations
(2.92) and (3.23) in case complete wet with dry adhesion.

Figures 5.11 and 5.12 demonstrated that the peak gaps in obtained results of the

experiments were in distributed range h=40÷60µm. Thus, considering the mean interface

gap hp for all cases valued around 40µm allowed us to perform the estimated and tested

validations for the adhesion forces in normal direction as shown in figure 5.12. The

calculated plots for the n- and m-pads illustrate that the measurement values of the normal

adhesion force 〈Fan,n, Fam,n〉 at a narrow interface gap h= 40÷60µm matched with those

in case without bubbles, and that for the bubble curves were in range of h >60µm.

As a result, to achieve the accurate reflection of the experimental validations the

normal adhesion force 〈Fan,n, Fam,n〉 in equations 2.50 and 3.8 should be divided into two

cases corresponding to with and without bubbles. Although there were several regions

illustrated slightly small deviations when the gap h became increasing, the calculations

obtained from equations (2.50) and (3.8) showed a good agreement with the experimental
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Figure 5.14: Experimental comparisons of the tangential contact forces for the contact between
the micropatterned and normal and micropatterned pads with their substrate in wet (for two
kinds of the pads) and dry (for the normal pad) conditions at different velocities of a) vx =
0.3 mm/s and b) vx = 0.5 mm/s.

validations.

5.2.3.2 Tangential Force

Figure 5.13 shows the variations of the tangential contact forces 〈Fcn,t, Fcm,t〉 at various

value of the preload P for the micropatterned and normal pads under different tangential

velocity of the film. Generally, the tangential contact forces 〈Fcn,t, Fcm,t〉 were directedly

proportional to the preload P . In this scenario, the contact force shows more linear relation

with the preload P in case the contact of micropattern pad than in case the normal pad.

Furthermore, the tangential contact force of the micropatterned pad was 20÷40 % larger

than that of the normal pad in wet and 45÷60 % larger in dry conditions (figure 5.14).

These differences also increased when the preload P rose. In addition, the tangential

contact force in case the normal pad was found to stick the substrate surface 5÷20 %

more firmly in the wet than the dry adhesion. The calculated curves were almost fit to

the tested results, however, matches were closer in case the pad having micropatterned

morphology than in case the pad without any patterns. The tangential contact forces

〈Fcn,t, Fcm,t〉 were not completely linear relation with the preload P , since it depended on

many parameters such as the characteristics of the liquid, pad morphology, pad materials

and film velocity.

In addition, other aspects of tangential contact forces in experimental relationship with

the preload P and the film velocity in tangential direction vs were illustrated in figure

5.15. Herein, there were slightly changes with varying tangential velocity vx; whereas,

the preload P made the significant changes for those such forces. In this situation, the

deviations oscillated in the range of vx 0.1 ÷ 0.3 mm/s on the contrary to the value of vx =

0.5 mm/s. As explanations for the estimations output from the equations (3.23)-(2.92), the
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Figure 5.15: Experimental comparisons of the tangential contact forces for the contact between
the micropatterned and normal pads with their substrate. a) The normal and b) micropatterned
pads as a function of variables: the preload P and various levels of the film velocity vx = 0.1,
0.2, 0.3, and 0.5 mm/s.

tangential velocity vx partly influenced in the tangential contact force 〈Fcn,t, Fcm,t〉, even

though that was neglected in this research. Moreover, the dependence of contact force on

preload in tangential direction was larger in case the micropattern pad than the normal

pad as shown in Fig. 5.15. At each value of the preload P at the velocity level of the

plastic film vx = 0.5 mm/s, the contact forces 〈Fcn,t, Fcm,t〉 were directly proportional to P

(see figures 5.13-5.15). During the contact in wet condition, the tangential contact force

balancing with the total external force was the key factor for the prevention of slipping.

For the tested results under the tangential displacement dx=0.4 mm, we had tangential

contact forces as shown in figure 5.16 slightly reduced, corresponding to the increment of

the displacement. Herein, the state of this contact can be in the incipient slip situation

because the n- and m-pads made from soft materials were deformed due to the shear stress.

In summary, the experiments validating the normal adhesion and tangential contact

forces illustrates tested values were always higher for the pad having micropatterned

morphology than that of the pad without any patterns. Additionally, the experimental

results closely matched the estimated models constructed in chapters 2 and 3. For the

contact having wet adhesion, the very low velocities of the plastic film vx and vz multiplied

by the group consisting of a tiny wet area Aw and a low viscosity coefficient η induces

an infinitesimal value of the outcome product, can be negligible and also had not much

important contribution to the final calculations (very low capillary number). The viscosity

force, in this research, may be much strengthened by choosing another liquids having the

very high values of the viscosity coefficients instead of water. Hence, it can significantly

enhance the adhesion force, enlarging the balance with the other components of the contact

forces. Also, the obtained results showed that the adhesion and contact forces were majorly

dependent on many factors such as: the adhesion conditions, preload P , and the pad’s
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Figure 5.16: Experimental results of the tangential contact forces over time in case the contact
between the a) normal pad and b) micropatterned pad with their substrate under various levels
of the preloads of 0.05N −→ 0.08N −→ 0.12N −→ 0.20N −→ 0.30N at the constant velocity
of the plastic film vx = 0.5 mm/s.

morphology and materials. Moreover, the interactions between the cells interspaced by

the groove network with the wet adhesion produces effects of the enhancement of the

contact forces. Finally, the suction force was much greater inside than outside the grooves

in case the interface gap h is extremely larger than the width of the groove w, but hugely

rising the number of the channels may decline the Laplace force of the contact between

the cell-substrate. Thus, the mechanics of the contact having wet condition should be

developed through optimum designs of the pad’s morphology and choosing the appropriate

liquids for the capillary.

5.3 Validate Adhesion Between The Pads and Sub-

strate In Curved Interface

In this section, we performed experiments for evaluating the normal adhesion force of

the couple contact interfaces for the m-pad and n-pad in two cases: concave and convex

surfaces. Herein, the obtained results were applied into validating the theoretical model in

the previous sections.

5.3.1 Compare Adhesion Between N- and M-pad in Curved In-

terface

In this scenario, the estimated results derived from the analytical models in previous

sections are shown in some specific cases. Since the contact angles θ1,2 depend on various
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parameter of liquid, substrate, and pad [184, 185], it is complicated to apply precisely in

this model. However, we can consider θ3 ≈ β1 = β∗1 according to [220]. In addition, other

parameters are set up as α1 ≈ α2, R2 ≈ xs, γ = 0.073 N/m, η = 0.001 Pas, Lp = 6 mm, N

= 3600 square cell, a = 85µm, and w = d = 15µm (in flat contact interface) as shown in

table 5.3.

5.3.1.1 Normal Adhesion Without Preload

Figure 5.17: Comparison of normal wet adhesion forces of the micro-patterned pad in concave
shape (m-pad-c) (Eq. (3.30)) and normal pad in concave shape (n-pad-c) (Eq. (2.59)) b) at
angle β1 = 0.2, 0.6, 1 and 1.4 rad. Rs was set 15 mm.

Figure 5.18: Estimated comparison of normal wet adhesion forces between the a) m- and b)
n-pad in convex shape (m-pad-v and n-pad-v) in contacting with their substrate. In this scenario,
the adhesion forces are derived from Eqs. (3.30) and (2.59) in condition of angle β∗1 = 0.2, 0.6, 1
and 1.4 rad. Rs was set 14.3 mm.

Since the contact angles θ1,2 present the ability of wet adhesion of the pad-liquid-

substrate, the normal forces in Figs. (5.17) and (5.18) drop rapidly as β1 and β∗1 increase

to 1.4 rad. Also the normal adhesion of the m-pad is about two-fold bigger than that

of the n-pad (Fig. 5.19). In general, these forces gradually reduce to zero for the n-pad

when increasing the interface gap h in contrast to m-pad. The forces in m-pad-v is slightly

higher than that of m-pad-c because of rising contact area.

Although the normal adhesion force in Figs. 5.20 and 5.21 has the similar trends

compared with the influence of the angles β1 and β∗1 in previous graphs, the angle α1
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Figure 5.19: Effect of the interface gap h on the ratio of normal adhesion force between two
cases a) m-pad-c (derived from Eq. (3.30)) and b) n-pad-c (derived from Eq. (2.59)).

Figure 5.20: Effect of interface gap h on the normal wet adhesion force of a) m-pad-c (derived
from Eq. (3.30)) and b) n-pad-c (derived from Eq. (2.59)) at angle α1 = 0.11, 0.23, 0.28 and
0.35 rad. In this graph, the parameters are fixedly chosen such as the angle β1 = 0.86 rad, L =
1 mm.

affects slightly the resulted forces. In case the pads contact the substrates in small area

(Lp is small), the radius R2, which presents the wet area and wet periphery, has not much

change even if α1 increases. The wet adhesion forces in all cases decrease as the angle

α1 (radius Rs) rises. The ratio rs in Fig. 5.22 show that the m-pad enhance the normal

adhesion force about 2 times comparing with the n-pad. Also this ratio in convex case

is slightly higher than concave case. Consequently, based on simulated results, in static

state, the normal wet adhesion force varies directly according to the variants contact angle

and substrate’s radii. Also the force generated in convex m-pad is slightly higher than

that of the concave one.

5.3.1.2 Detachment Phase

In dynamic state, viscosity force Fv appears, enhancing the normal wet adhesion force.

Figures 5.23 and 5.24 shows variation of normal wet adhesion force according to the angle

β1, β
∗
1 associated with the substrate’s radii Rs. The normal adhesion forces in these figures

vary directly according to both β1 and β∗1 , where the variants β1 and β∗1 affect significantly

on the normal adhesion forces in contrast to the substrate’s radii Rs. As β1 = β∗1 = 1.4 rad,

the normal adhesion forces of m-pad and n-pad set the lowest value smaller than 0.06 N;
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Figure 5.21: Effects of interface gap on the normal wet adhesion force of a) m-pad-v (derived
from Eq. (3.30)) and b) n-pad-v (derived from Eq. (2.59)) at angle α1 = 0.11, 0.23, 0.33 and
0.46 rad. In this graph, the angle β1 and the thickness of pads L are chosen as previous graph.

Figure 5.22: Affect of interface gap h on the ratio of normal adhesion force between a) m-pad-c
(derived from Eq. (3.30)) and b) n-pad-c (derived from Eq. (2.59)) at changing angle α1.

whereas, it increases 4 times for β1 = β∗1 = 0.2 rad. On the other hand, the forces rise

slightly as the radii Rs change from 10 to 30 mm.

For lower viscosity liquid (η puts small value), the viscosity forces depend on the

velocity vz and contact areas (or R2). Since interface gap h values micro scale, it is difficult

for the pads to reach high velocity in narrow gap. In fact, vz can set at high value after

the pad moving in a larger gap, i.e. the capillary bridge become weaker and broken. Thus,

in this model we consider the velocity vz being small that leads to infinitesimal entities

of viscosity force comparing with Laplace force. Hence, the normal adhesion forces in

dynamic state (Figs. 5.23 and 5.24) has not much difference from that of static state.

As h becomes larger, the Laplace pressure approaches zero, accompanied by gradual

breakage of the capillary bridge. Therefore, the normal adhesion forces close to zero with an

interface gap h ≥ 0.12 mm as shown in Fig. 5.25. Moreover, determining exactly the peak

of interface gap hp or the event when bubbles appear is extremely complicated because this

state depends on various parameters in the contact model. Thus, the estimated results of

the normal adhesion forces in Fig. 5.25 include two types of curves: without bubbles (solid

line) and with bubbles (dash line) for the m-pad-c and n-pad-c. In general, the normal
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Figure 5.23: Influence of the angle β1 and the substrate’s radii Rs to the normal adhesion force
for a) m-pad-c (derived from Eq. (3.35)) and b) n-pad-c (derived from Eq. (2.62)) with gh = 0.
In this graph, we set values of Rs = 15 mm and the velocity vz = 0.0005 ms−1.

Figure 5.24: Influence of the angle β∗1 and the substrate’s radii Rs to the normal adhesion
force for a) m-pad-v (derived from Eqs. (3.35)) and b) n-pad-v (derived from Eq. 2.62)) with gh
= 0. Other conditions was set as same as Fig. 5.23, and Rs = 14.3 mm.

adhesion force corresponds to an event without bubbles if the interface gap h is small and

with bubbles if h is large. Additionally, the normal wet adhesion forces drop to zero in

case the contact angle is very large since the ability of wet adhesion reduce significantly.

The ratios in Fig. 5.25(c) also reduce to zero accompanied by the trend of normal force.

5.3.1.3 Normal Adhesion with Preload

Under impact of the preload P , the m-pad-c has higher value of the normal contact force

comparing with that of normal pad. The preload P effects importantly both in the normal

contact force in Fig. 5.26(a-b) and the ratio rs in Fig. 5.26(c). In fact, these forces vary

directly to the preload and the angle β1 partly. With strong influence, the preload plays

principal role in the normal contact force that leads to 1 in the ratio in Fig. 5.26(c) as

P rises. Increasing P in small range is associated with decrease of h, however, the pads

will be deformed extremely large that can destroy the structure of the micro pattern if we

continue compressing. Also covering the pad surface with a thick liquid under the effects

of a huge preload P may reduce the wet adhesion effects. In this case, rather than acting

as a suction pressure, the liquid generates a push force to detach the contact.
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Figure 5.25: Normal adhesion forces of the n- and m- pads in the same area by change in the
interface gap h. Normal adhesion force of a) m-pad-c (derived from Eq. (3.35)) and b) n-pad-c
(derived from Eq. (2.62)). c) Ratio of normal adhesion force between m-pad-c and n-pad-c In
this graph, the solid and dash lines in turn show the results in case of without gh = 0 and with
bubbles gh = 1 (Eqs. (3.35) and (2.62)).

Figure 5.26: Influence of the preload P to the normal contact force of a) m-pad-c (derived
from Eq. (3.33)) and b) n-pad-c (derived from Eq. (2.96)). c) The ratio of normal contact force
directly divided from a) and b).

In addition, the contact interface of the m-pad was softer than that of the n-pad since

the structure of the micro pattern, which makes the pad easier to deform and better

absorb external loads like P . Thus the normal reaction force of the contact can be lower

for the the micropattern surface than for the normal when applying a higher preload. This

property may decline the risk of deformation of a grasped soft and fragile objects under

impact of resultant normal force, as well as enhance wet adhesion.

In summary, in all case of contacts: ”detachment phase” and ”attachment phase”,

the normal contact force of m-pad always higher than that of the n-pad. In addition,

the normal wet adhesion forces generated in convex pads are slightly larger comparing

with the concave pad in the same estimated condition in this study. In other words,

micro-patterned structure plays an important role on enhancing the wet adhesion force for

m-pad. Finally, with the small values of contact area, dimension of the pads, and other

parameters of the liquid related to the ability of wet adhesion, the normal contact force
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depends majorly on the contact angle, preload; whereas Rs and α1,2 affect partly on it.

5.3.2 Setting Experiment

To enhance the wet adhesion ability, the pads were treated with oxygen plasma in the

condition: 10 Pa×10 min×30 W (Fig. 5.27(a)). Additionally, we also measured the contact

angles of the pad and the substrate.

Figure 5.27: Scheme of experimental set-up for measuring the normal adhesion force. a) The
contact angles θ2 for the pads is roughly equal to 72◦; whereas that of the substrate is 80◦. In b),
the loadcell translates in z-direction for two case of the pads: n-pad and m-pad with concave and
convex contact interfaces. In this scenario, the substrate radii for the m(n)-pad-c were Rs=10.26
and 15.33 mm, and for the m(n)-pad-v were Rs=7.55 and 14.34 mm. An addition, the contact
interfaces between the pads and the substrates are considered being coincident to have the same
radii.

Figure 5.27(b) shows the experimental set-up for evaluating the normal adhesion force

of the wet contact between each the two case of pads (the m-pad and the n-pad) and the

substrates. Herein, we fixed the holders of the concave and convex pads in the loadcell

ATI-Nano-17 which can translate in z-direction through a linear stage controlled by Suruga

Seiki D212. Also the curved substrate were fixed in a jig such that can form the contact

interface with the pads. Additionally, both of the pads and the substrate were accurately

adjusted for getting the largest contact area. Datum were collected through utilizing an

ADC analog-to-digital converter National Instrument connected with Matlab software

operated in Windows 10. Such experimental apparatus were already introduced in [107].

Then, the surfaces of the pads were wiped with a 0.2 mm thickness of thin film water and

waited for the grooves sucking water in 5 minutes. The pads were set at an initial gap of

1 mm from the substrate interfaces and a constant velocity was sequentially applied at 4

different values of the normal velocity vz, corresponding with the unchanged preload P

values of 0.1, 0.22, 0.33, 0.45 and 0.6 N. In this study, we performed the test for two radius

levels Rs of each type of the substrates: 10.26 and 15.33 mm for the concave pad, and 7.55

and 14.34 mm for the convex pad. Five trials were performed under each condition.
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5.3.3 Results

Since the contact angles θ1 and θ2 depend on parameters of liquid, substrate, and pad [184,

185], it is complicated to model the results precisely. However, we can consider θ3 ≈ β1 = β∗1

as previously described [220] and α1 ≈ α2, R2 ≈ xs. In addition, other parameters are

given in table 5.3.

Figure 5.28: Comparisons of the normal adhesion force for the wet contact between the concave
pads (a) n-pad-c and b) m-pad-c) and the substrate in varying preload P and velocity vz.
There are two levels of substrate radius: c) and d) Rs=10.26 mm, (α1 = 20◦, wc1=6.2µm and
w̄c=6.4µm), and e) and f) Rs=15.33 mm (α1= 10.526◦, wc1=9.538µm and w̄c=9.552µm).

In figure 5.28, the experimental data of the normal adhesion during detaching the

substrates of the m-pad-c is 1÷2 times higher than that of the n-pad-c. Also the preload

P and the velocity vz have not much singnificant affect on the varying of the the force

Fw,n for the pads with Rs= 10.26 mm; whereas, these factors enhance Fw,n more than

200 % for the m-pad-c (Fig. 5.28(c-d)). Thanks to increasing Rs the angle α1 and

shrinking the groove both reduce as aforementioned in chapter 3, from the formulation

wc1 = [LpRs/(Rs +L)−aN0.5]/(N0.5− 1). The applied preload P in z- direction makes the

cells themselves axial compress and slip further the center axis of the m-pad-c. For the sake
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Figure 5.29: Comparisons of the normal adhesion force for the wet contact between the convex
pads (a) n-pad-v and b) m-pad-v) and the substrate in varying preload P and velocity vz. There
are two levels of substrate radius: c) and d) Rs=7.55 mm, (α1 = 26.24◦, wv1=30.78µm and
w̄v=30.44µm), and e) and f) Rs=14.34 mm (α1 = 12.858◦, wv1=22.064µm and w̄v=21.73µm).

of simplicity, the lateral deformation ∆a of each cell’s edge can equal to νP cosα/(NEa2).

However, Dragon Skin 30 has large deformation under impact of the preload P that

gennerates the convex shape instead of plain for each side wall of the cells. Applying

calculations in [221, 222] with assuming all cells of the m-pad-c completely contact the

substrate, the entity ∆a of each cell roughly becomes a(1/
√

1− P cosα1/(NEa2) − 1).

Hence, the reducing values of wc1 are respectively 0.26µm and 0.27µm (4.2 % and 2.8 %)

for the m-pad-c with Rs= 10.26 mm and 15.33 mm. In fact, the contact surfaces of the

substrates are not perfectly smooth, as shown in Fig. 5.27(d), for completely contacting

with the pads. Because of these errors in printing at changing each layer, the cells can

major have parallel contact at the small roughness; whereas, it is too difficult to completely

approach at the areas having the high steps (∼16µm). As a result, the grooves of the

m-pads at the small roughness areas of the substrate have much larger deformations

comparing with that of the rests. In other words, the corresponding cells are not separated

(become flat surface) as increasing preload P that leads to the small increasing wet adhesion

in case Rs= 10.26 mm (Fig. 5.28(a-b)). In Fig. 5.28(c-d), the preload P does not shrink

the grooves so large that can disappear the pattern or significantly changes the pad
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morphology. Thus, the normal adhesion force of the m-pad-c in this case is higher than

that of the case Rs=10.26µm.

The normal adhesion force in case the convex pads in Fig. 5.29 gives similar results as

of the concave pads. The testing data of the m-pad-v is 1÷2 times higher than that of the

n-pad-v. Also, the preload P and the velocity vz have not much significant affect on the

varying of the the force Fa,n for the pads with Rs= 7.55 mm; whereas, these factors enhance

Fa,n more than 200 % for the m-pad-c with Rs= 14.34 mm (Fig. 5.29(c-d)). The reducing

values of wv1 are respectively 0.248µm and 0.27µm (0.8 % and 1.2 %) for the m-pad-v with

Rs= 7.55 mm and 14.34 mm. Since the high steps of substrate surface are around 16µm,

the width of the grooves of the m-pad-v is too large to enhance the wet adhesion. In

this scenario, the suction force of the groove can be considered to neglected in case Rs=

7.55 mm. On the contrary, the m-pad-v having Rs= 14.34 mm can rise the Laplace force

F v
Lm inside the grooves corresponding with the flat surface area of the substrate thanks to

significantly reducing the groove’s width under high applied preload P .

Figure 5.30: Comparisons of the normal adhesion force for the wet contact between the
concave pads and the substrate in varying interface gap h with the conditions: P= 0.1 mN and
vz=0.25 mm/s. a) The n-pad-c and b) m-pad-c respectively consist of two levels of the substrate
radii: Rs=10.26 mm a-1) and b-1), and Rs=15.33 mm a-2) and b-2). Also the estimation curves
are obtained from Eqs. (3.33) and (2.96) for in turn the m-pad-c and n-pad-c.
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Figure 5.31: Comparisons of the normal adhesion force for the wet contact between the
convex pads and the substrate in varying interface gap h with the conditions: P= 0.1 mN and
vz=0.25 mm/s. a) The n-pad-v and b) m-pad-v respectively consist of two levels of the substrate
radii: Rs=7.55 mm a-1) and b-1), and Rs=14.34 mm a-2) and b-2). Also the estimation curves
are obtained from Eqs. (3.33) and (2.96) for in turn the m-pad-v and n-pad-v.

In spite of having not much significant contribution to the force components, the

velocity vz integrating the preload P effects arranging the contact states of the m-pad-c

and m-pad-v, which varies the groove’s width and the interface gap h between the pads

and the substrates as well as generates the high values of the normal adhesion force: 0.73

and 0.81 mN in Figs. 5.28(c) and 5.29(d). Hence, the results of the normal adhesion force

Fw,n in case P= 0.1 mN and vz=0.25 mm/s are applied to validate the theoretical model

as shown in Figs. 5.30 and 5.31. The forces Fw,n reach maximum at the interface gap

h ≈72µm when the network of the grooves and cells nearly return the initial states without

deformation. The large interface gap generates the break bubbles inside the capillaries

between the couple interfaces, which can validate the estimations through the Eqs. (3.33)

and (2.96) in comparison. In almost cases, the peaks interface gap hp of the estimation are

good agreement with the experiment. The small errors gradually appear at the interface

gap in 84÷120µm as the break bubbles become too large before separate the capillary

bridges.

In summary, the obtained results show that the geometrical parameters such as:

Rs, L, Lp and the patterned morphology have significant contributions to varying the

normal adhesion force. Also the surface characteristics (roughness and adhesive ability)

of the substrate impact on the pad morphologies during contacting. As well, the liquid

film significantly effects on evaluating the model. Because this study applies one kind

of the liquid, we consider neglecting the investigation the water’s factors. Finally, the
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micropattern structure plays an important role in enhancing the wet adhesion force-one of

the principal components of the contact force in modelling the grasp. Hence, our model in

this study is appropriate for development of designing the soft robotics hand applied into

grasping objects which have curved surfaces in actual applications.
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CHAPTER 6

APPLICATIONS

Previous chapters showed that the micropatterned morphology can help the m-pad achieve

a stronger wet adhesion force in contacting with its substrate than that of the n-pad. In

this chapter, we introduce the actual applications of grasping/manipulating soft fragile

objects by the soft robotic hands, whose fingers had the micropatterned designs. In this

scenario, there were two types of the objects grasped: contact lens-a showcase of the

thin shell objects [76] and tofu-a showcase of the rheological objects. In any situations,

compress force acting on the object’s surfaces were investigated and compared between

two cases of the contact: the m- and n-pads.

6.1 Design of Soft Robotic Hand for Gripping Thin

Shell

A contact lens immersed in a preservative liquid was taken out and attached to a substrate’s

surface mimicking a ‘human eye’ by a soft robotic hand or soft gripper. Afterward, the

such gripper or robotic hand can remove the contact lens from the substrate and place it

in the tank with the preservative liquid. Herein, the contact lens should be gripped with a

minimum force for avoiding large deformation. Therefore, we built an analytical model

of the robotic hand, with the finger’s tips having micropatterned and normal surfaces,

gripping a thin-deformable shell (with the contact lens is a showcase) and carried out the

investigation of the grasp forces generated by two such pads during operation.

6.1.1 Mechanics of Bending a Thin Hemispherical Shell

First of all, we can define a hemispherical object as a thin shell when the ratio t/Rm < 1/20

happens [223]. Hence, all cases of the thin shell in this section are assumed to satisfy

the given condition. As illustrated in figure 6.1(a), the thin hemispherical shell is under
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Figure 6.1: Schematic illustration of a thin shell under contact of the pads and the substrate.
a) Bending a soft hemispherical shell with a thin thickness by two opposing fingers attaching the
soft pads with area Lp ×Lp. Under the effects of the preload P = pL2

p in normal direction of the
shell’s surface, the shell deformed in mediator and latitude directions, corresponding with the
entities dRm and dRl. b) Schematic illustration of the adhesion between two parallel curves of
the contact interface: the thin-deformable shell and the hemispherical substrate at the interface
gap h.

effects from the pads fixed at the robotic finger’s tips. Let us denote κ = Et3/[12(1− ν2)]
and κ1 = Et/(1− ν2), and subsequently, using Kirchhoff-Love equation [224] derives the

moments My and Mz generated on the shell in the form:[
My

Mz

]
= κ

[
1 ν

ν 1

][
χ1

χ2

]
, (6.1)

with χ1 = 1/Rmp − 1/Rm and χ2 = 1/Rlp − 1/Rl are the deformations of the thin shell in

the mediator and latitude directions, respectively. Also, we have the following relation:

pL2
p = κ1(ε1 + νε2), (6.2)

where ε1 and ε2 present the deformations of the thin shell, respectively, in the tangential

and normal directions. Because p brings normal pressure to the shell’s surface, the entity

ε1 is closed to 0; whereas, ε2 approximate to dRl sinϕ/Rm. Hence, from equation (6.2)

we can obtain p = κ1νdRl sinϕ/(RmL
2
p). Additionally, by synthesizing equations (6.1)

and (6.2) we have the deformations and bending angle ϕ of the thin shell are directly

proportional to the entities My,Mz, and p. Our research concentrates on evaluating the

influence of the preload pressure p on the bending angle ϕ.
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6.1.2 Wet Adhesion Between Two Parallel Curved Surfaces

In this scenario, we also investigate the underlying physics of adhesion for the contact

between the thin shell and the hemispherical substrate (Fig. 6.1(b)). Herein, the process

of forming capillary force from the liquid film for enhancement of the adhesion in the

contact is explained in chapter 2. In figure 6.1(b), a thin-deformable shell in contact with

its hemispherical substrate through a capillary bridge with the interface gap h being same

at each point in the contact. Hence, the assumption of R1 equalling to the meridian circle’s

radius of the capillary as shown in figure 6.1(b) yields:

R1 = zs/[cos(θ1 − α1) + cos(θ2 + α2)]. (6.3)

In addition, zs, h is equal to hs cosα1 and hs(1−sinα1 sinα2)+(R2−xs) sinα2, respectively.

Therefore, the radius R1 in equation (6.3) is rewritten in:

R1 =
[h− (R2 − xs) sinα2] cosα1

[cos(θ1 − α1) + cos(θ2 + α2)] (1− sinα1 sinα2)
. (6.4)

Usually, we have R1 << xc for a tiny interface gap h. That is, the entity 1/xc is close to

zero. If α1, α2 are equal to α = sin−1(xs/Rs), R2 ∼ xs, and β1 = θ1 − α, β2 = θ2 + α, the

normal wet adhesion force for the n-pad-c F c
wn,n becomes:

F c
wn,n = πγR2

[
2 sin β1 +R2h

−1(cos β1 + cos β2) cosα
]
ẑ. (6.5)

In equation (6.5), the normal surface tension Fst,n and laplace force FL,n are equal to

2πγR2 sin β1 and R2h
−1(cos β1 + cos β2) cosα; whereas the normal viscosity force is in the

relation Fv,n ≈ 0 because the pad velocity in normal direction vz ∼ 0 in case of grasping.

The equation (6.5) makes a theoretical foundation for calculating the forces F c
wn,n, F

c
wm,n

in the following steps.

6.1.3 Wet Adhesion In Grasping A Thin Hemispherical Shell

This section shows a scenario of the thin hemispherical shell with its curvature radius

Rm = Rs+ t/2, which was soaked in a tank containing preservative liquid and subsequently

grasped and moved by two opposite pads in three conditions: inside the liquid (figures

6.2(a) and 6.3(a)), outside the liquid (figures 6.2(b) and 6.3(b)), and in contact with the

substrate (figures 6.2(c) and 6.4). In equilibrium state, the grasp force Fg is in the relation:

Fg = (Fr +G− Fb)ẑ. (6.6)
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Herein, the contact force Fc and grasp Fg are calculated for specific cases during the

process of grasping; whereas the bouyancy force Fb [225] is only estimated in case “shell

in liquid”.

Figure 6.2: Schematic illustration of gripping and moving the thin shell in three conditions.
a) The thin hemispherical shell immerses inside liquid. In this scenario, the pads grasp the
hemispherical shell through the bending force produced by two opposite pad acting on the lateral
side of the shell. Afterward, those such pads move upward to lift the hemispherical shell out of
the tank. b) The thin hemispherical shell is outside the tank. In this situation, the thin shell is
translated in lateral direction (x-axis) to approach the hemispherical substrate. Also, the couple
pads gradually decreases the preload pressure p to expand the thin shell before dropping it for
contacting the substrate. c) The thin hemispherical shell contacts the substrate mimicked the
human eye. Finally, these pads generate preload P to peel the shell away the substrate.

6.1.3.1 Shell Inside Liquid

As shown in figure 6.3(a), the thin hemispherical shell which is soaked in preservative

liquid having a small viscosity coefficient η, is grasped and moved out the tank along

z-direction with velocity vz. Herein, the thin shell with its radius in initial state Rl lies in

the tank’s bottom. The two opposite n-pads simultaneously makes symmetrical contact

on the sides of the thin shell on z-axis and generates deformation dRl for the shell. Let

us consider that the the thin shell is much softer compared to that of with the pads. In

other words, this shell is deformed under the preload pressure p produced by the n-pads

as shown in figure 6.1.

Since the adhesion appertaining inside the liquid is extremely weak, the grasp force Fg

in Eq. 6.6 majorly depends on the friction force F ∗f = µ∗pL2
p between the contact interface

of the shell and pad. Thus, to win the contact force Fc the grasp force Fg,z in z-direction

needs to satisfy:

Fg,z = 2µ∗pL2
p sinϕ = (Fd +G− Fb)ẑ. (6.7)
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Figure 6.3: Mechanics of gripping and translating the thin hemispherical shell in different
environments: inside a) and outside liquid b). Herein, because the pad directly contact the shell’s
surface, we can denote the interface gap, frictional force, contact angles and outside and inside
radii of the meniscus curvature, respectively, by h∗, F ∗f , θ

∗
1, θ
∗
2, R

∗
1, R

∗
2. In addition, the preload

pressure p is considered to be perpendicular to the shell surface motion.

In case the thin shell is safely gripped (without dropping), the force Fg,z must be larger

than the entity Fd +G− Fb, which is described as:

p ≥ (0.5CρlAdv
2
z +mg − ρlV g)/(2µ∗L2

p sinϕ). (6.8)

Here, we have the bouyancy and drag forces determined as Fb = ρlV g and Fd =

0.5CρlAdv
2
z [226]. Combining equations (6.2) and (6.8) yields the values of 〈p, dRm, dRl〉

of the thin shell. Rising the preload pressure p associates with strengthening the grasp

force Fg in locking the thin shell.

6.1.3.2 Shell Outside Liquid

In this scenario, the thin hemispherical shell is translated from an initial place outside the

tank (see Figs. 6.2(b) and 6.3(b)) to attach the substrate as shown in figure 6.2(c). After

being lifted out of the preservative liquid, almost volume of the liquid flows off the shell’s

surface; whereas a tiny amount of the liquid remains inside the contact interface, which

can generate the capillaries. This mechanism produces wet adhesion force F ∗wn to stick

the n-pad to the shell with a lower preload pressure p. To achieve an efficient attachment

between the thin shell and the substrate, the bending angle ϕ and deformation dRl need

to decrease before making the contacts between: the convex curvature of the substrate

surface and the concave curvature of the shell surface. Therefore, by applying Eq. (2.42)
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with the dry adhesion is zero yields the normal wet adhesion of the contact between the

n-pad and the shell as follows:

F ∗wn,n = Lpγ [4 sin θ∗2 + Lp(cos θ∗1 + cos θ∗2)/h
∗] ẑ. (6.9)

Since the thin hemispherical shell is handled outside the tank containing the liquid, the

grasp force Fg in equation (6.6) additionally includes the normal wet adhesion force F ∗wn,n;

while the resistance force Fr eliminates the drag component Fd. Moreover, in case the

n-pad has no complete contact with the hemispherical shell, the preload pressure p and

the wet adhesion force F ∗wn,n acting on the shell needs to be multiplied by a coefficient k∗.
Hence, in order to retain grasping this shell the grasp force Fg,z has to be in the form:

Fg,z = 2µ∗k∗(pL2
p + F ∗wn,n) sinϕẑ = mgẑ. (6.10)

From equation (6.10) derives:

p =

(
mg

2µ∗k∗ sinϕ
− F ∗wn,n

)
1

L2
p

<
mg

2µ∗k∗L2
p sinϕ

. (6.11)

In case the wet adhesion appears, the preload pressure p in Eq. (6.11) may significantly

decrease. This induces a smaller value of the deformation dRl, which assists the pads to

govern the situation of the thin shell before attaching the corresponding substrate.

6.1.3.3 Shell in Contact with a Hemispherical Substrate

In this situation, firstly the thin hemispherical shell is placed so that it makes a complete

contact with the substrate mimicking the human eye. Subsequently, the pads contact and

generate the preload pressure p on the thin shell as shown in figure 6.4 before gradually

peeling this shell off the substrate. In the contact, the hemispherical shell sticks the

substrate by the wet adhesion force Fw calculated in equation (6.5). The thin shell, in

this scenario, consists of two kinds: shell-substrate and shell-pad where the contact area

between the thin shell and the pads is smaller than that the shell and the substrate (Fig.

6.4(a)). Hence, in order to peel the thin shell off the substrate surface the soft pads require

a preload pressure p integrating with the wet adhesion force F ∗wn,n.

139



Figure 6.4: Schematic illustration of peeling the thin hemispherical shell off the substrate. The
n-pads contact the thin hemispherical shell a) and generate preload pressure for removing the
shell.

As there is no deformation for the thin hemispherical shell, the contact between the

n-pads and this shell can be equal to the plane-sphere type. According to Lazzer [194], we

have the normal wet adhesion of the plane-sphere as initial contact as follows:

F ∗wn,n ∼ Lpγ {4 sin θ∗2 + Lp [cos θ∗1 + cos (θ∗2 + θs)] /h
∗} , (6.12)

where the contact angle θs is calculated in sin−1[Lpπ
−0.5/(Rs + h+ 0.5t)].

As the preload pressure p acts on the hemispherical substrate in the normal direction

(Fig. 6.4(b)), the thin shell is gradually folded in lateral direction (x-axis). Also integration

of the pad motion in z-axis and the two contacts: between the thin shell and the n-pad

called plane-plane, and between this shell and the substrate named plane-sphere, makes

the apex of the shell gradually separated from the substrate. By denoting Γ = pL2
p +F ∗wn,n

we have:

µ∗Γ sinϕ = µ(pL2
p sinϕ+ Fw,n) + 0.5mg. (6.13)

When the contact area of the shell-pad is greater than that of the substrate-pad, the

shell receives a bigger preload pressure than the substrate. Also, motion of the pads in

the z direction induces the increase amount of the interface gaps h and h∗, which forms

the appearance of bubbles (see chapter 2) inside the capillary as shown in figure 6.4(b). In

this scenario, the normal wet adhesion forces Fw,n and F ∗wn,n quickly drop. Thus, we need

to use a coefficient k to estimate the contact force of the substrate-shell. Additionally, the

preload pressure p acting on the hemispherical shell is greater than that on the substrate

that leads to a faster decline of the force Fw,n than F ∗wn,n. This condition, on the other
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hand, is equivalent to k < k∗. Furthermore, rising the bending angle ϕ varies the contact of

the pad-shell in slightly plane-sphere to plane-plane. Therefore, the force F ∗wn,n of equation

(6.13) is more appropriate with equation (6.9) than equation (6.12). Hence, equation (6.13)

is rewritten as follows:

µ∗Γk∗ sinϕ = µk(pL2
p sinϕ+ Fw,n) + 0.5mg. (6.14)

In equation (6.14), the hemispherical shell is peeled off the substrate if the condition

Fg,z > µk(pL2
p sinϕ+ Fw,n) + 0.5mg appears, being equivalent to:

p =
0.5mg + µkFw,n − µ∗k∗F ∗wn,n sinϕ

L2
p(µ
∗k∗ − µk) sinϕ

. (6.15)

The preload pressure p in the left hand side of equation (6.15) is inversely and directly

proportional to the forces F ∗wn,n and Fw,n. When the interface gap h passes the peak

hp, the bubbles appear inside the capillary bridge of the contact substrate-shell. In this

scenario, the normal wet adhesion force Fw,n rapidly reduces, inducing a decrease of the

coefficient k. On the contrary, the force F ∗wn,n has no appreciable decline since the contact

area in case the shell-pad is steady under elasticity force exerted by the hemispherical

shell.

6.1.4 Grasping Interface With A Patterned Morphology

This section investigates the role of a micropatterned morphology on strengthening the wet

adhesion interaction for decreasing the deformation of the thin hemispherical shell gripped

by the soft robotic fingers (the pads). In this scenario, we designed a soft robotic hand

with each fingertips attached by a micropattern pad (m-pad). Herein, the soft robot can

carry out gripping a contact lens (showcase of the thin hemispherical shell) by soft fingers

controlled by a pneumatic actuator. Because this contact lens has a very thin thickness t

being much smaller than its radius, it can be accounted as the thin hemispherical shell.

Therefore, the analytical model as aforementioned in the chapters 2 and 3 is appropriate

to use.

6.1.4.1 Design of the Robotic Hand

In this situation, the proposed robotic hand comprised from a couple of opposite soft fingers

as illustrated in Figure 6.5(a) constructed by a PneuNet structure for each. Additionally,

the tip of each such finger was fixed the mincropatterned pad as shown in figure 6.5(b).

In evaluated comparisons, we also designed another fingers having same structure and

replaced the m-pad by the n-pad. When inputting the air pressure to the pneunet chambers,

the m-pads (n-pads) moved towards each other, producing the grasp force to grasp/handle
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the contact lens. Herein, the m-pads as shown in figure 6.5(b) included a square-pattern

in micro scale deposited with a thin fluid film, having same design as described in Figure

3.1(b).

Figure 6.5: Proposed design of a soft robotic hand for gripping a contact lens. In this image,
each finger’s tip attached an m-pads with a micropatterned structure. a) Design of this robotic
hand. b) The mcropatterned morphology of the m-pad having same structure in chapter 3.

6.1.4.2 Wet Adhesion for M-pad

Figure 6.5 showed the micropatterned pads gripping the contact lens in the same ways as

the case: n-pad in figure 6.2. In this situation, in order to calculate the grasp force Fg for

the contact case between the m-pad and the hemispherical shell the estimation carried out

for that of the n-pad case as illustrated in figures 6.3 and 6.4 was replicated.

Figure 6.6: Schematic illustration of a) the m-pad gripping the thin hemispherical shell and b)
a primary curvature of the contact lens.
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Herein, the thin shell is assumed in stable contact with the micropatterned pads due

to the elasticity force generated by the deformation. Hence, the variation of the interface

gap h∗ is neglected, while the slippery motion between the shell-pads is toward zero and

the tangential wet adhesion force is in the relation F ∗wm,t ≈ 0. Therefore, by applying Eq.

(3.4) yields the normal wet adhesion force F ∗wm,n for the m-pad as follows:

F ∗wm,n = 4Naγ

[
ψ

cos θ3
2w

+ ψ1 +
sin θ∗1√
N

+N∗ cos θ3

]
. (6.16)

Where ψ = L2
p/(aN) − a, and ψ1 = a(cos θ∗1 + cos θ∗2)/(4h

∗). Generally, the normal

wet adhesion force F ∗wm,n in Eq. (6.16) is replace for the normal wet adhesion force of the

n-pad case F ∗wn,n in equations (6.10) and (6.14) when calculating the grasp force for the

case m-pads in, respectively, the two other conditions of the contact lens’s states: outside

the liquid, and in contact with the substrate. Abolishing the infinitesimal entities derives

the increment ratio rn of the normal wet adhesion force between the micropatterned and

normal pads in equations (6.16) and (6.9) in the form:

rn ≈ 1 +
(h∗/w − 1)(21/k + w2a−2) + 2Nh∗/a

(1 + 1/k)2
. (6.17)

The increment ratio rn shown in equation (6.17) is greater than 1 since the width of

the groove satisfies w < 〈h∗, a〉. In other words, the pad having micropatterned structure

can strengthen the wet adhesion force F ∗wm,n of rn times higher than the normal surface in

gripping the thin shell. Assuming that the coefficient k has same value as k∗ as griping

in both cases: with the n- and m-pad. Hence, in order to investigate the role of the

micropatterned morphology on declining the preload pressure p in the two cases of gripping

the thin hemispherical shell: outside the liquid and in contact with the substrate, we use

the formulation F ∗wm,n = rnF
∗
wn,n obtained from equations (6.11) and (6.15). Therefore, by

dividing the right hand side of equations (6.16) and (6.11) yields the reduction ratio rp1 as

follows:

rp1 = 1−
2F ∗wn,nµ

∗k∗(rn − 1) sinϕ

mg + 2µ∗k∗ sinϕ
< 1, (6.18)

and repeat this work for equations (6.16) and (6.15) derives the reduction ratio rp2 in the

form:

rp2 = 1−
µ∗k∗F ∗wn,n(rn − 1) sinϕ

0.5mg + µkFw,n − µ∗k∗F ∗wn,n sinϕ
< 1. (6.19)

As illustrated in equations (6.18) and (6.19), both the reduction ratios 〈rp1, rp2〉 are

lower than 1 since the increment ratio rn is larger than 1. Thus, grasping the thin shell

by using the micropatterned pad requires a lower preload pressure p than that using the

normal pad. That is, to achieve a stable grasp, the m-pad generates less deformation

for the shell. In case the normal wet adhesion forces F ∗wn,n and F ∗wm,n extremely enlarge,
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using a preload pressure p < 0 may rise deformation of the hemispherical shell (ϕ < ϕ0),

which inverts the reduction ratio rp1 in equation (6.18). Therefore, as the relation rp1 > 1

appears, the micropatterned pad generates stronger wet adhesion force for contacting with

the substrate than the normal pad.

6.1.5 Estimated Results

In order to evaluate the preload pressure p acting on the hemispherical shell by the

m- and n-pads, the parameters mentioned in the analytical model are substituted with

concrete values of water and the real contact lens. Herein, the contact lens made from

silicon hydrogel Acuvue R© advance material [72, 227] has parameters of: Young modulus

E = 1.1 MPa, Poisson ratio ν = 0.45, µ ∼ µ∗ = 0.028, α = 0.44, θ1 − α1 = 1.13, θ∗1 = 0.86,

θ2 + α = 1.2, m = 0.75 g, θ∗1 ∼ θ3 = 1.13.

Figure 6.7: Normal wet adhesion forces of the contact between the n- and m-pads with the
thin shell through variation of the interface gap h∗, respectively, output from equations (6.12)
and (6.16) a), and the ratio rn output from equation (6.17).

Figure 6.8: Influence of the coefficient k∗ in the reduction ratio rp1 shown in equation (6.18)
for the contact between the m- and n-pads with the thin shell by bending angle ϕ a). Influence
of the coefficient k∗, k in the reduction ratio rp2 shown in equation (6.19) by bending angle ϕ in
b) and c), respectively.

Figure 6.7 shows that the normal wet adhesion force in case the contact between the

micropatterned pad with the hemispherical shell was 2 times higher than that of the case

normal pad. When rising the interface gap h∗, the normal wet adhesion force decreases for
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both those such pads (Fig. 6.8). Also, the ratio rp1 reduces when the bending angle ϕ and

the coefficient k∗ rises as shown in Fig. 6.8. Hence, it reveals that as the bending angle

ϕ rises the m-pad can significantly decrease the shell’s deformation compared with the

n-pad case, contrasting to the trend of reducing the contact area of the contact lens-pad.

Additionally, this relation is appropriate for explaining the trend in case the reduction

ratio rp2 as illustrated in figure 6.8. As the contact lens is peeling off the substrate, the

reduction ratio rp2 (Fig. 6.8(a)) marginally decreases for two cases of the pads in gripping

the contact lens; while that shown in Fig. 6.8(b) has significant declines.

The obtained results in this section show that the pad having micropatterned morphol-

ogy can strengthen grasp force Fg due to increasing the wet adhesion. In other words, if

grasping the thin shell requires a value of Fg, the m-pad can decrease the preload pressure

p through the reduction ratios rp1, rp2. Therefore, using the micropatterned pads help

the soft robotic hand grip a contact lens with requirement of the pressure preload p of

1.2÷ 2-times lower than that of using the n-pads.

6.1.6 Results Of Preliminary Experiments

6.1.6.1 Prototype

In this situation, in order to make the micropatterned pad as shown in figure 6.5 we

utilized the method as aforementioned in chapter 4. In addition, the soft fingers were cast

from silicon rubber (Smooth-on Dragon Skin 10) in the molds fabricated by printing the

ABS plastic of 3D printer Zotrax M200. Afterward, the fabricated pads were attached to

the tips of those such fingers through a thin film of a glue.

6.1.7 Experimental Setup

Setting the experiments is to verify the role of the micropatterned morphology on achieving

the stronger wet adhesion force for decreasing the minimum value of the preload pressure p

needed to grasp the contact lens. In figure 6.9, the experimental system consists of following

equipment: one contact lens, a tank containing water, one hemispherical substrate, one

syringe pump for generating pressure control, and one camera to record the contact lens’s

deformation in the meridian curve. These equipment were controlled via the controller

linked to a computer. The obtained images illustrated the contact lens’s deformation via

the variation of the bending angle ϕ. In addition, those such deformation datum of the

contact lens were compared for two contact cases between the n- and m-pads. Also, the

contact lens was in three different conditions in the measurements: 1) immersed inside

water (liquid), 2) outside the water, and 3) contact with the rigid hemispherical substrate.
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Figure 6.9: Measuring setup of testing the contact lens’s deformation under acting of the grasp
force Fg generated by the two fingers.

6.1.7.1 Contact Lens Inside Liquid

In the initial state, the n- and m-pads were separated above the bottom tank at a gap

distance of 10 mm where the contact lens lied down. Those such pads moved downward

of 9 mm at a normal velocity vz of 0.5 mm/s. Subsequently, the pump input air pressure

to toward bend these pads for grasping the contact lens. As the contact lens was stably

gripped at the minimum value of preload pressure p, the n- and m-pads returned to their

initial position. The camera recorded the deformation datum of the contact lens during

this progress.

6.1.7.2 Contact Lens Outside Liquid

In this phase, these soft pads kept the contact lens at a distance 10 mm above the tank

bottom where put the contact lens. Afterward, the syringe pump decreased the air pressure

until this contact lens was released. The contact lens’s deformation was recorded in this

process.
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6.1.7.3 Contact Lens in Contact with the Substrate

In this phase, the contact lens already stuck with the substrate. Hence, the soft pads moved

down 7 mm to make contact and exert the preload pressure p on the contact lens. After

that, these pads returned backward 7 mm for peeling the contact lens off the substrate.

In this scenario, when the contact lens has just been separated from the substrate, the

contact lens’s deformation was recorded by the camera.

6.1.8 Preliminary Results

This section illustrated the validation of the preload pressure p generated by the soft

pads when gripping the contact lens in three conditions according to testing the resultant

bending angle ϕ in equation (6.2). Herein, the bending angle ϕ0 shown in figures (6.10),

(6.11) and (6.12) presented for that at initial state of the contact lens. When rising the

preload pressure p, the bending angle ϕ0 becomes ϕ. In other words, the greater values of

the bending angle ϕ indicated the higher values of the preload pressure p acting on the

contact lens.

6.1.8.1 Contact Lens Inside Liquid

Figure 6.10: Comparison of the bending angle ϕ of the contact lens corresponding to the
preload pressure p generated by the n- and m-pads to contact lens in the condition inside liquid.
Pictures of ϕ under preload pressure p in cases n- a) and m-pads b). c) Results of comparing c-1)
the experiment of the bending angle ϕ got from a) and b), and c-2) calculated preload pressure
p (grasping the contact lens) through substituting ϕ in c-1) to equation (6.2). In this scenario,
the angle ϕ0 = 0.64 corresponded to the force Fg = 0.
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Figure 6.10(c-1) illustrates that the angle ϕ of the contact lens gripped by the normal

pad was about 10% larger than that by the micropatterned pad. That yields the preload

pressure p imposing on the contact lens produced by the m-pad approximated 1.1 times

lower as shown on figure 6.10(c-2). This also induced less deformation of the contact lens.

Hence, the wet adhesion force generated from the contact between the m-pad and the thin

shell was larger than that of between the n-pad during gripping the contact lens.

In case of gripping the thin hemispherical shell inside liquid as illustrated in figure

6.10, the influences of the drag force Fd by the liquid and low friction on the contact the

contact lens-pads were combined with the weak role of wet adhesion force. This led to

enlarging the dependence of the grasp force Fg on the preload pressure p. In this scenario,

despite of being a difficult problem to govern the contact lens curvatures, the pad having

micropatterned morphology manipulated the deformed surface of the contact lens better

than did the normal pad, thanks to resulting in the lower deformation of the contact lens

(figure 6.10(a-b)).

6.1.8.2 Contact Lens Outside Liquid

When grasping the contact lens in the condition: outside liquid as illustrated in figure 6.11,

the grasp force Fg was more dependent on the wet adhesion than the preload pressure.

Thanks to the significant role of the wet adhesion force, the contact lens can achieve a

deformation with ϕ < ϕ0 under the preload pressure p < 0 (grasping the contact lens).

Because the relation F ∗wm,n > F ∗wn,n appeared in equation (6.17), under the condition

p < 0, the contact lens’s deformation was over 1.5 times larger for the normal pad than the

micropatterned pad as shown in figure 6.11(c-1). Moreover, the pulling preload pressure p

generated by the pad having micropatterned morphology rose roughly two-fold that of the

pad without any pattern in figure 6.11(c-2).

Thus, the micropatterned morphology can strengthen the wet adhesion force which

was in contract with the estimation in equation (6.18). Because gripping the thin shell

by using the m-pad output the a smaller value of bending angle ϕ compared to utilizing

the n-pad (figure 6.11(b)), the m-pad can achieve more efficient outcome of attaching the

contact lens to the hemispherical substrate than the n-pad.

6.1.8.3 Contact Lens in Contact with a Substrate

As the contact lens was in contact with the hemispherical substrate as shown in figure

6.12, the bending angle ϕ of the contact lens generated by the m-pad was slightly lower

than by the n-pad (with the statistical value p = 0.1446, see figure 6.12(c-1)). This was

caused from the major dependence of the grasp force Fg on the preload pressure p and the

friction forces Ff , F
∗
f when the relations k∗ ∼ 0.75 and k ∼ 0.3 appear. In addition, the

preload pressure p (figure 6.12(c-2)) produced by the m-pad is smaller than that of by the
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Figure 6.11: Comparison of the bending angle ϕ of the contact lens corresponding to the
preload pressure p generated by the n- and m-pads to contact lens in the condition outside liquid.
Pictures of ϕ under preload pressure p in cases n- a) and m-pads b). c) Results of comparing c-1)
the experiment of the bending angle ϕ got from a) and b), and c-2) calculated preload pressure
p (ulling contact lens) through substituting ϕ in c-1) to equation (6.2).

n-pad at the ratio rp2 = 0.706. This agreed with calculated results as shown in figure 6.8

in range 0.5 < k∗ < 0.75 and equation (6.19).

In general, the testing results of this model were valid. Although the given experiments

focused on the contact lens as a showcase of the thin hemispherical shell, our study

presented the vital role of the micropatterned morphology on strengthening the wet

adhesion force in gripping the pliable object. Through illustrating the advantage properties

in the wet adhesion interaction, the pads having micropatterned morphology needed

smaller preload pressure which led to the less deformation for the contact lens. When

expanding the contact lens with ϕ < ϕ0 to facilitate attaching the hemispherical substrate,

the micropatterned pad can enlarge the expansion of the contact lens with a smaller value

of ϕ than the normal pad. Thus, those such models are potential to evaluate gripping

other thin pliable objects in a diverse conditions (see video at: https://www.youtube.

com/watch?v=cMkQ40DDQ_8&t=1s, consisting of dry, wet and with prolific substrates.

6.2 Design Soft Robotic Hand for Grasping Soft-Fragile

Objects

This section investigates the role of a micropattern on decreasing the deformation, thanks to

reducing of the applied compressing load, of a fragile object gripped by a soft robotic hand.
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Figure 6.12: Comparison of the bending angle ϕ of the contact lens corresponding to the
preload pressure p generated by the n- and m-pads to contact lens in the condition contact with
the substrate. Pictures of ϕ under preload pressure p in cases n- a) and m-pads b). c) Results of
comparing c-1) the experiment of the bending angle ϕ got from a) and b), and c-2) calculated
preload pressure p (pressing the contact lens) through substituting ϕ in c-1) to equation (6.2).

An estimation was conducted to evaluate the grasp forces concerned for manipulating a

soft, wet block by two soft-fingers in two cases: flat and micro-patterned fingertip pad.

In this scenario, the object had an available thin film of liquid; whereas the pad was

completely dry. Grasping the block was conducted in three steps: the pad (of the robotic

finger) approaching the substrate (Fig. 6.13(a-1)), the pad attaching to the substrate (Fig.

6.13(a-2)) and the pad detaching from the substrate (Fig. 6.13(a-3)). When contacting the

substrate, the grooves can suck the fluid film according to the wet adhesion mechanism of

the tree’s frog sole toe. Hence, we designed a robotic hand and carried out corresponding

experiments to validate the estimation by grasping a tofu block as an actual application.

6.2.1 Revisit Theory of Viscoelastic Deformation

In manipulating a fresh tofu block, the tofu (considered as a fragile block object) is

grasped and released by a soft gripper (Fig. 6.13), which results in deformation of the

tofu block [75]. Also, water is always available at all surfaces of the fresh tofu, whic cause

the surface slippy, as well as wet adhesion in the interface with the finger. This section

discussed two such cases through formulations that can explain the underlying physics of

such phenomena.

A deformation model of the tofu block is considered in this section. Tofu contains

primary ingredients from the soy protein and 90%water. One can find out the physico-
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Figure 6.13: Scheme of grasping a tofu block by the soft robotic fingers: (a) The fingers
approaching. (b) Gripping and lifting the tofu block away from the jig. (c) Releasing the tofu on
the jig.

chemical properties for many types of the tofu in [73]. In addition, Cheng [74, 228] showed

that tofu can be considered as a viscoelastic materials that includes two components:

viscosity and elasticity upon deformation.

Figure 6.14: Deformation model of the tofu block in grasping. a) Deformation of the tofu under
external forces. b) Modelling the tofu by a spring element κ0 and series of parallel viscoelastic
elements comprising of a spring (κi) and a dashpot (ξi).

As shown in Fig. 6.14(a), the tofu block, which has a roughly cubic shape with its edge

side is Lp, is compressed by the preload P = pL2
p by each of the pads to create the grasp

force Fg. This generates the normal deformations of the sample ∆et with the internal

stress σ. Also, to keep the object from falling down the tangential stress τ balancing with

the gravity force G = mg and the wet adhesion force of the jig Fwj that appears on the

contact interface of the substrate. Let us virtually divide the volume of the tofu into one

independent spring having stiffness coefficient κ0 and n parallel elements each consisting

two minor connecting elements: a dashpot (damping coefficient ξi) and a spring (stiffness

coefficient κi) as shown in Fig. 6.14(b). Additionally, each such element and the whole
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tofu are in turn exerted by the normal stress σi and the total normal stress σ. Hence,

according to [229] the relationship between the pressure and the strain can be shown as

follows:

σ = σ0 +
n∑
i=1

σi = κ0ε0 +
n∑
i=1

κiξiε̇i
κi + ξiε̇i

, (6.20)

with εi, ε̇i are respectively the strain and its deviation by time t of the element i. And the

apparent modulus κ(t) of the sample in relaxation state satisfies the followed expression:

κ(t) = κ0 +
n∑
i=1

κie
−tκi/ξi . (6.21)

The Eqs. (6.20) and (6.21) show the scenarios of the sample in cases: a small and a large

(relaxation stress) deformations. As the grasp force Fg in this study does not generate

a large deformation for the tofu (εi < 10% [74]), we can neglect variation of the elastic

modulus in Eq. (6.21).

6.2.2 Mechanics of Grasping with Wet Adhesion

6.2.2.1 Design Robotic Hand

Figure 6.15: Design of a soft robotic hand with two types of the fingertip pad: a) n-pad (normal
pad or the pad without any pattern) and b) m-pad (the pad that has micropattern).

As shown in Fig. 6.15(a), the design of a soft robotic hand comprises of two soft fingers

with their morphology was constructed from a PneuNet structure, and fingertip pads were

designed in two cases for evaluation: a normal flat surface (n-pad) in Fig. 6.15(b) and a

micro-machined pattern surface (m-pad) in Fig. 6.15(c). Two kinds of pad have a square
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shape with a same size of edges: Lp and thickness L and materials. For the m-pad, it is

patterned by N square cells, which the edge size is a, interspaced by a network of the

grooves, which width and depth of each groove are w and d, respectively. Then, this hand

was fixed to a linear motorized stage functioned as a robotic arm for approaching the hand

to the object. When the fingers were pressurized, the pads approach towards sides of the

object for creation of the grasp force Fg.

6.2.3 Modelling Grasping of a Wet Object

This section concerns role of the wet adhesion in grasping the fragile wet object (tofu) by

the soft pads (Fig. 6.16) in two cases: n-pad (normal pad) and m-pad (micropattern pad).

For the m-pad, upon contacting with the tofu block, the water film on the tofu surface is

sucked into the grooves when the width of the grooves is smaller than the interface gap h

(w < h). This phenomena can be explained in chapter 2 that the Laplace pressure inside

the groove and at the contact interface between cell and the substrate, in this situation,

are PLg ∼ 2γ cos θ3/w and PLc ∼ γ(cos θ1 + cos θ2)/h, respectively (see Fig. 6.16).

In each of the corresponding contact interface, the grasp force Fg generates the friction

force Ff , and the wet adhesion force Fw increases the stick ability with the pads. We also

consider that the couple interfaces between the pad and the tofu’s surfaces is completely

parallel to z axis in the grasping scenario. In the equilibrium state, the tofu is lifted only if

the tangential contact force Fr,t generated from the pad (the total of Ff and the tangential

wet adhesion force Fw,t) satisfies the followed conditions:

0.5(G + Fwj ẑ) ≤ Fw,t + Ff = Fr,t. (6.22)

The module of gravity force G in Eq. (6.22) is considered constant, and that of the

wet adhesion force with the jig Fwj ≈ γ(cos θj1 + cos θj2)πr
2
wj/hj + γ sin θj12πrwj. Thus,

it is necessary to determinate other components in the right hand side of Eq. (6.22).

This equation is utilized to compare the minimum preload pressure {pn, pm} causing

deformation on the tofu.

6.2.3.1 In Normal Direction (along x− axis)

In Fig. (6.16), as there are no slip between the pad and the substrate, the capillary’s shape

has no significant change and the related velocity between the pad and the substrate ẋ, ż

are neglected. According to chapter 2, by synthesizing the wet adhesion force Fw the Eq.

(6.22) the normal wet adhesion force in case the n-pad Fwn,n is generally calculated as

followed:

Fwn,n = Lp4γ (Lpϑ+ sin θ1) , (6.23)
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Figure 6.16: Mechanics of grasping a tofu block by the soft robotic fingers: (a). Model of
contact interfaces between pads of the gripper and surfaces of the tofu. (b) Contact model
of the tofu block’s bottom with the jig. (c) Zoom-in illustration of contact interfaces in two
cases: (c-1) contacting with the n-pad, and (c-2) contacting with the m-pad. The preload pn, pm
from the n-pad and m-pad, which exert on the normal direction of the tofu’s surfaces, causes
the deformation of the tofu ∆etn and ∆etm. The dash lines and the dash-red arrows, in turn,
show the original states of the pads and the substrate, and the moving direction of the pads.
Additionally, θ1, θ2, θ3, θj1, θj2 and rw, rwj are the contact angles and wet radii, respectively.

where ϑ = 0.25(cosθ1 + cosθ2)/h, ϑ1 = L2
p/(aN)− a. Differing to the n-pad, in the case

the m-pad, the normal wet adhesion force Fwm,n includes the Laplace, surface tension and

Stefan forces of the cells and the grooves. Hence, the force Fwm,n equals to:

Fwm,n = 4Naγ

(
ϑ1

cos θ3
2w

+ aϑ+
sinφ1√
N

+ nc cos θ3

)
. (6.24)

Note that ψn = Fwn,n and ψm = Fwm,n which are respectively in the left hand side of Eqs.

(6.23) and (6.24), then the grasp forces Fg for the n-pad case Fgn and m-pad case Fgm

become: Fgn = πr2wpn + ψn,

Fgm = πr2wpm + ψm
. (6.25)
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Eq. (6.25) shows that the grasp forces {Fgn, Fgm} depend on both preload pressure

{pn, pm} and the wet adhesion force {Fwn,n, Fwm,n}. The increment ratio of the grasp force

in this scenario rg = Fgm/Fgn is:

rg = 1 +
2γ cosφ [(2 + 2nc − 1/m)/a+ 1/h]

p(1 + 1/k)2 + 2γ cosφ(1 + 1/k)2/h
, (6.26)

where k = a/w,m = h/w, nc = 1 − N−0.5 (N is the number of cells on m-pad), and we

assume that φ = θ1 = θ2 = θ3. Because the width of the groove was designed so that it is

satified w < h, the increment ratio rg in Eq. (6.26) is always larger than one in case the

preload pressure pm = pn = p. In other words, in case grasping the tofu by the m-pad,

the normal wet adhesion force Fwm,n significantly enhances the grasp force Fgm than that

of grasping by the n-pad. This plays an important role in the following sections as the

normal force is a principal component in grasping.

6.2.3.2 In Tangential Direction (along z − axis)

The grasp force {Fgn, Fgm} in Eq. (6.25) generates the friction force Ff and the wet

adhesion force in tangential direction Fw,t. This study only focuses on investigating the

tangential contact force Fc,t in incipient slip (ż = 0, Fw,t ∼ 0). Also we have Ff = ηFgn

with η is the friction coefficient. By projecting Eq. (6.22) in z axis yields the tangential

contact force Fc,t in case the n-pad as follows:

Fcn,t = ηn(pL2
p + ψn). (6.27)

And the tangential contact force in case the m-pad becomes:

Fcm,t = ηm(pL2
p + ψm). (6.28)

From the Eqs. (6.27) and (6.28), the increment ratio of the tangential contact force

rt = Frm,t/Frn,t is calculated as follows:

rt =
ηm
ηn

[
1 +

2γ cosφ [(2 + 2nc − 1/m)/a+ 1/h]

λ21(p+ 2γ cosφ/h)

]
, (6.29)

with λ21 = (1 + 1/k)2, λ22 = w(2 + 1/k)/a. It is similar to the conclusion in Eq. (6.26), rt

in Eq. (6.29) is also larger than the ratio of the friction coefficients ηm/ηn. On the other

hands, comparing the value of rt with 1 depends on the ratio {ηm/ηn}. When ηm = ηn,

rt becomes rg. That reveals the micropattern can create a stronger enhancement of the

wet adhesion in tangential contact force than that of the normal surface. Replacing Eqs.
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(6.27) and (6.28) into Eq. (6.22) yields the preload pressure pn of the n-pad as follows:

pn ≥ 0.5(G+ Fwj)L
−2
p /ηn − ψn/L2

p, (6.30)

and that of the m-pad case is:

pm ≥ 0.5(G+ Fwj)L
−2
p /ηm − ψm/L2

p. (6.31)

Dividing the right hand side of Eq. (6.31) into that of Eq. (6.30) yields the reduction

ratio of the minimum preload pressure rp = min{pm}/min{pn} as follows:

rp =
ηn
ηm

{
1− 1 + [λ22(k − 1) + 2ncm/k]/λ21

0.5(G+ Fwj)/ψn − 1

}
. (6.32)

The ratio rp in Eq. (6.33) is smaller than 1 that is equivalent to min{pm} < min{pn}
because we consider ηm = ηn (friction coefficient of m-pad and n-pad, respectively) and

k > 1. In addition, this ratio gradually decreases as ηm > ηn. The deformation of the

tofu, in this study, is so small for concerning the relaxation stress. Thus, the apparent

elastic modulus κ(t) in Eq. (6.21) can be neglected. For simplicity, let us assume that

the preload pressure is similar at every point on the contact interfaces, which leads to the

same strain εi in Eq. (6.20) at all contact points. Combining Eqs. (6.20) and (6.32) yields

the reduction ratio rs = εim/εin for the strains between the m-pad case and the n-pad case

as shown in Eq. (6.33):

rs = 1−
pnL

2
p(1− rp) +

∑n
i=1 ξiκ

2
i ( ˙εim − ˙εin)/(χinχim)

pnL2
p −

∑n
i=1 κiξi ˙εin/χin

, (6.33)

where χin = κi + ξi ˙εin, χim = κi + ξi ˙εim

Consequently, gripping the tofu with the m-pad requires a smaller value of the applied

preload P exerting on the tofu’s surfaces. In addition, the Eq. (6.33) reveals that grasping

in case the m-pad has less damage for the substrate.

6.2.4 Experimental Setup

This section reports the experiment evaluation of the reduction of the applied preload

pressure exerting on the tofu’s surfaces using m-pad (micropattern pad) compared to that

of n-pad (normal flat pad). Apparatus setup and experimental method described in this

section can be utilized for evaluation of grasping other wet, fragile objects like tofu.
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Figure 6.17: Fabrication processing of the pad and preparing sample. The n-pad and m-pad
molds a) were fabricated by fixing the silicon substrates on the glasses with their walls printed
by 3D Zotrax M200. b) Measuring the contact angles of the pad and the jig. c) A Japanse tofu
as a sample for experiments. d), e) and f) the surface profiles of the n-pad, m-pad and the tofu
under observed in microscope. Error of w is roughly 15%.

6.2.4.1 Fabrication

A micro-patterned mold (m-mold) was fabricated by a lithography method, with size of

12×12 mm2 was fabricated as shown in chapter 4. The obtained micro-pattern mold was

then fixed in a larger mold for casting silicon rubber (Ecoflex 00-50, SmoothOn, USA) to

create the m-pad with thickness of 1 mm (Fig. 6.17(a)). Cells on the m-pad have the size

of 85µm×85µm, separated by a network of channels (grooves) with 15µm in width and

44µm in depth. The surface of m-pad, n-pad and the substrate were observed in laser scan

microscope (VK-9710, Keyence, Japan) in Figs. 6.17(d-f). Generally, the cell’s surfaces of

the m-pad is more smooth than that of the n-pad and the tofu. There are a very small

ratio of high roughness areas on the surfaces of the n-pad (maximum ∼ 1µm) and the

tofu (maximum ∼ 12µm). The fingers were made from DragonSkin 00-10 following the

Pneunet structure, and the cover layer was made from DragonSkin 00-20. The other parts

of the robotic hand were printed by 3D Zotrax M200 with using ABS plastics. Also we

cut a Japanese tofu with it dimensions: 19.6× 19.6× 15 mm3 as a sample to carrying out

for the test as illustrated in Fig. 6.17(c). The surface having edge’s size 19.6× 19.6 mm2

was implanted by black markers (ABS plastic) for tracking the deformation of the sample

(see Fig. 6.22 for details).
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Figure 6.18: Scheme of experimental set-up for measuring the preload.

6.2.4.2 Experimental setup

An experiment was conducted for evaluating the preload resulted from the interaction

between the m-pad/n-pad and a piece of fresh tofu. The fabricated pads (m-pads or

n-pads) were fixed on the tips of a pair of soft pneumatic fingers. The robotic hand was

attached to a motorized linear stage which can provide precise movement along vertical

z -axis. The two soft fingers were connected through plastic pipes to a syringe pump

whose plunger is fixed onto a horizontal linear stage (x -slide). Both of the linear stages

were driven by a stepping motor controller (Suruga Seiki D212). The formation of the

pneumatic fingers’ grasping pose, as well as wide range of initial loads exerting on the

piece of tofu at the fingertips, were regulated by varying air pressure, using the syringe

pump. The acting pressure was measured by a pressure sensor (SMC ISE30A). Moreover,

in order to evaluate the deformation of the piece of tofu under a designated acting pressure,

a high-speed camera (Sony DSC-RX10M4) is used to capture black markers attached onto

the surface of the tofu block. The experiment set-up is shown in Fig. 6.18.

During the evaluation process, there are two main phases by which the wet adhering

capabilities of the n-pad and m-pad were examined. The adhering capabilities of the two
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Figure 6.19: Measuring the preload by calibrating the pressure inside the Pneunet structure of
the robotic fingers. The measurement set-up in a) including a pressure sensor and a force sensor
a-1). Also the tests were performed at three points: bottom, middle and top on both two fingers
a-2) and a-3). b) Results of the force calibration.

soft pads are evaluated and compared through two criteria: grasping pressure and releasing

pressure. In the first phase, a minimum pressure (i.e., grasping pressure) was determined,

which was just sufficient enough to lift the tofu block out of the jig and then firmly held it

without being slipped, while the hand was kept at a certain height. In order to obtain

this grasping pressure value, at first, the robotic hand moved down to the piece of tofu.

Next, the soft fingers were actuated so that the air pressure (i.e., initial load) exerting

on the tofu was gradually increased. In the second phase, once the robotic hand moved

the tofu to a certain height, the exerting pressure was being steadily reduced until the

tofu started sliding on the surfaces of the soft pads. The pressure at which the slippage

occurred was defined as releasing pressure. Then, the preload P exerting on the surfaces

of the pads were obtained by calibration the input pressure inside the chamber of each

fingers as shown in Fig. 6.19(a). The calibration tests returned results for the preload
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at 3 positions: top, middle and bottom of the pad as illustrated in Fig. 6.19(a-2)(a-3).

The value of preload was almost similar for two fingers as the low pressure (P < 10 pa);

whereas, as (P >> 10 pa), the preload of right finger is 10 % higher than that of the left

finger (Fig. 6.19(b)). This error came from the accumulated error at large deformation of

the fingers, which generated the different slope angle of the pad along z -direction. The

difference in fabrication of two fingers may also be a reason.

6.2.5 Evaluation results

6.2.5.1 Grasping pressure

Figure 6.20: Comparison of the the force value from the pads exerting on the tofu between
two cases: n-pad and m-pad. In this figure, the grasping pressure and its corresponding normal
preload P was obtained from the mean value of the left and right fingers at middle position
(Fig. 6.19(b)). Also the normal adhesion force was derived from Eq. (6.22) with replacing
the experimental value of the preload P (equals to the grasp force Fgn, Fgm). The normal
adhesion forces of the n-pad and the m-pad were, in turn, calculated in Eqs. (6.23) and (6.24).
The condition for this calculation is: φ = θ1 = θ2 = θ3 =1.414 (rad) and θj1 = θj2=0.7679
(rad) was measured in Fig. 6.17(b), ηn = ηm= 0.35, h=25µm, hj=30µm, πr2wj=45.396 mm2,
2πrwj=90.79 mm, µm, γ=0.073 N/m and m=5.537 g.

The grasping pressure and the resulted normal preload by which the designed robotic

hand could stably lift the piece of tofu were experimentally observed in 5 trials for each

type of the soft pads (m-pad or n-pad). The obtained data is statistically processed and

shown in the Fig. 6.20. It reveals that the soft pad without micro pattern (n-pad) needs a

higher grasping pressure to firmly lift the tofu, at approximately 15.7 kPa, thus leading

to the normal preload of 168 mN. Whereas, with the m-pad, the grasping pressure of the

robotic hand required for safely handling the tofu is smaller than that of the n-pad, with

the mean value of 10 kPa and its corresponding normal preload is at about 75 mN.

From the initial conditions in Fig. 6.20, we have gravity force of the tofu G= 0.054 N

and Fwj= 0.12 N. By replacing the obtained results of the preload in the Fig. 6.20 into Eqs.
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Figure 6.21: Releasing pressure and its corresponding normal preload P of the n-pad and the
m-pad. The preload P was obtained in the same way as shown in Fig. 6.20.

(6.22), (6.27) and (6.28) we had the experimental data of the adhesion forces with F̄wn,n=

0.0812 N, F̄wm,n= 0.173 N. The testing values of the the normal adhesion force were utilized

to validate the estimation in Eqs. (6.23) and (6.24) which returned wet adhesion forces of

m-pad and n-pad are Fwn,n= 0.0692 N and Fwm,n= 0.187 N, respectively. The comparison

showed a good agreement between the analytical model and the evaluation experiment,

when the errors of the normal adhesion force are -14.8% and 8.09% for the n-pad and

m-pad, respectively. This reveals that the m-pad needs lower applied preload into the tofu

comparing with that of the n-pad (r̄p= 7.57 N/0.1667 N=0.454<1, respectively). In other

words, the ratios {rg, rt, rp} in Eqs. (6.26), (6.29) and (6.32) are both appropriate with

the actual tests.

6.2.5.2 Releasing pressure

The result of the examination of releasing pressure was determined at the moment the

tofu started sliding relatively to the surface of the soft pads, judged through high-speed

camera. Fig. 6.21 shows the releasing pressure for two cases of pads: n-pad and m-pad.

For each type of the pads, the experimental process was repeatedly in 5 trials. For the

n-pad, the recorded releasing pressure slightly fluctuates around 10.7 kPa, then its resulting

normal preload is at 94 mN, which is lower than the grasping pressure and the preload by

5 kPa and 74 mN, respectively. Regarding the m-pad-type hand, the releasing pressure

varies greatly, ranging from 6.5 to 8 kPa with the mean value of roughly 7 kPa, and thus

differentiating from the grasping one by more or less 3 kPa. Also, the corresponding normal

preload of 41 mN observed in the releasing state is lower than that of the grasping state,

by 34 mN.
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Figure 6.22: The figure (a) shows the high-speed camera view for marker tracking which is
used for determination of tofu deformation, (b) illustrates the tracked markers’ positions in the
original state of the tofu and (c) demonstrates the changes in markers’ positions when the tofu
is subjected to an acting force, and then gets to the deformed state. The m-pad and n-pad
highlight the process of tofu deformation as gripping the tofu with and without micro-pattered
pad, respectively.

6.2.5.3 Tofu Deformation

In this section, we report evaluation on how the piece of tofu was deformed under a preload

(i.e., grasping pressure), exerted by the robotic hand equipped with the normal n- and

micro-patterned pad, in turn. Black markers (16 in total) were arranged on the front

surface of the tofu, with ordinal numbers as shown in Fig. 6.22(a), then their relative

positions could be tracked and measured using the Image Processing tool in MATLAB

software.

The deviation of markers’ positions (marked as red ’plus’ sign) on the tofu under the

acting force (i.e., deformed state in Fig. 6.22(c)) from that of the original state (marked

as blue ’plus’ sign in Fig. 6.22(b)) was measured to assess the change in the tofu shape in

terms of two-dimensional deformation. The deformation was observed in two cases: the

tofu was gripped by the m-pad and the n-pad under a grasping pressure of 10 kPa and

15.7 kPa, respectively.

Because the markers are not arranged neatly onto the surface of the tofu, whose shape

is badly defined in the pre-grasp state as well, it is hard to observe and evaluate the

changes in the tofu shape under the grasping forces. In order to recognize the deformed

tofu shape, therefore, we modelled the piece of tofu by translating the tracked markers’

position to new calculated ones such that the original modelled tofu would transform to a

square shape (c0). With the same translation for tracked markers in the deformed state,

the model shows that in the both cases under the preload, the upper and bottom sides
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of the tofu are substantially deformed so that their contours would fit well as parabolic

curves (c1) (Fig. 6.23(a-1)). However, experiencing a large force - in the case of n-pad, the

tofu is by more deformed at the corners and edges, which are modelled into the contour of

(c2) (Fig. 6.23(a-2)). Moreover, the deformation is analytically evaluated by measuring

maximum strains with respect to x -axis and z -axis, which are calculated by the changes in

length (∆L=L-L0) of the specific axis over the initial one (L0) (Fig. 6.23(a-2)). According

to the figure of two-dimensional deviation presented in Fig. 6.23(b) and the original

lengths of the tofu (L0x=19.6mm, L0z=19.6mm), the maximum changes in length in terms

of the case 1 (m-pad) are by -0.22mm (∆Lx=∆x12-∆x5, the minus sign means the length

reduced over the initial length) and 0.09mm (∆Lz=∆z5-∆z1) along the x and z direction,

respectively, and consequently the strains in turn are 1.14% and 0.47%.
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Figure 6.23: The figure (a) illustrates the model of the tofu seen from the front side after
translating the tracked markers’ positions to the calculated ones. The (a-1) and (a-2) are the
tofu models derived from the experiment with case 1) m-pad and case 2) n-pad, in which (c0),
(c1) and (c2) are original and deformed tofu contours in case 1 and case 2, respectively. (b) the
graph shows the deviation of the original markers from the deformed ones with respect to the 16
markers, which are measured in two dimensions, the (b-1) x -axis (∆x1 to ∆x16) and the (b-2)
z -axis (∆z1 to ∆z16).

The deformation in the case 2 (n-pad) is considerably larger in comparison to the first

case, that is, the maximum strains calculated in that case are 4.11% along the x direction

and 1.41% along the z one. Also, the changes in length are nearly four times as large in
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the x direction as that of the m-pad gripping case, at -0.81mm (∆Lx=∆x12-∆x5) and

twice in the z direction, at 0.28mm (∆Lz=∆z16-∆z12). These obtained results repeatedly

reveal that the m-pad exerted a smaller preload P which caused the major deformation of

the tofu, comparing with that of the n-pad. In other words, testing the strain of the tofu

also contracted with the reduction ratios {rp, rs} in Eqs. (6.32) and (6.33).
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CHAPTER 7

DISCUSSION, CONCLUSION AND

VISIONS

7.1 Discussion

7.1.1 Adhesion of Flat Contact Interface

7.1.1.1 Analytical Model

In this thesis, the adhesion principle of the contact between the m-pad and the substrate

having flat surface was investigated. Our proposed model showed the high dependence

of the contact force on the pad morphological design, the properties of the liquid film,

and relative motion between the couple surfaces in the contact interface. In addition,

the surface roughness of the substrate influenced to the adhesion interaction of the

contact, including dry and wet adhesion. We proposed the analytical model of the contact

including: “wet without dry adhesion” and “wet with dry adhesion” as a general case.

However, determining the ratio of the dry and wet adhesion force in the total adhesion was

extremely complicated. This thesis limited case study for the substrate having very smooth

surface and the liquid film entirely covered the substrate (neglected the dry adhesion) for

calculating the adhesion force. Utilizing the proposed model was able to estimate the

underlying physics of the adhesion in two cases of the contact: tangential and normal

directions. The results illustrate that the pad having microppaterned morphology provides

superior the adhesion force compared to that of the pad having no patterned morphology

in the those directions. Moreover, the estimated model facilitates evaluating mechanical

and geometrical properties of the wet contact interface in strengthening the wet adhesion

interaction. Hence, this model is potential to be used for investing the wet adhesion for

diverse contact interfaces, for instance, grasping, locomotion, and so on.
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7.1.1.2 Parameters

The ultimate objective of our project is to come up with a bio-inspired robotic hand with

its soft fingers designed for stably gripping/handling objects in wet conditions. Hence,

the the contact interface’s parameters are considered to appropriate to gripping actions,

for example: low velocities and small displacements; in two cases: normal and tangential

contacts. Herein, we chose water as the liquid film deposited on the contact surface, since

it is one of the most common liquid existing in human daily life. In specific purposes

involving the liquids with higher viscosity such as: oil in industry, blood in surgery, and so

on, the wet adhesion will significantly rise, and thus this model can enable to describing

similar phenomenon.

7.1.1.3 Experimental Results

The experimental results presented good agreement with the analytical ones achieved

from our proposed model. Nonetheless, there were several inconsistencies points in the

comparing results which were resulted from the nonlinearity of the silicon rubber utilized

for making the m-pad, and the volume reduction, due to evaporation, of the liquid between

the testing trials.

In addition, the obtained results of the adhesion in our study were compared with

previous outcomes as shown in table 7.1. In [130], the square-patterned pad comprises of

100×100µm2 cells interspaced by the network of the grooves with the width and depth of,

in turn, 15×10µm2, enhancing the normal and tangential adhesion force by 2- to 3-fold

bigger than the pad having no patterned morphology. Also, the squared pattern in [132]

rose the frictional force and coefficient roughly 30 % more than did the normal pad. The

authors [127] revealed that the increment ratio of friction force in wet condition between a

pad having hexagonal-patterned design and a normal pad was around three times.

Table 7.1: Comparison of the increment ratios of wet adhesion forces with previous work.

Our results [130] [132] [127] [128] [104]
Square Square Square Hexagon Hexagon Hexagon

Normal wet adhesion force
2 2÷3 - - - 1

Tangential wet adhesion force
1.2÷1.4 2 1.3 3 4 4

Authors in [104, 128] illustrated that using hexagonal pattern pads in the hydrophilic

state can strengthen the friction force around 4-fold compared to a normal surface; whereas

this force was decreased around 25 % in the hydrophobic state. In general, our obtained

results demonstrated good agreement with those of previous researches for showing the

m-pad’s roles in increasing the contact force with adhesion interaction, in case square
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pattern morphology. Thus, the adhesion force in case using the hexagonal patterns is

different from that using square patterns. Therefore, the role of micropatterns in rising

the wet adhesion interaction should be evaluate for many parameters: material properties

of the pad and the substrate, patterned morphology, the liquid film and so on.

7.1.1.4 Morphology of the Micropattern Pad

In my thesis, the morphological design of the m-pad was the square pattern instead of

other shapes of the shell, for instance, pentagon or hexagon as shown in the microstructure

inside the sole of tree-frog toe. This is due to the fact that the square is the symmetrical

shape, and easy to fit in the pad surface. Moreover, the square shape can exert a uniform

load along the main axes. Also, it helps decrease the complexity in optimizing the m-

pad morphology, for adapting diverse application objectives. On top of that, we aim

to investigate the mechanics of the adhesion with various shapes of the micropattern

morphology in the future researches.

7.1.2 Adhesion of Curved Contact Interface

7.1.2.1 Analytical Model

The role of micropattern on enhancement of contact force in cases with curved surfaces was

investigated using a proposed analytical model in various scenarios. The proposed model

showed dependence of contact force (with adhesion) on pad form, liquid film, and applied

preload. Applying this model, one can investigate the underlying physics of wet adhesion

to objects with a curved surface: concave and convex (with and without preload). The

obtained results demonstrated the micropattern soft pad provided superior wet adhesion

efficiency compared to that of the smooth flat/plain pad in all cases. Thus, this model may

be utilized in estimation of wet adhesion for many complex grasping interfaces such as in

grasping; objects in the human body, food, and so on. One such application is grasping a

contact lens as described in chapter 6.

However, this model limited to the normal direction of the substrate has no investigation

of the shear or tangential contact force because of followed reasons:

1 As the pad moves as shown in Figs. 7.1(b-d), the difference of interface gap inside

the capillary changes significantly the capillary’s curvature R1, R2. That is, we may

not apply the Young-Laplace equation (2.20) and other components in estimating

the adhesion force Fa.

2 At small interface gap h in Fig. 7.1(a), a small movement of the pad in x-direction

can generate large deformation of the soft pad. In this scenario, the pad morphology
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will change and lead to difficulties for applying the proposed theory in the current

research.

3 At large interface gap h in Fig. 7.1(b) the wet adhesion force is infinitesimal for

contribution in grasping objects.

Currently, there is no theory related to answering this problem, and we aim to carry

out this work as our future works.

Figure 7.1: Four cases of estimating tangential contact force in curved contact interface. a) and
b) the pad moves in x-direction at small and large interface gap h. The pad moves in tangential
direction with the substrate surface c) and general direction d).

7.1.2.2 Obtained Results

Our obtained values of normal adhesion forces were agreement with the analytical models

in this study. In addition, those results were lower than previous findings regarding plane

interfaces in contact (table 7.1). This resulted from the pad morphology being significantly

changed during contacting the substrates. The parameters of the substrates also influence

to the results, which reveals that the micropattern pad can significantly increase the

contact force for grasping actual objects.

7.1.3 Role of Viscosity

The liquid film used in this investigation is water, which has low viscosity coefficient (η =

1 mPas). Thus, the contribution of the viscous force is smaller than that of the surface
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tension and Laplace force. Herein, the capillary number in this study nca in Eq. (2.48)

is about 0.00000694. By using honey (η ≥ 2 Pas [230]) would we get nca ≥0.014. In this

scenario, the viscosity force will make a significant contribution in the adhesion force

comparing with the others. Changing liquid induces varying the property of surface tension

γ, viscosity coefficient η, contact angle θ and other properties of the wet and dry adhesion

(van der Waals and Casimir forces).

7.1.4 Contribution of the Dry Adhesion in Adhesion Force

This research aims to enhance the adhesion force for grasping soft, fragile objects, which

usually have random and large roughness surfaces. In this scenario, the dry adhesion

force may also exist in the interface accompanying with wet adhesion. However, figure

5.1 shows that its contribution in micro scale is infinitesimal to the wet adhesion force.

Currently, we focus on manipulating objects with high surface roughness such as: food,

human soft tissues or medical objects. In other words, the dry adhesion can be neglected

in the validation of contact or grasp force. This force will be certainly concerned as the

objects have low surface roughness or in dry condition, which also is an important content

of our future works.

7.1.5 Role of Preload

In grasping/manipulating, the soft robotic fingers need the preload P acting on the object

surfaces for handling. Depending on the stiffness of the contact, this force can change

the interface gap h through varying the actual contact area Adi and Awi at each asperity

point i. Due to the influence of the groove network, the pad having micropattern is softer,

achieves higher actual contact area and smaller interface gap h than that of the normal

pad. Additionally, increasing the preload P leads to reducing the groove width w, which

enhances the wet adhesion inside the grooves. In other works, the m-pad can achieve

higher adhesion force comparing with the case of n-pad when increasing the preload P .

However, the variation of w may not be same in entire contact when we deposit a large

value P in curved interface (n-pad-c(v) and m-pad-c(v)). In this scenario, there are bigger

deviations of the wet adhesion force between the estimations and experiments. Therefore,

it is necessary to concern the contact model 2.5.2 and 2.5.3 for calculating the adhesion

and contact forces.

7.2 Conclusion

My thesis proposed the model of the soft contact mechanics with considering the role of

the adhesion in varying the pad morphology such as: flat and curved contact interfaces.
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The principle design inspired by the wet attachment mechanism of tree-frog toes to its

surrounding environment. The experimental and estimated results illustrate the good

agreement which expresses the role of the micropattern on strengthening the adhesion

force in a wet conditions. Also, it suggests a novel way for carrying out the morphological

optimization in case the soft contact mechanics regarding the adhesion contributions.

Although we investigated two cases of the contact interface: flat and curve, our research

majorly concentrated on evaluating the adhesion forces for only one type of the micropattern

like square shape. However, it is very useful to construct the new models of the contact

mechanics for other patterns having diverse morphology. The increment ratios showing the

ability of enhancing the wet adhesion for the m-pad compared with that of the n-pad are

generally complicated. In this scenario, we transformed such equations into the function

of the patterned morphology; whereas the other parameters of the liquid are constant.

Further investigations are necessary to optimize the morphological surfaces of those such

soft pads (the m-pad) for achieving the better enhancement of the adhesion interaction in

both dry and wet conditions. That is, the grasping/manipulation of the soft-fragile objects

can reduce the preload/reaction force acting on the substrate’s surfaces, causing damages

or risk for the outcomes. This was revealed through the grasping thin shell (showcase:

gripping the contact lens) and the soft-fragile (showcase: gripping the tofu) objects by

the soft robotic hands having their fingers inspired by wet adhesion of the tree frog toes.

Finally, the parameters of the liquid properties, shape and tribological characteristics of

the substrate should be considered for fabrication of actual applications in robotic fields

such as: grasping, locomotion, haptics and so on in the future.

7.3 Visions

My thesis is expected to make many meaningful impacts to both science and tech. Currently,

theoretical models of the wet adhesion with microptterned surface are scare, while the

experimental evidences have been gradually given from previous researchers. Thus, our

works develop the theoretical foundations, which are necessary to predict the role of the

micropattern on the enhancement of wet adhesion in the contact. Hence, the researchers in

other fields can follow and develop their own models. For instance, authors in [124, 231, 232]

in materials and biological sciences, and Li [233] in robotics referred our publications to

their articles, although we have published recently in a different field.

In robotic manipulation, grasping rigid objects is popular. Recently, many researchers

have attempted to find out effect ways for handling the soft-fragile objects such as: food,

fruit, human soft tissues, medical equip and so on. In order to answer the given problems,

there are a number of grasping mechanisms proposed. Among them, the robotic finger

having micropatterned pad proposed in my thesis preliminary showed its advantage
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points as grasping objects in wet conditions. This research direction is very novel and

prospective in soft robotics, which may appeal many researchers, since its content relates

to interdisciplinary collaborations of: mechanics, mechanical engineering, robotics and

materials. However, many other related researchers may not follow currently due to

requiring expensive equipment for fabricating the micropatterns as well the measurement

devices. This can be overcome when making the micropattern becomes more simply.

In the future, we are going on developing our current research in both analytical models

and applications as followed:

1. Analytical model : Besides optimization of the micropatterned morphology, it nec-

essary to concern the deformation of the pad when exerting the preload P in the

contact mechanics even though this deformation is very small. In this scenario, the

JKR and GW models can be applied to the estimation in the cases flat and roughness

surfaces. Then, this model is combined with the motion of the robot hand, in which

the pads are fixed. In addition, the liquid film should have higher value of viscosity

comparing with water that enhances the role of wet adhesion in grasping. Of course,

the selected liquid has to be safe with the objects and environment. Also, we aim to

find out another materials (polymers), which their adhesive ability are stronger than

that of the silicon rubbers.

2. Applications : We will improve our current designs of the soft robotic hand in gripping

contact lens and tofu toward the actual applications in daily life and food production

lines. Furthermore, the soft fingers are diversely designed so that they can adapt

with various environments having wet and dry conditions.

Our future work is fully supported by JSPS Kakenhi No 20J14910.
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1. Pho Van Nguyen and Van Anh Ho, “Grasping Interface with Wet Adhesion and
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(RA-L), Vol. 4, Issue 2, pp. 792-9, 2019. IF: 3.608, rank 6/28.
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