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Mechanics of morphologically adaptive soft contact for wet adhesion

enhancement

by NGUYEN Dang Duy

This thesis delves into the concept of animal adaptation to various environments

through the ability to morphologically adapt, often referred to as morphological de-

sign. It focuses on the significant role of tribological phenomena in different animal

species, such as human fingers in grasping, gecko toes in dry locomotion, and tree

frog toes in wet gripping, and how these findings can be applied to engineering.

Wet adhesion, a crucial aspect in tribology, is explored, and its potential applica-

tion in robotics is investigated, particularly in the context of stable robot walking

that requires effective gait planning and control. The mechanical properties of the

interaction between robot feet and the ground surface are considered pivotal.

In this research, we propose a mechanics of morphology changeable soft pad

for robotic foots capable of adapting its morphology to the changing terrains that

robots encounter. This adaptation includes optimizing various tribological factors

such as friction, adhesion, and particularly wet adhesion when the foot interacts

with wet surfaces.The function of actively changing morphology to adapt to the

environment plays an important role in embodied robots. The result proposed in

this thesis is promising to use for the application of embodied robots that perceive

their surroundings to manipulate objects or move their bodies, process information,

and make decisions.

HTTP://WWW.JAIST.COM.AC
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First, I establish a mathematical model based on energy equations to provide in-

sights into the principles of morphological changes of the robot foot. I then present

two approaches to model the value of wet adhesion in preventing slippage for the

robot’s foot. The first approach simplifies the foot shape to streamline complex pa-

rameters for calculating wet adhesion forces. The second approach introduces a

more generalized model based on finite element methods to describe wet adhesion

forces on a soft body interacting with various ground surfaces. This generalized

model is validated and simulated using the Simulation Open Framework Architec-

ture (SOFA framework).

Subsequently, we present experimental data that corroborates the accuracy of

the mathematical models proposed in this research. Finally, we test the applica-

tion of the morphologically adaptable robot foot in two scenarios using a separate

legged robot and a complete hexapod robot in showcases. These applications aim to

showcase the effectiveness and potential practicality of a morphologically adaptable

robot foot.

In conclusion, this research advances our understanding of animal-inspired robotics,

particularly focusing on the significance of morphological adaptability and wet ad-

hesion in robotic locomotion. The proposed model and its practical application hold

promise for the development of robots capable of efficiently traversing various ter-

rains and adapting to different environments.

Keywords: Tribology, capillary, morphology computation, soft toe pad, animal locomo-

tion, SOFA, finite element, embodied robot
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1 Introduction

Recently, biomimetic research has become popular in various engineering appli-

cations [1]. This problem-solving approach, often inspired by nature, not only helps

create innovative solutions but also allows exploring biological hypotheses that are

difficult or impossible to test on live organisms [2]. Besides offering practical en-

gineering insights, biomimetic research enhances our understanding of the basic

physics behind different phenomena. This knowledge is particularly valuable in

situations where ethical or systematic concerns restrict experimentation on animals.

Among the numerous biomimetic approaches, one area has recently garnered

significant interest: the concept of morphological adaptation to changing environ-

mental conditions. This approach focuses on creating functional, adaptive struc-

tures that can modify their shape, stiffness, or properties in response to different

scenarios. These morphological changes provide a compelling basis for various ap-

plications [3]. Researchers are increasingly exploring how animals adapt their mor-

phology to suit their surroundings. This form of adaptation, often referred to as

"morphological design," has become a topic of intensive investigation [4].

This research in biomimetics has delved into the details of tribological phenom-

ena, focussing on various aspects of animal adaptation to their environments. For

instance, studies have examined how human fingers achieve exceptional friction

and dexterity when grasping objects, the dry locomotion capabilities of gecko toes

[5], and how tree frog toes are optimized for wet gripping [6]. The findings from

these studies have practical uses in engineering, especially in creating grippers and

adhesion systems. As we understand more about how these animals effectively use

their morphology, we gain insights into optimizing mechanisms that enable robots

to interact more effectively with their environment. The ability of actively changing



2 Chapter 1. Introduction

FIGURE 1: Morphology-changeable soft padsfor locomotion on both dry and wet sur-
faces. (a) An illustration of a legged robot, highlighting the potential issue of slippage
on a wet floor. (b) A conceptual representation of a robot foot equipped with a flexible
and adaptable sole. (c) The manufacturing process of a robotic foot, comprising a sturdy
"bone" enclosed within a soft, flexible skin, and a soft sole featuring adaptable soft pads.
(d) A cross-sectional diagram of the foot, offering insights into the adaptable soft pads

that are controlled via pneumatic air pressure.

morphology to adapt to the environment is also an important aspect of embodied

robots, which is an interesting trend. The concept of embodied robotics is grounded

in the idea that intelligence and cognition are tightly linked to physical embodi-

ment and interaction with the environment [7]. By having a physical presence, these

robots can engage with the world in a manner similar to living organisms, allowing

them to adapt to changing conditions and navigate complex environments.

One interesting example of this type of adaptation comes from starfish. They can

pump water into their tubular limbs through a sieve plate within their skin, thereby

altering the shape, stiffness, and posture of their limbs to enhance their locomotion

[8]. This morphological adaptation allows them to harness the principles of tribol-

ogy effectively and facilitate adhesion between their limbs and the surfaces they

navigate, especially in complex, irregular terrains [9]. This adaptation seems to be a

crucial factor in their ability to adapt to challenging environments, a principle that
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may hold significance for legged robots as they navigate dynamic, unpredictable

surfaces.

Building on these insights, we propose a novel mechanics of morphology change-

able soft pad that takes advantage of adapting its morphology to optimize tribolog-

ical interactions, such as friction, adhesion, and, notably, wet adhesion. Fig. 1 il-

lustrates the concept of this research. Wet adhesion plays a crucial role when robots

operate on wet surfaces, where slippage can be a challenge (see Fig. 1a). Our robotic

foot incorporates a novel design of soft pad that can adapt its morphology, enhanc-

ing the foot’s performance on both dry and wet surfaces. (see Fig. 1b, d).

To provide a theoretical concept for this mechanic, we have developed an ana-

lytical model that examines the interaction between the foot’s morphology and the

conditions of ground contact. This model takes into account factors such as shape,

size, and stiffness of the foot. Furthermore, by actively adjusting the morphology

of the foot’s soft pads to adapt to different surface conditions, we emphasize the

critical role that morphological features play in the locomotion of legged walking

robots.

Besides, slippage is a significant challenge for legged robots, particularly when

they walking on wet surfaces [10]. Various research studies have explored the poten-

tial of improving robotic stability by using friction, adhesion, and capillary forces.

Notably, bio-inspired feet with small-scale, soft pads have successfully used capil-

lary forces to enhance robot mobility, mimicking the locomotion of animals such as

tree frogs on wet surfaces [11]. Additionally, some studies have introduced perspec-

tives on wet adhesion, inspired by the adhesive capabilities of mussels [12].

However, while these bio-inspired foot designs have led to significant improve-

ments in robot stability, there remains a gap in our understanding of the underly-

ing physics. A universal analytical model that reveals not only the performance of

robot feet but also the mechanisms at play in the natural world is still lacking. The

fundamental principles describing capillary forces in wet adhesion are still a chal-

lenge, due to the complicated interaction between the foot’s pads, the liquid, the

surrounding surface, and vapor [13]. Existing analytical models are often limited to
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FIGURE 2: Morphology-changeable soft pads foot and finite element model. (a) The
improved version Morphology-changeable soft pads. (b) The morphology changeable
pad foot attached hexapod-robot. (c) Concept of capillary force model on multi-dome

pads. (d) finite element method model for capillary simulation.

specific geometrical shapes that are readily incorporated into calculations [14], [15].

Furthermore, the arrangement and distribution of these pads are acknowledged as

significant factors in enhancing capillary force [16]. However, this element has not

been directly incorporated into the capillary force equation. Because of the com-

plicated capillary interactions between objects on wet surfaces, the Finite Element

(FE) method has become a useful tool for simulating how liquids behave, especially

when it comes to wet adhesion and capillary forces.

To address these challenges, we present an analytical model that employs the

Finite Element method, thoroughly explores the equilibrium state of energy related

to the liquid’s geometric surface. Besides, we also proposed an improved robot foot

design featuring smaller dome pads to maximize the capillary force’s effectiveness

and enhance the robot’s locomotion. This research also calculates the capillary force

values, which depend on the geometric characteristics and distribution of the domes

on the foot. Fig. 2 illustrates this purpose, which focuses on another design to

optimize the capillary force (Fig. 2a, c). Besides, Fig. 2b shows the application of the

foot in hexapod robot. Finally, Fig. 2d introduce the result of finite element method



Chapter 1. Introduction 5

base model for simulation of capillary.

This study employs the Simulation Open Framework Architecture (SOFA) to

construct an analytical model, effectively meshing solid objects and considering ev-

ery element of the liquid’s energy equilibrium state. The analytical model’s accuracy

is validated through force measurement experiments, ensuring its accuracy and re-

liability. Finally, we evaluate the effectiveness of the robotic foot through a series of

showcase experiments, including scenarios involving locomotion on both dry and

wet surfaces.

In summary, this research contributes to our understanding of biomimetic adap-

tations, morphological design, and the role of tribological phenomena in optimizing

the performance of legged robots. Learning from both nature and engineering helps

us create a solution for robot feet. It highlights the importance of models that con-

nect theoretical understanding with practical application. This result could lead to

improvements in robotics, contributing to the development of robots capable of ef-

fective and stable locomotion across a range of surfaces.

In this chapter, I have introduced the overall concept and philosophy of the dis-

sertation, emphasizing the physical meaning, impact, and goals of this research. In

the next chapter, related works that form the concept for our research will be ex-

plained in detail.





7

2 Background and Related Works

In this study, a novel mechanics of morphology changeable soft pad were in-

troduced with demonstrated designs and experiments. This mechanics draws its

inspiration from the morphological features and bio-inspired structures found in

animals’ foot pads, which have been extensively explored and employed across di-

verse applications. Subsequently, a soft contact mechanical model was employed

to reveal the fundamental physical concepts underlying the contact phenomenon

within this mechanics and design. Furthermore, the finite element method was used

to provide a solution for simulating and assessing wet adhesion and capillary effects

within our research-focused contact phenomenon.

2.1 Morphology and bio-inspired structure of animals’

food pad with adhesion and capillary

Researchers have drawn insights from animal footpads, driving advancements

in adhesion mechanisms. Nature’s adaptations have been a source of inspiration,

resulting in practical applications. For example, the tree frog’s toe pads display

a distinctive feature – velocity-dependent shear resistance. This trait has proven

valuable in the development of wet adhesion methods, contributing to bio-inspired

technology [17], [18]. The authors unveiled the significant potential in the concept

of the tree frog’s foot pad, providing a novel approach applicable to a wide array of

contexts.

In a similar case, gecko toe pads have undergone extensive research due to their

hierarchical structure. These intricate feet have not only been closely studied but
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have also been employed in developing dry adhesion mechanisms [19], [20]. More-

over, geckos can adjust their hydrophobicity in humid environments, enhancing

adhesion and stabilizing friction, highlighting the adaptability of these structures in

various conditions [21]. These examples emphasize the potential of nature-inspired

designs in engineering and technology. Similarly, echinoderm tube feet give an-

other interesting direction for exploration. These remarkable appendages enable

creatures to navigate challenging terrains like sand, stone, or underwater surfaces

with remarkable grace and efficiency [22].

Taking inspiration from the natural world, researchers have proposed bio-inspired

designs for significant applications in various fields, including robotics and medicine.

Authors in [23] proposed design of tree-trog-inspired adhesives in micro-scale to

exploit the capillary and adhesion in different applications. Through meticulous

design and fabrication, researchers have created artificial tube feet of starfish that

exhibit robust adhesion and enable effective locomotion, promising innovative solu-

tions in various applications [24]. Soft pad claw robots have successfully integrated

the flexible morphology of soft pads to achieve impressive results. These robots

can climb rough vertical surfaces, showcasing the potential of nature-inspired ad-

hesion designs [25]. Furthermore, a quadruped insect-scale robot uses capillary and

FIGURE 3: The morphology of foot pad’s structure of animals: a- Tree frog toe pad, b-
Gecko toe pad, and c- Starfish tube feet
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FIGURE 4: Proposed designs and applications inspired from animals’ foot pad. (a) The
design of tree-trog-inspired adhesives in micro-scale [23]. (b) the artificial tube feet of

starfish that exhibit robust adhesion and enable effective locomotion [24].

lubrication effects to tackle inclined climbing tasks, underlining the versatility of

bio-inspired strategies in robotics [26].

These examples emphasize the impressive adaptability of animal foot pads, show-

casing their significant ability to use adhesion mechanisms in various engineering

applications. This adaptability has evolved over millions of years, with nature finely

honing footpad structures in response to unique environmental challenges.

These examples underline that animal foot pads possess versatile properties ca-

pable of reshaping engineering adhesion concepts. Researchers, inspired by natural

design, are committed to exploring and applying these insights. Their aim is to

incorporate biological lessons into practical solutions that connect biology with ad-

vanced technology. As this collaboration progresses, it holds the potential to bring

about significant advancements in various scientific and engineering fields, from

robotics to material science. This collaboration aims to strengthen the connection

between the insights from nature and human innovation.

2.2 Contact mechanics models for elastic material

The study of soft contact locomotion, seen in the soft pads of animals and evolv-

ing robot designs, uncovers a fascinating area marked by a complex interplay of

features like adhesion, friction, capillary action, and Van der Waals forces. Under-

standing the roles and physical concepts of these factors in different situations is a

challenging scientific puzzle. Adding complexity, many natural foot pads are soft,
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adaptable, and flexible. These abilities help them move easily on different surfaces,

like tree bark, slippery leaves, or rough rocks. In robotics, this adaptability is a sig-

nificant tool that helps animals live in their habitat. Researchers want to study from

these natural abilities, making robots more versatile and innovative. Understanding

how soft contact locomotion works can give us new ideas in fields like robotics and

material science.

To solve that problem, one approach is to construct a capillary-action model us-

ing elastic materials. Building upon theories such as Hertz theory, Johnson-Kendall-

Roberts, Derjaguin–Muller–Toporov, and Tabor (Fig. 5), we have gained insights

into a multitude of contact conditions that soft bodies can exhibit [27]–[29]. Fig. 5

illustrate the development of contact mechanics theories. In Hertz theory, no inter-

actions are considered, while the JKR theory accounts for surface forces only within

the contact region. On the other hand, the DMT theory considers both surface forces

within and attractive forces outside the contact region. The Maugis-Dugdale theory

has added a crucial analytical perspective by providing valuable data on interac-

tions in the intermediate regions, where Tabor’s result has moderate values [30].

Those results contributed important knowledge into soft contact mechanics.

In our earlier studies, we delved into how soft materials interact in wet con-

ditions, especially concentrating on micro-patterned pads [31]. Taking inspiration

from how tree frog toes stick, we explored creating and trying out a pad shape that

can grip thin hemispherical shells using wet adhesion [32], [33]. These inquiries, in-

spired by nature, have opened up possibilities for robots to adjust their movement

based on the environment.

In the field of soft contact, there’s an interesting aspect related to adhesives in-

spired by tree frogs. These adhesives provide researchers with an exciting oppor-

tunity to investigate the limitless possibilities of technology inspired by nature [35].

They often feature a micropillar pattern connected via a soft homogeneous base

layer to a rigid support. The pioneering works of researchers like Drotlef et al. and

Langowski et al. brought forward these designs [23], [36]. These advancements
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FIGURE 5: A cross-sectional illustration shows the contact between two elastic spheres
using three models: (a) Hertz contact, (b) JKR, and (c) DMT models. In Hertz theory, no
interactions are considered, while the JKR theory accounts for surface forces only within
the contact region. On the other hand, the DMT theory considers both surface forces
within and attractive forces outside the contact region. Solid lines represent the contact
configuration at zero load, and dashed lines represent the contact configuration when an

applied load, P, is present.[34]

haven’t just stayed in the scientific contributions but have been used in practical ap-

plications, significantly affecting the detection of slipping and enhancing industrial

applications [37]. For example, the legged walking robot introduced by Bloesch et

al. [38] changed how slip detection algorithms work, making them more accurate

and efficient by focusing on the robot’s perspective of the situation.

2.3 Finite Element method for wet adhesion and capil-

lary

Wet adhesion and capillary forces represent a fundamental challenge that stems

from the complex interaction between solid and liquid interfaces [39]. Recent re-

search by scholars like Gholamreza and Majid has focussed on the effects of groove

height, width, and contact angles on capillary phenomena [40]. The complexity that

arises when solids interact with liquids, especially in scenarios featuring complex

solid geometries, has led to adopting the Finite Element (FE) method as a powerful

tool to study these intricate phenomena [41]. Luo et al. [42] used the FE method

to develop a numerical simulation model for droplet spreading on topologically

rough surfaces. Moreover, a prior study [43] delved into the deformation of a two-

dimensional spherical liquid droplet on a horizontal surface. This study presented
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a mathematical model that described the deformation, using the time-dependent

Navier-Stokes equations in a time-dependent domain.

Over the past several decades, the finite element method (FEM) has proven to be

a crucial tool in simulating a wide range of physical phenomena [44], and this holds

true for research into wet adhesion and capillary action in the realm of robotics.

The finite element method involves discretizing complex systems into smaller, more

manageable elements and solving mathematical equations for each element. In the

context of wet adhesion and capillary effects, this computational technique offers a

powerful means of modeling and predicting the behavior of liquid interactions with

various surfaces.

One of the primary areas where FEM has made significant contributions is in

understanding how capillary forces play a role in the adhesion of soft materials

to surfaces [45]. This is particularly relevant in the design of robots that need to

maintain stable contact with surfaces in wet environments. FEM simulations allow

researchers to investigate how capillary forces affect the interaction between soft

materials and surfaces under different conditions [46].

This insight is invaluable for designing robots that can effectively navigate and

interact with both dry and wet surfaces. FEM simulations have also been an im-

portant method to investigate the mechanics of wet adhesion and capillary forces

in more intricate environments [47]. For example, when designing robots that can

adapt to complex terrains, such as rocky landscapes or underwater environments,

researchers employ FEM to model the interactions of fluids with irregular surfaces.

These simulations help engineers optimize the adhesion mechanisms to ensure that

the robots can securely adhere to the surfaces they encounter [48]. Moreover, FEM

enables the evaluation of the effect of various parameters, such as surface roughness

and liquid properties, on adhesion, leading to more accurate and adaptable robotic

designs [49]. The collaboration between Finite Element Method (FEM) and wet ad-

hesion research contributes to creating novel robotic systems [50]. It facilitates the

creation of soft robots capable of scaling walls, adhering to irregular surfaces, and

performing tasks in challenging environments where traditional rigid robots would
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struggle [51]. The results from FEM simulations help design soft robot parts that

can effectively use capillary forces to stick, even on wet or uneven surfaces.

In summary, finite element simulations play an important role in researching wet

adhesion and capillary phenomena in the field of robotics. These simulations help

us understand how these forces influence the interaction between robots and sur-

faces, leading to the development of more adaptable, efficient, and versatile robotic

systems capable of performing tasks in a variety of environments, including those

involving liquids and irregular surfaces. This approach brings together engineer-

ing, material science, and computer science, promoting the advancement of robotic

technology.

2.4 The contribution of this thesis

In this research, we focus on exploring both the theory and real-world aspects of

soft pads with actively morphology adaptations. To bring these concepts to practi-

cal applications, we employ both the analytical model and the Finite Element (FE)

method, a robust tool, to achieve stable locomotion for our robot foot in both cases

of dry and wet surfaces. The main goal is to understand how a flexible shape can

significantly improve the stability of the foot when it moves on different surfaces.

The important findings of this research are explained below:

• We present a mechanics of morphology changeable soft pad that can actively

change the morphology to adapt to the environment. This concept is an impor-

tant aspect of embodied robot which is grounded in the idea that intelligence

and cognition are tightly linked to physical embodiment and interaction with

the environment.

• We suggest designing a soft pad capable of transitioning from a flat elastic

sheet in the foot sole (suitable for walking in dry conditions) to a raised spher-

ical dome, which enhances walking efficiency on wet surfaces.
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• An analytical model is proposed to investigate the morphology of the soft pad,

delving into the complexities of tribological aspects, including friction, adhe-

sion, and capillary action. The findings of our study indicate that, in compari-

son to the significant size of our robot’s foot, capillary action plays a relatively

minor role when compared to friction and adhesion. Nevertheless, we antic-

ipate that in smaller-scale applications, capillary action could become more

significant. We plan to explore this aspect further in our future work.

• A mathematical model, based on the FE method, is proposed to delve into

capillary action, and its findings are validated through force measurement ex-

periments.

• Practical experiments involving a robot foot equipped with these soft pads

are presented, showcasing their capacity to enhance walking efficiency across

diverse terrains. In this research, we introduce the soft pad foot designs for

robots in both large and small scale, specifically engineered to enhance walk-

ing efficiency on wet surfaces.

• We conduct practical experiments involving a hexapod robot equipped with

these adaptive soft pads, thereby highlighting their substantial contribution to

enhancing walking efficiency.

In conclusion, this research has explored the aspects of soft contact locomotion, wet

adhesion, and capillary forces, revealing novel possibilities. These possibilities may

be used in practical applications to improve the stability and adaptability of robotic

systems in different environments. This work represents the collaboration of bio-

logical inspiration with technological applications, providing solutions for solving

recent problems.
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3 Bioinspired robotic foot facilitating

wet adhesion

3.1 ANALYTICAL MODEL

3.1.1 Morphology computation model

The conceptual mechanics of morphology changeable soft pad , along with a

prototype foot equipped with soft pads (illustrated in Fig. 1), represents a impor-

tant aspect of this study. These soft pads, integrated into the sole of the foot, possess

an adaptability feature that enhances walking performance on wet surfaces. This

adaptability is achieved through the controlled application of compressed air, caus-

ing a transformation in the morphology of the soft pads. In this section, we delve

into the theoretical underlying of this transformative process, explaining the funda-

mental principles of interaction of these soft pads with a wet floor.

FIGURE 6: Soft Pad Configurations: (a) Depressurized (flat circular soft pad). (b) Pres-
surized (dome-shaped soft pad) without ground contact. (c) Pressurized with ground
contact during walking. (d) Geometric characteristics (at constant pressures) of the soft

pad with and without contact (represented by dashed lines).



16 Chapter 3. Bioinspired robotic foot facilitating wet adhesion

As the robot walks, an inflated soft pad comes into contact with the floor, exert-

ing a contact force represented by F. To comprehensively understand this interac-

tion, we first discuss an analytical model that delves into the relationships between

the morphology of the soft pad and the values of F and air pressure, denoted as p.

The various states of a soft pad are illustrated in Fig. 6(a-c): in its initial state, where

no pressure is applied, it remains a flat circular sheet; upon inflation by air pres-

sure, it transforms into a spherical dome. Next, when this dome pad makes contact

with a floor, the contact force acting on the pad causes the pad’s condition to shift

from a state of high potential equilibrium (characterized by a spherical shape with

a resultant volume V1) to a lower potential state. In this lower potential state, the

pad assumes the form of a thin elastic sheet, as depicted in Fig. 6(d). Examining the

energy equation during this process, the work of the pressing force on the foot (WF)

will be equal to the total work of various force components arising throughout the

process, including: the work to push a portion of the air mass out of the dome (Wp),

the work of the elastic sheet’s tension force (WTen), and the work of the dry adhesive

force (Wad).

WF = Wp + WTen + Wad. (3.1)

The work Wp is equal to the difference of potential energy stored in the com-

pressed air (∆Up), which can be estimated using the following expression:

Wp = ∆Up = pV1 − pV2. (3.2)

Based on the geometric properties displayed in Fig. 6(d), we can calculate the vol-

umes at the two states of the dome as follows:

V1 =
π

6
c1(3r2

0 + c2
1), (3.3)

V2 =
π

6
c2(3r2

0 + c2
2)−

π

6
a(3b2 + a2). (3.4)
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FIGURE 7: The spherical surface differential explanation for tension energy: Tension en-
ergy is determined by integrating the differentials of spherical segments along the z-axis.

Thus, ∆Up can be estimated as :

∆Up = pV1 − p
π

6
c2(3r2

0 + c2
2) + p

π

6
a(3b2 + a2). (3.5)

Examining the work of tension force which is equal to the difference in elastic ten-

sion energy WTen = Ute − Ute0 , where Ute0 is the tension energy of dome without

pressing force. So, at the energy balancing state, we have Ute0 = pV1.

Next, we examine the tension energy Ute at the spherical dome surface as the

potential strain energy of an elastic sheet under constraint. The classic model pre-

sented by [52] for representing the inflation of an elastic balloon doesn’t directly

apply to the specific portion of the pad, i.e., the spherical dome shape, given the re-

lated constraints. In this context, we introduce a new definition of tension energy as

the elastic energy stored within the thin sheet when stretched in all directions (refer

to Fig. 7).

Let’s consider an differential area dv′dl′ on the sheet’s surface located at a height

of (R − c) along the Z-axis within the coordinate system O − XYZ. This area falls

within the region highlighted in red, having a radius of Rz. We can assume that

under low air pressure, this area undergoes stretching to become dvdl at the same

height (with the value of Rz remaining constant). Consequently, the work required
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for this stretching is confined to the XY-axes, as indicated below:

dUte = dWx + dWy =
1
2

Tduxduy +
1
2

Tduydux, (3.6)

where ux, uy is the displacement of a differential element of the sheet following x-

axis, y-axis. Here, T represents the elastic tension in the thin sheet. Assuming uni-

form deformation of the thin sheet at all points and in all directions, the elongation

along the XY-axes can be estimated as follows:

dux = duy, (3.7)

d(l − l′) = d(v − v′), (3.8)

dl = dv. (3.9)

Taking into account the deformation of the sphere, we divide the sphere into seg-

ments denoted as dCRz . Consequently, the tension potential integrates the work

required for the deformation of each soft pad segment along the Z-axis:

dUte = dWx + dWy =
1
2

Tduxduy +
1
2

Tduydux, (3.10)

Because dux = duy = d(l − l0) = d(v − v0) = dl = dv, (3.11)

So dUte = Tdldv, (3.12)

then dWrz =
∫

dCRz

dUte = TdCRz , (3.13)

Where:

• Ute is the tension energy.

• T is the elastic tension of the thin sheet.

• dv represents the differential of area.

• dl is the differential of length.

• Rz signifies the radius of the red-colored band, which remains constant.
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• R denotes the original radius of the sphere.

• c stands for the thickness of the thin sheet.

This approach allows us to quantify the tension energy for this specific constraint-

driven deformation of the soft pad segment along the Z-axis. By integrating the

work associated with the deformation of the soft pad segment along the z-axis, we

can estimate the tension potential as follows:

Ute =
∫

S
dWrz =

∫
S

2π RzTdl. (3.14)

Subsequently, the differential variable dl is expressed as a function of the differential

variables dx and dz:

dl =
√

dx2 + dz2, x =
√

R2 − z2, (3.15)

dx =
−z√

R2 − z2
dz. (3.16)

So, the differential variable dl is summarized as below:

dl =

√
z2

R2 − z2 dz2 + dz2, (3.17)

=
R√

R2 − z2
dz. (3.18)

The radius of the round segment of the sphere following the z-axis is represented as

a function of the spherical radius and the z-coordinate.

And Rz =
√
(R2 − z2). (3.19)
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Insert Eq. 3.18, 3.19 into Eq. 3.14, we have:

Ute =
∫ R

R−c
2π
√
(R2 − z2)T

R√
R2 − z2

dz, (3.20)

=
∫ R

R−c
2πTRdz, (3.21)

= 2πTRz

∣∣∣∣∣
R

R−c

, (3.22)

= 2πTRc. (3.23)

Because 2Rc = r2
0 + c2, the tension potential is summarized as below:

Ute = πT(r2
0 + c2). (3.24)

We consider the tension T when the soft pad inflates:

dl = du + dl′, and dv = du + dv′. (3.25)

The elastic tension that is considered for each element of differential of sphere area:

T = k
du
dl′

= k
du
dv′

, (3.26)

= k
dl − dl′

dl0
= k

dv − dv′

dv′
, (3.27)

= k(
dl
dl′

− 1) = k(
dv
dv′

− 1), (3.28)

So
T
k
+ 1 =

dl
dl′

=
dv
dv′

. (3.29)

Then, we have:

T = k(
dl
dl′

− 1), (3.30)

= k(
dv
dv′

− 1). (3.31)

So
(

T
k
+ 1
)2

=
dldv

dl′dv′
=

dS
dS′ . (3.32)

Then, T = k
√

S −
√

S′
√

S′
. (3.33)
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In step 1 when the spherical pad is inflated by inner pressure without any pressing

force, We have:

S = π
(

r2
0 + c2

1

)
, S0 = πr2

0, (3.34)

So T = k

√
r2

0 + c2
1 − r0

r0
. (3.35)

(3.36)

Insert into Eq. 3.24:

Ute = πk

√
r2

0 + c2
1 − r0

r0
(r2

0 + c2
1). (3.37)

In step 2 when the spherical pad is inflated by inner pressure with a pressing force,

We have:

S = π
(

r2
0 + c2

2 − a2
)

, S0 = πr2
0, (3.38)

So T = k

√
r2

0 + c2
2 − a2 − r0

r0
. (3.39)

This result leads to the potential energy for state 1 of a spherical soft pad as below:

Ute = πk

√
r2

0 + c2
1 − r0

r0
(r2

0 + c2
1). (3.40)

Besides, the potential energy for state 2 of the spherical soft pad is built based on

geometrical parameters in this case:

Ute = πk

√
r2

0 + c2
2 − a2 − r0

r0
(r2

0 + c2
2 − a2). (3.41)

So the work of tension force is estimated as below:

WTen = ∆Ute = πk

√
r2

0 + c2
2 − a2 − r0

r0
(r2

0 + c2
2 − a2)− pV1. (3.42)
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The work of adhesive force is defined:

Wad = γ12πb2. (3.43)

Insert Eq. 3.5, 3.41, 3.43 into Eq. 3.1, we have:

WF =
∫

Fdz

= −p
π

6
c2

(
3r2

0 + c2
2

)
+ p

π

6
a
(

3b2 + a2
)
+ π k

(
r2

0 + c2
2 − a2) 3

2

r0

−π k
(

r2
0 + c2

2 − a2
)
+ γ 12π b2.

Equilibrium state will obtain when:

dWF

db
= 0, (3.44)

so:
dWF

db
=

dWF

db
+

dWF

dz
dz
db

= 0, (3.45)

with z is a function over c2 and a: z = c1 − c2 + a.

The pressing force is the derivation of total energy over a variant of displacement

following the z-axis.

dWF

dz
= F, (3.46)

dz
db

=
d (c1 − c2 + a)

db
=

da
db

. (3.47)

Due to the geometrical constraint, the penetration depth a can be expressed as fol-

lows:

a = R2 −
√

R2
2 − b2. (3.48)

The result of derivation leads to the equation as below:

π

(
pR2 − p

√
R2

2 − b2 + 2γ12

)√
R2

2 − b2 − F = 0. (3.49)
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Because a << R2, b << R2, we have
√

R2
2 − b2 ≈ R2, so:

pπ

(
R2 −

√
R2

2 − b2
)√

R2
2 − b2 + 2γ12π

√
R2

2 − b2 − F = 0, (3.50)

pπ R2
2 − pπR2

2 + pπb2 + 2γ12π R2 − F = 0, (3.51)

and: pπ b2 + 2γ 12π R2 − F = 0. (3.52)

Finally, the radius of contact area can be expressed as follows:

b =

√√√√F − 2γ12π
(

r2
0+c2

2
2c2

)
pπ

. (3.53)

We consider the force that presses into the surface at the equilibrium of state 2.

F =
dWF

dz
(3.54)

=
dWF

da
da
dz

+
dWF

dc2

dc2

dz
+

dWF

db
db
dz

. (3.55)

As below, we have:

z = c1 − c2 + a,
du
db

= 0, (3.56)

F =
dWF

da
− dWF

dc2
, (3.57)

By the condition of Eq. 3.44 and Eq. 3.48:

F =
pπ

2

(
b2 + a2 + r2

0 + c2
2

)

−3kπ

r0
(c2 + a)

√
r2

0 + c2
2 − a2 + 2kπ (a + c2) . (3.58)
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Here, we found a homogeneous constrain as follows:



(R2 − c2)
2 + r2

0 = R2
2

−→ R2 =
r2

0+c2
2

2c2
,

(R2 − a)2 + b2 = R2
2

−→ R2 = a2+b2

2a .

The homogeneous constrain is rewritten as below:

r2
0 + c2

2
2c2

=
a2 + b2

2a
. (3.59)

When F = 0 −→ a = 0, b = 0, Eq. 3.58 and Eq. 3.59 become:

F =
pπ

2

(
r2

0 + c2
)
− 3kπ

r0
(c + a)

√
r2

0 + c2 + 2kπ (a + c) , (3.60)

r2
0 + c2

2c
=

a2 + b2

2a
. (3.61)

The root of the system of equations Eq. 3.60-3.61 is the geometrical parameter c1 of

step 1. Then we have:

R1 =
r2

0 + c2
1

2c1
. (3.62)

(3.63)

The root of the system of equations Eq. 3.53-3.59 is the geometrical parameter of

step 2 that includes c2, a, b, and the geometrical constraint is assumed as below:

R2 =
r2

0 + c2
2

2c2
. (3.64)

The roots of the system of the equation are solved by the numerical method vpasolve

of MATLAB.
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3.1.2 Contact model with liquid film

In the previous section, we computed the specifications of a soft pad operating

in its spherical dome states, which changed by the contact force F and the inner

pressure p. In this context, we make the assumption that the dome initially makes

contact with the surface through a surrounding liquid film, as depicted in Fig. 8.

Liquid molecules adhere to the surface of the dome pad along the contact line be-

tween the dome pad and the surface of environment. Our aim is to formulate a

model for the resistant force that arises at the contact interface due to this capillary

action. This model serves to illustrate the role of the dome in improving locomotion.

We calculate the tangential resistant force as follows:

Fre = Ff r + Fad + Fcap, (3.65)

where:

Ff r = µN, (3.66)

Fad = τA. (3.67)

Let’s examine the contribution of capillary action to the overall tangential resistant

force. The different pressure between inside and outside of the liquid generates

FIGURE 8: Capillary action occurs upon contact with the wet floor, induced by a liquid
layer surrounding the soft pad with a height of h. In this situation, the pad exhibits a

tendency to slip to the left.
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resistance when the spherical pad attempts to move, which is referred to as the tan-

gential capillary force. Consequently, the tangential capillary force can be calculated

as follows:

Fcap =
∫

S
∆pldScosϕ, (3.68)

= ∆plh2ri. (3.69)

Where γl is the surface tension of liquid, the different pressure between inside and

outside liquid is estimated as:

∆pl = γl

(
− 1

rl
− 1

ri

)
, (3.70)

and h ≈ 2rl. (3.71)

So, the different pressure between inside and outside liquid is rewritten as:

∆pl = −γl

(
2
h
+

1
ri

)
, (3.72)

Fcap = −2hγl

(
2
h
+

1
ri

)
ri. (3.73)

Finally, the capillary force is summarized as:

Fcap = −2γl (2ri + h) . (3.74)

The phenomenon of liquid rising along a solid surface due to wet adhesion is a

fascinating interplay of intermolecular forces and gravity. This capillary rise, as it is

known, occurs when a liquid is in contact with a solid substrate. At this interface,

the liquid molecules experience adhesive forces that attract them to the solid. This

adhesive force is often due to the surface tension of the liquid γl, which causes it to

spread across the surface.

As the liquid molecules are attracted to the solid surface, they start climbing

upwards. The height to which the liquid can climb is determined by the balance
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between this adhesive force and the gravitational force acting on the liquid. When

these forces are in equilibrium, the liquid ceases to rise further, and a stable meniscus

or curved shape of the liquid is formed.

The shape of the meniscus is governed by the contact angle, which is the angle

between the tangent to the liquid surface at the solid-liquid interface and the solid

surface. A small contact angle corresponds to a high degree of wetting and results

in a concave meniscus, while a large contact angle leads to a convex meniscus.

Applying Newton’s laws to the system of force for wet adhesion and the weight

of amount of wetted liquid, we obtain:

Pl = ∑ Fslsin(θ + α), (3.75)

ρgVl = 2πγsrisin(θ + α). (3.76)

In Fig. 8, the radius of the round boundary of the wetted area is determined as:

ri = b + h cot α. (3.77)

So, the Eq. 3.76 is rewritten as:

ρgVl = 2π (b + h cot α ) γssin(θ + α),

so, hρg
[
π (b + h cot α )2 − π

3

(
(b + h cot α )2 + b2 + (b + h cot α

)
b
]

= 2π (b + h cot α ) γssin(θ + α),

then,
hρ g

3

[
2 (b + h cot α )− b

(b + h cot α )
b − b

]
= 2γssin(θ + α).

Then, the related equation is rewritten as:

hρ g
3

[
b + 2 h cot α − b

(b + h cot α )
b
]
= 2γssin(θ + α). (3.78)

with
b

(b + h cot α )
≈ 1. (3.79)
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Finally, the height of wetted liquid on the spherical pad is summarized as:

h =

√
3γssin(θ + α)

ρg cot α
. (3.80)

Additionally, the contact angle is expressed through the surface tension of the liquid

and solid as follows:

cosθ =

(
2
√

γ s

γ l
− 1
)

. (3.81)

Insert these values into Eq. 3.68, resulting in the simplified estimation of Fcap as

follows:

Fcap = −2γl

[
2b + (2 cot α + 1)

√
3γs sin(θ + α)

ρg cot α

]
. (3.82)

As a result, we developed a model to elucidate the alteration in spherical pad

morphology induced by air pressure. Subsequently, we demonstrated how this

change provides an advantage in enhancing tangential force through computational

analysis. The analytical model in this chapter is simulated by the Matlab code that

attached in Appendix 7.2.1 and 7.2.2 (Chapter 7: Appendix).

3.1.3 Optimal function for design parameters

Building on the analytical model from the previous section, which formulated

the geometrical shape of the dome and the wet-adhesive force, this section intro-

duces an optimization function. This function helps us choose the optimal parame-

ters for a foot equipped with dome pads. This purpose revolves around the initial

radius, which we call r0. It’s not just an arbitrary number; it has a particular mission.

We’ve set r0 with the aim of maximizing the number of contact pairs between the

soft sphere pads and the ground surface. This strategy increases the area of contact

and also makes the capillary phenomenon more effective.

In terms of optimizing the dome size on the foot, we start by assuming that the

foot’s area is constant, and it depends on the robot’s size. We also suppose that the
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maximum radius R of the dome, starting from the initial radius r0 of a thin sheet,

should be about 1.5 times r0.

This calculation gives us the surface area of the dome, which is represented by

Sdome. Now, Sdome can be computed using this formula:

Sdome = 2πR
(

R +
√

R2 − r2
0

)
=

3
(

3 +
√

5
)

2
πr2

0 = 7.8πr2
0.

It’s roughly 7.8 times the initial area, which means it elongates by around 180%.

FIGURE 9: Optimization solution for design. (a) phenomenon of rising wet liquid. (b)
the arrange of inflated dome in the foot and the area caculation.

This is significantly less than the 845% elongation threshold we observed with sili-

con Ecoflex 00-20. The number of domes on the foot, indicated as n, approximates

the area Se. Additionally, Stri stands for the area of the triangle formed by three

centers, which you can see in Fig. 9. This aspect is crucial to our design and func-

tionality considerations.

As such, we calculate Sarea as follows:

R = 1.5r0, (3.83)

Sarea = n(Sc + Se) = n(Sc + Stri − 3Sp), (3.84)

= n
(

πR2 + 2R2cos
π

3
− πR2

2

)
, (3.85)

=
9n
4

(
πr2

0 + 2r2
0cos

π

3
−

πr2
0

2

)
. (3.86)
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The number of pads in a constant area is expressed as a function of the inertial

radius:

n =
Sarea(

π
3 +

√
3
)

r2
0

. (3.87)

In this optimal calculation, we focus on the relationship between the initial radius r0

and various critical performance metrics, such as the robot’s leg’s maximum press-

ing force and the tangential capillary force. Referring to Eq. 3.60, the pressing force

is determined as follows:

F =
pπ

2

(
r2

0 + c2
)
− 3kπ

r0
(c + a)

√
r2

0 + c2 + 2kπ (a + c) ,

c = R +
√

R2 − r2
0 =

√
5 + 3
2

r0.

In the case of an inflated dome with a sphere radius of 1.5r0, the inner pressure is

calculated as:

F = 0, a = 0, (3.88)

P =
4.3K

r0
. (3.89)

When the pressing force reaches its limit, the dome is re-pressed to the state of an

approximately flat radius r0, and the total pressing force on the foot is computed as:

Ftot = nSshP, (3.90)

=
Sarea(

π
3 +

√
3
)

r2
0

πr2
0

4.3K
r0

, (3.91)

=
4.3πKSarea(
π
3 +

√
3
)

r0

. (3.92)

The calculated value of Ftot, derived from the equation presented above, is influ-

enced by the radius r0. A smaller r0 leads to a higher constraint on the pressing
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force. Consequently, we have chosen r0 = 0.5mm as it represents the smallest feasi-

ble size within our manufacturing capabilities, thereby optimizing the constraint on

the pressing force.

According to the force balancing equation, the total capillary force a calculated

as below:

∑ Fcap = Pli, (3.93)

so: nγcosθSd = Dlg
(
V0 − nVsph

)
, (3.94)

then: nγ cosθ 2πa = Dlg

(
Sbouh −

nπh
(
3a2 + h2)

6

)
. (3.95)

So, the related equation is summarized as below:

2γcosθ

Dlg
a =

(
π
3 +

√
3
)

Sbour2
0h

Sareaπ
−
(
3a2 + h2)

6
. (3.96)

Using the geometrical constraint of the dome parameters:

(R − h)2 + a2 = R2, (3.97)

so: a2 = (2R − h) h, (3.98)

= (3r0 − h) h, (3.99)

then: a =
√
(3r0 − h) h. (3.100)

The relation between the rising liquid heght h and r0 is:

2γ cosθ

Dlg

√
(3r0 − h) h =

(
π
3 +

√
3
)

r2
0h

π
−
(
9r0h − 2h2)

6
. (3.101)

In investigating the complex interaction of important factors in our soft pad design,

we used the computational tools of MATLAB, particularly the fimplicit function. The

result of this estimation is shown in Fig. 10.

In our computation, we focus on the influence of several influential parameters

including γ = 0.073 N/m (the surface tension), θ = π/3 rad (the contact angle),
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FIGURE 10: The graphical representation illustrates the changes in the liquid’s rising
height h versus the initial radius r0.

Dl = 1000 kg/m3 (the density of liquid), and g = 9.81 N/m2 (the acceleration due

to gravity). This calculation helps us see the connection between two important

things: h, the height of the liquid, and r0, the initial size of our soft pad. The curve

of h as it moved through changes in r0 showed a clear picture of the optimal range

for this important factor. This result shows that the optimal range is between 0.3 and

0.8. Determining the exact optimal value of r0 is challenging. However, considering

our manufacturing capabilities, the range of r0 around 0.5mm aligns well with the

optimal r0 range that maximizes the capillary force represented by the liquid height

h.

3.2 Experimental

In this section, practical experiments were conducted to investigate calculations

and ideas. The concept of the changeable dome pad is illustrated in Fig. 11. This

dome pad can change its morphology by adjusting the inner pressure inside.

The soft pad is made of a silicone material called Dragon Skin 10, provided by

Smooth-On, Inc., USA. Inside it, there’s a rigid, red, 3D-printed structure called the
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FIGURE 11: Design of the soft pad. (a) Soft pad without air pressure. (b) Illustration of
the soft pad design concept. (c) Soft pad under the influence of air pressure.

rigid bone. This part is essential for changing the soft pad’s shape.

A small chamber with a 3 mm diameter is designed as a pathway, guiding com-

pressed air into the soft pad’s container. By controlling the air, we make the soft pad

inflate. Besides, the pad thickness is quite thin with 0.4 mm.

The main goal of choosing r0 was to optimize the contact area between the soft

spherical pads and the ground. This helps increase the friction and adhesion, and it

also makes the capillary effect more effective.

3.2.1 Inflation and contact-related shape verification

Fig. 12 describes the setup used in our experiments to investigate the analyti-

cal model. The experimental system comprises an IMADA force gauge attached to

an acrylic plate, which is driven by a motorized linear stage. We also have a soft

pad foot that can change its shape by adjusting the inner pressure with a pressure

regulator, a pressure sensor to measure the inner pressure, and a 400-CAM058 mi-

croscope (SANWA SUPPLY) to measure the dimensions of the dome. In the dome

shape experiment without applying pressing force, we adjust the inner pressure

at different levels to measure the dome dimensions. Then, we conduct an experi-

ment on the dome shape with pressing force. In this case, the IMADA force gauge

is driven to move into the inflated dome. When the acrylic plate attached to the

IMADA force gauge presses into the dome, the pressing force is displayed on the

IMADA force gauge. Finally, we measure the dome shape parameters using the
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FIGURE 12: Experimental design for examining morphological changes.

FIGURE 13: Dome morphology dimension processed by 400-CAM058 microscope
(SANWA SUPPLY): a- without applying pressing force, b- with applying pressing force.

400-CAM058 microscope (SANWA SUPPLY). Fig. 13 shows the processed image by

using 400-CAM058 microscope for dimension measuring in 2 case: with applying

pressing force and without applying pressing force. The 400-CAM058 microscope

is used with UM12-CAM software for displaying the scaled dome on the software

interface.

In the dome shape experiments without applying pressing force, we manipu-

lated the air pressure, setting it to various levels: 55 kPa, 65 kPa, 75 kPa, and 85 kPa.

Upon completing these experiments, we plotted the results and compared them

with calculated values based on the methodology outlined in the previous section

(see Fig. 14, 15). The observed errors typically fell within a range of approximately

±3%. Remarkably, our analysis indicated that the magnitude of errors exhibited
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FIGURE 14: Experiment state 1: Effects of different pressures in the soft pad without floor
contact were compared using Matlab (Code matlab in Appendix 7.2.1).

a rising trend in tandem with increased air pressure. This correlation could be at-

tributed to changes in the elasticity coefficient k, which tended to increase as defor-

mation intensified. To assess the pad’s elastic properties, we conducted tests using

an MX2 Motorized test stand. In practice, it’s worth acknowledging that the elas-

ticity coefficient can fluctuate depending on the Young’s modulus, particularly in

scenarios involving significant deformation. However, in this specific study, we as-

sumed that the deformation of the soft pad dome occurred within the linear region

of the Young’s modulus, leading to a constant elasticity coefficient.

Transitioning to the experiment of dome shape with applying pressing force, we

maintained a constant air pressure of 75 kPa. Then, we considered varying levels of

compressive force, setting them at 0.1 N, 0.2 N, and 0.3 N, respectively. In this, we

collected parameters including b, r0, and d = (c2 − a), as illustrated in Fig. 6d. The

radius and height of the dome were subsequently calculated using the following
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FIGURE 15: Experiment state 1: dimension of dome heigh and dome radius.

formulate:

c2 =

√(
r2

0 − b2 − d2
)2

+ 4r2
0d2 −

(
r2

0 − b2 − d2)
2d

,

R2 =

(
r2

0 + c2
2
)

2c2
.

Additionally, based on Popov’s research (2010) [39], the relative surface energy

between the silicone material and acrylic, defined as γ12 = 2
√

γ1γ2, was found to

be approximately 0.006 J/m2.

Fig. 16, 17, and 18 present the experimental and calculated results. Fig. 16 com-

pares the dome’s geometrical shape under various pressing forces. Fig. 17 and 18

present the dimensions of dome height, radius, adhesive radius, and depth, includ-

ing error bars.
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FIGURE 16: Experiment state 2: Response of the soft pad under air pressure of 75 kPa to
being pressed at different forces (Code matlab in Appendix 7.2.2).

FIGURE 17: Experiment state 2: dimension of dome heigh and dome radius.
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FIGURE 18: Experiment state 2: dimension of adhesive radius and adhesive deep.

3.2.2 Tangential force experiment

In this section, we investigate the influence of capillary action on the soft pad

dome’s resistance to slippage. The experimental setup, illustrated in Fig. 19a, incor-

porates two motorized linear stages responsible for vertical and horizontal move-

ments. Our experiments encompassed both wet and dry conditions, with the soft

FIGURE 19: Experiment to assess the resistance of the soft pad to tangential forces: (a)
Setup of the experiment. (b) Soft pad under air pressure without simulated floor contact,

(c) and with simulated wet floor contact.
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pad’s morphology ranging from flat to domed at 65 kPa, 75 kPa, and 85 kPa, respec-

tively. We calculated the resultant capillary force Fcap as the difference between Fwet

and Fdry, the tangential forces measured under wet and dry conditions. In other

words, Fcap = Fwet − Fdry. These tangential force measurements were recorded prior

to the onset of complete slippage, known as incipient slip (see [53]). Each experi-

mental trial began by pressing the soft pad against a surface, securely affixed to a

3-axis force sensor (DSS300-U, TecGihan, Japan), with varying contact force values.

Subsequently, the horizontal linear stage was set in motion, providing tangential

FIGURE 20: (a) Comparison of resulted tangential forces among flat soft pad, and domed
pad under pressures of 65 kPa, 75 kPa, and 85 kPa, respectively; on both wet and dry
floors. (b) Zoom-in range with comparison of tangential forces under dry (dashed line)

and wet (solid line) conditions several air pressure values.
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displacement to the soft pad at a low speed of 0.2 mm/s to minimize viscosity ef-

fects. The outcomes of these experiments are summarized in Fig. 20.

When considering the dry condition, a flat soft pad (i.e., without the spherical

dome induced air pressure) displayed the highest tangential forces across a range of

normal forces (up to 0.4 N). However, under wet conditions, the resulting tangential

force on the flat-surfaced soft pad decreased significantly. This result emphasizes

that a flat soft pad morphology is only suitable for dry environments, as it may ex-

perience reduced tangential forces, leading to potential slippage on wet surfaces. In

the case of the domed soft pad morphology, we ensured that slippage did not oc-

cur by employing a slow pad movement speed of 0.2 mm/s. Additionally, the air

FIGURE 21: Comparison of capillary action in wet condition (Fcap = Fwet − Fdry) between
experiment (with error bars) and estimation results.
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pressure was adjusted to assess the morphological effect. Fig. 20a-b indicate min-

imal differences in tangential force values between the two conditions: wet (solid

lines) and dry (dashed lines). Most notably, the tangential force associated with the

domed soft pad surpassed that of the flat pad in wet conditions, indicating superior

walking stability with a domed soft pad. Therefore, we conclude that a flat soft pad

is suitable for walking on dry surfaces, and a domed pad is preferable for walking on wet

surfaces.

Concerning the domed soft pad, we assessed the effect of its morphology (deter-

mined by inner pressure) on the resulting tangential force. The dome cannot endure

high normal force when pressed against the contact surface, as this force could ex-

ceed the potential energy stored in the inner pressure. As such, there exists a normal

force limit for each morphological state of the dome. According to our measure-

ments, the limits for normal force at 65 kPa, 75 kPa, and 85 kPa are 0.15 N, 0.3 N, and

0.4 N, respectively (as shown on the horizontal axis of Fig. 9a). Our proposed an-

alytical model (refer to Eqs. (17)-(19)) reveals that a lower normal force results in

a reduction of the tangential force during the contact phase. Therefore, increasing

the air pressure to modify the morphology is essential for raising the normal force

limit and, subsequently, enhancing the tangential force. Moreover, substituting the

silicone material, such as switching from Dragon Skin 10 (Shore Hardness 10A) to

Dragon Skin 20 (Shore Hardness 20A) or Dragon Skin 30 (Shore Hardness 30A), can

elevate the normal force limit.

In Fig. 21, we compare the resultant capillary force Fcap of a domed pad in wet

conditions across three different air pressure levels (65 kPa, 75 kPa, and 85 kPa) with

the estimated values from our analytical model (see Eq. (28)). Despite the complex-

ity introduced by the liquid film at the contact area, leading to errors ranging from

10 % to 26 %, the experimental results align with the predicted trend.

In this chapter, the design and fabrication process have been explained, and the

physical significance will be clarified through the energy equation. The results ob-

tained from calculations and simulations will be validated through experiments. In

the next chapter, the mathematical model based on Finite Element method that plays
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an important role in this research will be explained.
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4 The finite element analysis (FEA) for

representing wet

4.1 The FEA-based solution

In the previous chapter, we presented an analytical model to explain the inter-

play between solid and liquid in wet adhesion phenomena. Nonetheless, this an-

alytical model has constraints when dealing with specific geometrical shapes and

is incapable of addressing issues related to general shapes that are non-integrable.

This section introduces a novel Finite Element Method (FEM)-based solution to han-

dle scenarios involving general geometrical shapes. The strategy proposed in this

section aims to serve as a comprehensive solution for understanding wet adhesion

phenomena in cases of solid objects with arbitrary geometrical shapes.

Several studies have employed the FE method to compute geometric parameters

in wet adhesion phenomena, such as [54], [55]. Additionally, researchers have pub-

lished studies utilizing the FE method to describe capillary phenomena [56]. Fur-

thermore, the authors in research [54] provided estimations for calculating capillary

forces in the vertical direction using the FE method. Compared to the mentioned

studies, our FE method model in this study contributes the following novelties:

firstly, our model considers deformation in soft contact, thus accounting for wet

adhesion interaction based on deformed objects; besides, the results we investigate

using the FE method in this study is focussed on the tangential effects of wet adhe-

sion force and capillary force, factors used to assess the sliding mechanism in robot

locomotion; finally, the FE method model used in our study is applied to calculate

in the case of multiple dome pads, which has not been addressed in other studies.
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4.1.1 The general problem of capillary phenomenon

The conceptual design and mathematical model for the foot with soft pads are

presented in Fig. 2. In previous chapter, we proposed a method for modeling the

capillary force, which relies on the shape of the dome pad, subject to alterations due

to compressed air pressure and applied force. However, this approach has certain

limitations; it mainly applies to specific pad geometries that are integrable. When

in motion, these pads can undergo deformations as they interact with the environ-

ment. Consequently, when we consider the general geometry of the pad, the curved

surface of the liquid becomes quite complex, leading to certain unidentified param-

eters affecting the capillary force.

Furthermore, the influence of the distribution of these dome pads on the capil-

lary force remains unclear, especially in cases where the liquid rises between these

pads. In this study, we introduce a novel approach that using the Finite Element

(FE) method. This approach is founded on the equilibrium energy equation of the

liquid. This approach’s advantage is that it allows us to explore wet adhesion and

capillary forces, not just at the individual pad level but also within the context of the

distributed pattern of pads on the foot. By doing so, we aim to gain a more com-

prehensive understanding of how these forces operate and interact, enhancing our

knowledge of the interplay between the soft pads and the environment. This could

be a significant step toward improving the design of these pads and enhancing their

performance in practical applications.

4.1.2 The FEA-based model for the capillary phenomenon

The phenomenon of capillary rise has attracted the attention of researchers in

the history of modern science [57]. The energy balance governing the slow rise of

liquid in a capillary tube is composed of three terms: the work done in lifting the

liquid (W), a term accounting for viscous dissipation (K) in the flowing liquid, and

a potential energy term (-∆U) representing the energy stored in the liquid column
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FIGURE 22: Wet process: (a) Soft contact between 2 object. (b) Liquid molecular of wet-
adhesion phenomenon in the first time. (c)Wet-adhesion phenomenon in process . (d)

Equilibrium state.

[58], [59]:

W − K = −∆U, (4.1)

This dynamic interplay of these components underlies the capillary rise phenomenon,

where the balance between lifting the liquid, energy dissipation, and the stored po-

tential energy in the liquid column ultimately determines the height to which the

liquid will ascend within a capillary tube. Understanding this balance is crucial in

the fields, from microfluidics to materials science, offering insights into the capillary

forces that shape the behavior of liquids in confined spaces.

We present Fig. 22, which illustrates the process of liquid rising onto the object

from the perspective of energy balance. Fig. 22a illustrates the interaction between

the soft object and the surface. Following this interaction, the liquid atoms undergo

upliftment, primarily propelled by the action of the wet adhesion force. The work of

this force is distributed between two significant factors: the potential energy stored

within the liquid and the intermolecular interactions occurring among the liquid
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FIGURE 23: (a) Wet adhesion phenomenon in general geometry object. (b) Differentials
of liquid following polar coordinates.

atoms, a phenomenon often referred to as viscous dissipation. These fundamen-

tal mechanisms are pivotal in comprehending the process of capillary rise and are

instrumental in revealing the intricacies of liquid wetting on soft objects. This un-

derstanding carries implications in various fields where liquid-surface interactions

come into play, from engineering to materials science.

We call the We, Ke, Ue are the differentiation element following polar coordinates

of work of capillary, viscous dissipation, and potential energy, respectively.

W =
∫

S
Weds, K =

∫
S

Keds, ∆U =
∫

S
Ueds. (4.2)

In this approach, we consider the balance of energy in each element following polar

coordinates Fig. 23:

We − Ke = −∆Ue. (4.3)

In the role of capillary forces governing the elevation of liquid on a surface, we

can delve into the components that construct this phenomenon. Here, the capillary

force in each element is denoted as fc, while dl stands for the length of the differen-

tial curve. The number of differential layers is represented by n, and ln is the path of

the object layer. The crucial parameter of liquid’s surface tension energy is called γ.

Additionally, ϕ1 characterizes the angle formed between the capillary force and the
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curve of the object layer. These variables and their interactions within the context of

capillary forces define the dynamics of liquid rise and play a significant role in un-

derstanding wetting phenomena on various surfaces. In this context, the equation

is formulated as follows:

We =
∫

Le
fcdl (4.4)

=
n

∑
i=0

lnγ cos ϕ1. (4.5)

In the case of capillary rise on a wet object, the expression for viscous dissipation

can be formulated as follows. Here, Ve = Vn (hi; ri) represents the volume of each

liquid layer, dph denotes the hydro-static pressure at each liquid layer, ρ stands for

the liquid’s density, g symbolizes the acceleration due to gravity, and zn signifies the

height of the liquid layer:

Ke =
∫

Vedph (4.6)

=
n

∑
i=0

ρgznVn (hi; ri) . (4.7)

The change in the gravitational potential energy (-∆U) can be calculated by integrat-

ing the hydro-static force (fh) as liquid rises from z = 0 to z = h:

∆Ue =
∫ h

0
Pzdz (4.8)

=
∫

ρgVn (hi; ri) dz (4.9)

=
n

∑
i=0

ρ gznVn (hi; ri) . (4.10)

Then, the Eq.4.3 become:

n

∑
i=0

lnγ cos θ −
n

∑
i=0

ρgznVn (hi; ri)−
n

∑
i=0

lnρ gznVn (hi; ri) = 0. (4.11)
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4.2 Implementation using SOFA (Simulation Open Frame-

work Architecture) framework

SOFA (Simulation Open Framework Architecture) is a open-source framework

designed for the simulation of interactive, real-time physical phenomena. Devel-

oped by a community of researchers and engineers, SOFA has become a promising

platform for simulating complex, dynamic, and real-world scenarios across vari-

ous domains, including robotics, biomechanics, medical simulation, and computer

graphics. One of SOFA’s distinctive features is its adaptability, allowing users to cre-

ate highly detailed, customized simulations. This flexibility is achieved through a

component-based architecture, where each element in the simulation is represented

as an individual module. These components can be easily integrated or replaced,

enabling researchers and developers to manage simulations to their specific needs.

SOFA’s open-source encourages collaboration, innovation, and community-driven

development. It provides a large library of pre-built components, models, and

solvers, reducing development time and enabling users to focus on the core aspects

of their simulations. SOFA integrates with other established tools, making it flexible

and powerful. This allows users from diverse fields, like biomechanics, robotics,

and medical training, to create real-time, interactive simulations. SOFA’s power-

ful framework helps build realistic simulations that run in real-time, pushing the

boundaries of virtual reality and computer modeling. Here, the SOFA framework is

used to apply the model based on finite element method for capillary simulation.

4.2.1 The wet adhesion phenomenon simulation for various shape

objects using SOFA

To find the parameters of curved surface of liquid and capillary force, we use an

iterative loop, in which the function energy Qe is shown as below:

Qlayer = Wlayer − Klayer + ∆Ulayer. (4.12)
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Base on the equilibrium energy concept in Eq. 4.12, achieving an equilibrium state

Qe = 0. To proceed, we divide the liquid element into layers, aligning them with

the object’s mesh. The layer that meets the equilibrium energy condition Qe = 0

is denoted as the "wet layer." Consequently, layers positioned below the wet layer

exhibit a positive energy function (Qe > 0), while those situated above the wet layer

manifest a negative energy function (Qe < 0). In our finite element method-based

approach, we employ an iterative process to systematically assess each wet layer,

commencing from the lowest layer (i.e., the interaction layer between the object and

the surface). The iteration concluded once the condition Qe > 0 is no longer met,

determining the appropriate wet layer.

In each iteration cycle, the energy function Qe is determined by the parameters

of the liquid surface formed during the wetting phenomenon on the object’s surface,

as illustrated in Fig. 24. Considering a layer assumed to be the rising liquid level,

the angle θ represents the angle of the surface deformation formed with the vertical

axis z. The ϕ1 angle, obtained from the geometric shape of the pad give us the tan-

gential direction angle of pad surface at differentiation. So, The ϕ2 angle is the angle

of the curvature of liquid considered from center. The points A1, A2, ..., An are the

respective mesh points on the object’s surface. C1, C2, ..., Cn are the corresponding

points belonging to each layer situated on the curved surface of the wetting liquid

element in the polar coordinate system of the wetting liquid on the object. Due to the

uniformity and symmetry of the liquid molecules, we can construct a circular curve

passing through C1, C2, ..., Cn. The differential angle ∆ϕ with respect to the center, as

viewed from each arc C1C2, C2C3, ..., Cn−1Cn, is calculated as ∆ϕ = ϕ2
amount o f layers (see

Fig. 24b). Besides, α is the angle of considered slice of liquid in polar coordinate. So,

in the iteration cycle of considering each slice of liquid, we need to use the αj for

each cycle.

ai = zi tan(θ − i∆ϕ), with i = 0 : n (4.13)
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By using the data from the mesh of the object, we determine the vector
−−−−→
Ai Ai+1 and

the angle αi. Then, the points of curved surface are determined as below:

−−−→
CiCi+1 =

(
aicosαj; aisinαj; zi

)
, (4.14)

Ci+1 = (xci + aicosαj; yci + aisinαj; zci). (4.15)

FIGURE 24: (a) The geometric parameters of the differential element of the liquid mass
in polar coordinate system. (b) The 2D projection of the differential element of the liquid

mass onto its own normal plane.
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The radius of curvature is determined through the angle ϕ2 and the length of the

curve:

ϕ2R =
n

∑
i=0

CiCi+1 = C1C2 + C2C3 + C3C4 + ... + Cn−1Cn. (4.16)

Then, the pressure difference between the outside and inside of liquid is calculated:

∆p = Υl

(
1
R
+

1
r

)
. (4.17)

The capillary force in this case is calculated as follows: (where Ssection is the projected

area of the wetting liquid on a plane perpendicular to the direction of motion, see

the Fig. 27):

Fcap = ∆pSsection. (4.18)

The algorithm comprises three main stages: Processing index data, considering

each slice of the surface, and calculating the wet adhesion, executed in sequence.

The processing index data stage begins with the creation of a mesh structure for

contact. The user inputs the elements into SOFA and gets parameters for these ele-

ments. The contact layer is identified, and the surface is divided into smaller slices,

with their indices arranged from low to high. Next, the considering each slice of the

surface is processed. A loop runs through each layer from 1 to the maximum layer.

Within each layer, coefficients such as C2, C3, C4, C5 are determined. The algorithm

calculates Qe, and based on its sign, the process either returns to the first step or

proceeds. Once the loop is broken, the wetted layer is determined.

Finally, the calculating the wet adhesion stage is entered. It starts by calculating

the wetted liquid area, followed by the computation of ∆p, which is important for

the subsequent steps. The algorithm then calculates the section of liquid volume in

a defined direction and uses this information to calculate the wet adhesion. In this

study, there is another crucial step that we have not fully addressed, which is to in-

vestigate the influence of the calculated capillary force on the mesh of the object. The
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ultimate result to be examined is the equilibrium state of the object’s deformation

and the updated capillary force based on that deformation. For objects with high

stiffness, the capillary force is too small to cause significant deformation. However,

a comprehensive model based on the finite element method requires addressing this

issue. In this case, a solution has been prepared for future work. We expect to use

∆p as a parameter representing the force acting on each element of the mesh object,

combined with the normal angle parameter of the element. This information will

then be used to calculate the force vector acting on each element. Subsequently, this

force parameter will be used to calculate the deformation of the mesh object. We an-

ticipate that this complete algorithm will propose a comprehensive solution in the

future.

This algorithm’s approach ensures a detailed and accurate analysis of wet adhe-

sion for a given surface and liquid interaction. The algorithm of our finite element

method that use to estimate the capillary force is shown as the Fig. 25.

Based on the algorithm explained in this section, we have developed a Python

code in SOFA to simulate the curved surface of wet liquid for various geometrical

shapes. Fig. 26 displays the results obtained through our novel approach, and these

results align well with the observed physical phenomena and related research [60].

Notably, Fig. 26c presents the simulation of wet liquid for a general shape. Utiliz-

ing the energy balance equation, we determined the wet layer at each differential

element across the entire surface of the object. Subsequently, the geometrical defor-

mation of the wet liquid was illustrated as shown in Fig. 26. Then, Fig. 27 illustrate

the method to calculate capillary following the direction of movement. (Eq. 4.18).

Next, we provide results calculated in the SOFA environment using the FE method

model. As we know, the geometric parameters of the liquid include two factors: the

height of the liquid rising above the solid surface and the radius of the liquid sur-

face. These factors are related to the geometry of the solid, the tension energy of

the liquid, and the contact angle of wet adhesion forces which depending on the

tension energy of the liquid and solid according to formula cosθ = 2
√

γs
γl

− 1 [14].

According to the formula, we will see that under wet adhesion conditions, cos theta
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FIGURE 25: The algorithm of finite element method for estimation of capillary force.

is in the range [0;1], meaning that the tension is in the range
[γl

4 ; γl
]
. Below, we run

the model to determine the parameters of the height of the liquid rising above the

solid surface and the radius of the liquid surface for values of liquid tension energy

determined respectively at 0.0016 N/m2, 0.002 N/m2, 0.004 N/m2. The size of the

dome pad in the simulation is illustrated in Fig.28. It also shows the trend of the

liquid rising on the solid surface in the context of increasing tension energy of the

solid. It is evident that within the range
[γl

4 ; γl
]
, the level of the wet-adhered liq-

uid on the solid surface gradually increases. Fig.29 compares, at increasing levels

of liquid tension energy, the convergence rate to the maximum height of the liquid

rising on the solid surface, which increases with the same considered contact angle.

Finally, Fig.30 shows that the radius of the surface of the wet-adhered liquid block

will be proportional to the height of the rising liquid.
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FIGURE 26: SOFA simulation for capillary phenomenon. Note that red dotted bound-
aries show the uplifted water layer due to adhesion. (a) Dome shape object. (b) Trun-

cated cone shape object. (c) General geometry object

FIGURE 27: Tangential capillary force estimation following the wettecd liquid and move-
ment direction, where Ssection is the projected area of the wetting liquid on a plane per-

pendicular to the direction of motion.

FIGURE 28: Wet adhesion parameters simulating in case of γl = 0.004 N/m2 with the
rising of γS (simulation using SOFA.)



4.2. Implementation using SOFA (Simulation Open Framework Architecture)

framework
55

FIGURE 29: The relationship between surface tension energies and wetted height.

FIGURE 30: The relationship between wetted heigh and radius of wetted liquid curva-
ture.

This investigation is more convincing if this estimation would be accompanied

by validating experiments. However, evaluating the experimental accuracy of these

surface parameters in wet adhesion phenomena poses a challenge due to equipment

and technique demands, including imaging technology and the complexity of ten-

sion energy in various liquid and solid types. So we just investigated the trends of

those parameters and compared with other studies [39].
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4.2.2 The FEA-based model for the capillary phenomenon of the

patterned pad

In the previous subsection, our approach was employed to simulate wet adhe-

sion, which related to the ability of a liquid to adhere to a solid surface. When a

liquid encounters a solid surface, it has the potential to either spread out and form

a thin film or cluster together into droplets. Conversely, capillary action is the phe-

nomenon in which a liquid can move against the force of gravity within confined

spaces, such as narrow tubes or amidst small particles. This behavior arises due to

the combined cohesive forces among liquid molecules and adhesive forces between

the liquid and the solid surface. In scenarios with narrower spaces, the liquid is

drawn upward to a greater extent through capillary action.

In this subsection, we propose a FE method to estimate capillary forces in the

case of multiple pads on our changeable-pad foot. The narrow spaces among the

pads, which can be controlled by adjusting the inner pressure, are considered as

important factors affecting the capillary force. Fig. 31 illustrates the distribution of

soft pads on the foot area. The mesh element parameters are obtained using the tools

GMSH and SOFA. In this scenario, the equilibrium energy equations are formulated

by considering the relationship between the space occupied by the liquid and the

work of capillary force. Let n represent the total number of domes, and We that

explicitly formulated as given in Eq.4.4 denote the work of capillary force that lifts

the liquid to its equilibrium height. Subsequently, we use the We formula to calculate

the total work of capillary force as follows:

Wtot = nWe. (4.19)

Considering the influence of both viscous dissipation and potential energy, as eluci-

dated in Equations Eq. 4.6 and Eq. 4.8, we proceed to compute the volume of each

liquid layer with the following approach. Within this context, dz signifies the height

of the layer element, Sbo denotes the boundary area of the dome, and Vsph represents
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the volume of each dome submerged beneath the liquid:

Vn = dzSbo − nSsph(i), (4.20)

Ktot =
n

∑
i=0

ρgzn(dzSbo − nVsph(i)), (4.21)

∆Utot =
n

∑
i=0

ρgzn(dzSbo − nVsph(i)). (4.22)

The values of dz, Sbo, and Vsph are obtained from the mesh data of GMSH and SOFA.

Gmsh is a powerful open-source finite element mesh generator used for 3D object

discretization. With Gmsh, complex 3D geometries can be divided into smaller ele-

ments, simplifying the numerical analysis of various physical processes, including

FIGURE 31: SOFA simulation of wet liquid for soft pads foot. (a) Changeable soft pads
foot meshing in SOFA. (b) Height of rising wet liquid.
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structural mechanics, fluid dynamics, and more. It offers a user-friendly interface

and an useful set of tools for mesh creation, making it an important asset in the field

of computational engineering and science. Whether you’re simulating the behavior

of mechanical components or studying fluid flows within complex structures, Gmsh

provides the means to generate high-quality 3D meshes that are used for accurate

simulations and in-depth analysis.

Therefore, similar to the previous subsection, a loop is utilized to determine the

height of the rising liquid through the energy function Qtot as follows:

Qtot = Wtot − Ktot + ∆Utot. (4.23)

In Fig. 31, we present an overview of our simulation procedure. We utilize a

balance energy function to predict the liquid layer’s height. By considering the ge-

ometric properties of the liquid’s shape, we calculate the tangential capillary force,

as detailed in Eq. 4.18. The subsequent section focuses on the thorough evaluation

of our methodology’s accuracy and reliability, including conducting experiments

to validate the computed forces. This experimental assessment is a critical step in

verifying the real-world applicability and effectiveness of our simulation.

4.3 Experimental validation

4.3.1 Tangential force experiment

In this section, we assess the impact of capillary action on the morphologically

changeable foot’s resistance to slippage. The experimental setup is depicted in Fig.

32, which comprises two motorized linear stages facilitating vertical and horizontal

movements. This arrangement involved two key components: a vertical linear stage

motor responsible for vertical motion and a horizontal linear stage motor govern-

ing forward and backward movements. The soft pad foot was securely attached to

the vertical linear stage motor, serving as the focal point of the experiment. In this

setup, as the soft pad made contact with the surface, it was subjected to controlled
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FIGURE 32: Experimental setup of the tangential force.

conditions under both wet and dry circumstances. The horizontal linear stage motor

played a pivotal role, creating motion and inducing tangential forces that resisted

this motion. The measurement of these tangential resistant forces was a key objec-

tive of the experiment. The experimental procedure was as follows: the soft pad foot

was gradually pressed onto the surface, with the tests conducted under varying wet

and dry conditions. As the soft pad came into contact with the surface, the hor-

izontal linear stage motor initiated its movement, generating a controlled motion.

During this motion, the tangential resistant forces were measured. This approach

allowed us to gather data regarding the pad’s performance and its ability to resist

slippage in response to diverse conditions. The results obtained from this experi-

mental setup investigate the interaction between the soft pad and different surfaces,

focus on its effectiveness and adaptability.

The experimentation was conducted under both wet and dry conditions, vary-

ing the soft pad morphology from flat to domed under an air pressure of 50 kPa.

The resultant capillary force Fcap was derived as the difference between Fwet and
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FIGURE 33: Microscopic images of the experimental soft plastic layer surface: (a)
presents the projection of the convex elevation on the rough surface, (b) shows the pro-
jection of the roughness density on the rough surface, (c) demonstrates the projection of
the smooth surface, (d) displays the projection of the roughness density on the smooth

surface.

Fdry, corresponding to the tangential forces measured in the respective conditions,

specifically Fcap = Fwet − Fdry. The experimental trial initiated with the soft pad be-

ing pressed against a surface affixed to a 3-axis force sensor (DSS300-U, TecGihan,

Japan) under varying contact force intensities. Subsequently, the horizontal linear

stage was activated to apply tangential displacement to the soft pad at a velocity of

0.2 mm/s, a rate chosen to minimize any influence from viscosity.

The experimental design included two distinct surface conditions: one with a

rough texture and the other with a smoother soft plastic surface (as depicted in

the photo within Fig. 33, captured using a 400-CAM058 microscope from SANWA

SUPPLY, JAPAN). The influence of surface roughness on capillary phenomena is a

multifaceted aspect that lies beyond the primary focus of this study. However, to

ensure comprehensive experimentation, we conducted force measurements across

these varying surface roughness scenarios. The detailed results can be observed in

the data presented in Fig. 34.

The outcomes presented in Fig. 34 depict a noticeable trend in capillary forces
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FIGURE 34: (a) Comparison of resulted tangential forces among flat soft pads foot, and
domed pads on both wet and dry floors in two different roughness. (b) Comparison
of capillary action in wet condition (Fcap = Fwet − Fdry) between experiment (with error

bars) and estimation results.

across different surfaces. There is an error attributed to the limitations in measure-

ment accuracy. Simultaneously, the friction forces exhibit a linear relationship with

the applied contact force on the surface. These results closely correspond with the

calculations from the mathematical model detailed in the previous section, with an

error of approximately 15% to 25%.

In the Fig. 34.a, the relationship between tangential force and normal force is

affected by friction and adhesion. Capillary force, although not proportional to the

normal force, doesn’t significantly contribute to the observed trend in tangential

force as its influence is much smaller. Previous research extensively studied models
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where tangential force is proportional to the normal force, as cited in [61], [62], [63],

[64]. In our study, we specifically focus on capillary force rather than giving much

attention to friction and adhesion.

The wet adhesion and capillary phenomena have been reexamined using the fi-

nite element analysis (FEA) approach, contributing to simulation solutions within

the SOFA (Simulation Open Framework Architecture) framework. The results ob-

tained from these solutions have been carefully verified through experiments. In the

next chapter, showcases integrating morphology-changeable soft pads into a legged

robot will be conducted to demonstrate the applicable potential of our design.
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5 Application to slippage resistance of

locomotive robot on wet surface

5.1 Design and fabrication

In this chapter, we present the design and fabrication processes for two distinct

foot sizes: large-scale and small-scale. Each of these processes has advantages and

disadvantages, making them better suited for specific robotic applications.

In the case of the large-scale fabrication process (refer to Fig. 35), the foot benefits

from enhanced stability, primarily attributed to the presence of a rigid bone encased

within the soft foot structure. However, it’s worth noting that the tangential force

optimization is not optimal, and we delved into this aspect further in the subsequent

Optimization section.

Conversely, in the small-scale fabrication process (as depicted in Fig. 36), we pri-

oritize the optimization of tangential force, significantly improving the foot’s ability

to avoid slippage. Nevertheless, it’s crucial to highlight that under high inner pres-

sure conditions, the set of soft pads experiences deformation, ultimately adopting a

dome-like shape.

Below, we provide an explanation of both the design and fabrication processes

for these two distinct foot sizes. In particular, the drawing used for fabrication pro-

cess is present in the Appendix 1: Appendix 1.1: Drawing of mold design for large

scale foot, and Appendix 1.2: Drawing of mold design for small scale foot (Chapter

7: Appendix)
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FIGURE 35: Fabrication procedure: (a) Arrangement of the foot mold. (b) Pouring of
silicone material. (c) Finalizing the foot structure. (d) Soft pad with applied pressure and

dimensions.

5.1.1 Large scale design

The design of the foot in the case of large scale is shown in Fig. 35c and 35d,

showcasing the inner "bone" structure, which is printed by ZOTRAZ-300 3D printer.

This inner structure serves as the rigid core of our design. Wrapping around this

core is a membrane of silicone skin, adding a layer of flexibility and tactile sensitivity

to the design. The pivotal component, the sole, hosts an array of spherical domes,

as illustrated in Fig. 35b.

Initially, in its rest state, the sole of the foot is flat, as exhibited in Fig. 35d. When

providing inner pressure, the soft pad domes emerge in response to the increasing

air pressure. This transformation is central to the foot’s performance, changing its

morphology to adapt to various surface conditions.

The mechanics of this design may apply to robot functions. The external air-

pressure regulator connects to the rigid bone, and this connection plays a pivotal

role in controlling the inflation and deflation of the soft pad domes. When air pres-

sure is applied, these domes engage, adjusting the sole’s morphology to facilitate

walking on surfaces with different characteristics, particularly those that vary be-

tween wet and dry condition by sensing the surface and actively adjusting the inner

pressure.

The fabrication process, as illustrated in Fig. 35a-c, is a crucial step in crafting

our soft robotic foot. The fabrication process is initiated by filling the outer mold
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with silicone material, specifically silicone Ecoflex 00-20 from Smooth-On, Inc., USA.

This silicone forms the outer layer, covering the rigid bone, and giving shape to

the entire foot structure. This step is instrumental in creating the soft, adaptable

surface necessary for our robot to adapt to various terrains. Besides, the inner mold

serves the purpose of crafting air hoses. These hoses are important for directing and

regulating the flow of air, which is responsible for inflating the thin sheet located

within the foot structure. This controlled inflation allows the soft pad to morph and

adapt to the ground, enhancing its efficiency and versatility. The 3D-printed cap,

produced using a ZORTRAX M300 printer and ABS material, plays an important

role in the assembly process.

5.1.2 Small scale design

In the particular design, a softer sheet material, Silicone Ecoflex 00-20 (Smooth-

On, Inc., USA), was employed. This material helps the foot transform into a spheri-

cal dome shape when subjected to controlled air pressure adjustments. It is layered

on a firmer substrate, Dragon Skin 30 (Smooth-On, Inc., USA), which provides struc-

tural support and stability to the soft pad.

The internal architecture of the foot comprises a network of cylindrical cham-

bers, each with a diameter of 1 mm. These chambers serve a function by acting as

FIGURE 36: Fabrication process: (a) mold set of foot. (b) Pouring silicone include two
step: pouring Dragon Skin 30 silicone for the body, then pouring the silicone Ecoflex 00-
20 for the thin sheet. (c) Finishing the foot. (d) dome inflation and the robot leg attached

the foot.
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conduits for the directed flow of compressed air. The air, when appropriately chan-

neled through these chambers, inflates the soft pad. This pad is designed with a

thickness of 0.2 mm. An essential design parameter which was considered is the

initial radius of these soft pad domes, denoted as r0. This value was determined to

optimize the tangential force.

The outer molds were fabricated by ZORTRAX M300 printer with ABS material.

Besides, the inner mold was printed using a FORMLABS FORM 2 3D printer. The

material of choice for this inner mold was grey SLA resin (RS-F2-GPGR-04).

5.2 Case of single legged robot with the proposed foot

In this section, we demonstrate the walking efficiency on both wet and dry sur-

faces using a leg equipped with a foot containing either a flat or a domed soft pad.

While our walking system comprises only a single leg for simplicity, the results hold

promise in validating the potential applicability of this device in more complex sys-

tems in the future.

The walking mechanism consists of a body carrying a stepper motor that drives

a one-degree-of-freedom (1-DOF) linkage system, as depicted in Fig. 37a. To as-

sess the effectiveness of preventing foot slippage, we intentionally kept the walking

mechanism simple to avoid distraction associated with a more complex system. We

utilized a one-leg mechanism moving on four wheels constrained by a rail system,

shown in Fig. 37c-d. The basic concept of the linkage mechanism is illustrated in Fig.

37b. The torque τ1 generated by the stepper motor produces external forces F1, F2,

F3, F4. The hinge joint between the foot and the linkage system, supported by two

springs, is designed to press the foot to the floor, thus increasing the contact time

between the foot and the surface. The external force F4 causes the foot’s backward

motion. When the tangential resistance force Ftot is adequate, slippage between the

foot and the surface is prevented, and the foot remains stationary until the reac-

tive forces N1, N2, N3 push the body forward. The motion of the walking body

was tracked using a green marker on the body and three smaller markers attached
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to the foot to capture stick/slip motion during walking. A SONY RX10IV(DSC-

RX10M4) camera was placed to record marker movement (as shown in Fig. 37c-d).

The OpenCV library was used to extract two-dimensional marker movement [65].

By analyzing the contour of the foot based on marker movement, we assessed

walking efficiency in five different walking scenarios: 1,On a dry surface (with a

flat soft pad); 2, On a wet surface (with a flat soft pad);3-5, On a wet surface with a

domed soft pad pressurized at 40 kPa, 60 kPa, and 75 kPa, respectively. For the first

case, the foot posture during walking phases is depicted in Fig. 38a. In this case,

the foot makes firm contact with the surface (without slippage), propels the body

forward, and then lifts off from the surface in a stable manner.

FIGURE 37: Design of the robotic leg. (a) The walking system with its components. (b)
Mechanical analysis of the linkage system for walking tests on both (c) dry and (d) wet

floors (contour data was tracked to generate the foot paths in Fig. 38).
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FIGURE 38: Tracked foot’s posture (the rectangle in Fig. 37d) during walking action in
(a) on a dry floor, (b) on a wet floor with flat foot, and (c) on a wet floor with domed pad

(high inner pressure state).
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FIGURE 39: Results of the walking robot’s body displacement in five experimental con-
ditions (tracked by the marker on the robot body as shown in Fig. 12d).

In the second scenario, the foot’s posture is depicted in Fig. 38b. When equipped

with a flat soft pad, the foot exhibited poor performance in wet conditions. Upon

contact with the wet surface (indicated by blue rectangles), the resultant low tangen-

tial force caused the foot to slip backward (indicated by red rectangles) rather than

propelling the body forward. This observation aligns with the earlier experimental

findings indicating a significant reduction in the tangential force of the flat pad in

wet conditions.
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In the third case, walking on a wet surface with a domed soft pad showed a

locomotion pattern similar to the first case, where a flat soft-padded foot walked on

a dry surface. In both cases, there was minimal slippage upon landing of the foot,

as demonstrated in the plot in Fig. 38c. This result underscores the potential of the

domed soft pad in enhancing walking efficiency in a wet environment.

To summarize the time-series positions of the robot body in all five cases, please

refer to Fig. 39. Notably, the movements of the body in case 1 (flat pad, dry surface)

and case 5 (domed pad, wet surface, 75 kPa) were quite similar. In both scenarios,

the foot executed rapid walking without significant slippage, reaching its destina-

tion successfully. However, in case 2 (flat pad, wet surface), reaching the goal took

approximately five times longer than in case 5, requiring a much higher number of

walking cycles due to slippage.

Varying the morphology of the domed pad with air pressure (at 40 kPa and

60 kPa, respectively) demonstrated that higher pressure notably improved walking

performance. In a flat state or a domed state with low air pressure, a layer of liquid

became trapped between the foot and the contact surface, changing dry friction-

adhesion into lubrication and reducing the tangential resistance force, ultimately

leading to slippage. In contrast, with sufficient air pressure, the liquid was expelled

from the contact interface to maintain dry friction-adhesion upon contact. Besides,

the liquid layer was randomly spread across a large area, making it challenging to

ensure uniform distribution around the soft pad’s domes. Achieving this specific

liquid layer condition was not our objective in this experiment, as securing such

conditions in real walking scenarios is difficult. Consequently, the capillary force

in the walking leg experiment is smaller than estimated by our analytical model.

Nonetheless, the uneven liquid height still generates a capillary force, contributing

to tangential capillary effects and aiding the robot in walking on wet surfaces.
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5.3 Case of hexapod robot with the proposed feet

In this showcase, we show an experiment that use the Hexapod robot devel-

oped by Lynxmotion Inc, Canada. Here, our developed soft pads are attached to

this robot’s feet (see Fig. 40). The robot is a versatile and agile robotic platform

characterized by three independent rotational axes of motion. This robotic system

mimics the movement of insects with six legs, each of which possesses three de-

grees of freedom. The three rotational axes typically correspond to the pitch, roll,

and yaw orientations, allowing the hexapod to move in a variety of directions and

orientations.

In our experimental setup, we employ a straightforward locomotion pattern to

guide the robot in a straight path while assessing the performance of its adaptable

soft pad foot. The robot’s movements are tracked using an optical tracking system

(NaturalPoint, Inc. DBA OptiTrack), which collects coordinated data from dedi-

cated markers affixed to each leg (refer to Fig. 40). Additionally, three markers

FIGURE 40: 3-Degree-of-Freedom Hexapod robot in the experiment: (a) Hexapod robot
with attached markers, (b) leg mechanism illustration. (c) The concept of hexapod loco-

motion showcased.
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placed on the robot’s body provide position and orientation information. Typically,

a leg mechanism in a 3 DOF hexapod consists of three articulated joints that provide

rotational freedom. These joints correspond to the hip, knee, and ankle joints (see

Fig. 40b).

The hip joint allows the leg to move forward and backward, as well as to swing

laterally to the sides. The knee joint contributes to controlling the leg’s height and

step length. It decides the time when the foot contact into the floor for moving

forward and backward (by swinging the hip joint), or escape from the interaction

with the floor. The ankle joint enables the leg to rotate or tilt, allowing the hexapod

to adjust its foot orientation to the ground. Ankle joint movement is crucial for

maintaining stable contact with the surface. It also aids in adapting the foot’s angle

for optimal traction during movement.

For this experiment, the robot moves directly forward by activating phase differ-

ences between two leg groups: group 1 (legs 1, 3, and 5) and group 2 (legs 2, 4, and

6). Fig. 40c illustrates this locomotion concept. As one group swings its hip joint to

move forward, the other group retracts to prepare for its upcoming step. In terms of

force analysis, the forces and moments produced by hip swinging are summarized

as follows: FMov = F1 + F2 + F3; M = F1l − (F2 + F3) l, where F1, F2, F3 represent the

forces propelling backward leg movement. If the friction force is sufficient, it secures

the foot to the floor, and the reaction force FMov propels the robot forward. As this

movement is linear, M = 0, yielding F1 = 2F2 = 2F3. Assessing all leg forces, legs 2

and 5 carry a higher risk of slipping during robot locomotion.

Fig. 41 and Fig. 42 provide a comprehensive overview of the experimental re-

sults. On dry surfaces, the robot exhibits robust performance in both smooth and

rough terrains, with no signs of slippage. However, when a flat soft pad (no in-

ner pressure) contacts into wet surfaces, issues with backward leg slipping become

apparent. Notably, activating the dome pad by increasing the inner pressure signif-

icantly mitigates slippage, as observed in Fig. 41 and Fig. 42. These results serve

as a valuable assessment of slippage under diverse conditions, with no predefined

control rules imposed. Consequently, the robot’s trajectory may deviate due to leg
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FIGURE 41: The positions of the detected markers on leg 2 and leg 5 of the hexapod while
walking on the rough surface, illustrating instances of slippage in different scenarios:
walking on dry surface with flat foot, walking on wet surface with flat foot, walking on

wet surface with dome pad foot.

FIGURE 42: The positions of the detected markers on leg 2 and leg 5 of the hexapod while
walking on the smooth surface, illustrating instances of slippage in different scenarios:
walking on dry surface with flat foot, walking on wet surface with flat foot, walking on

wet surface with dome pad foot.

slipping. For a deeper understanding of these outcomes, refer to Fig. 43 and Fig. 44,

which depict the paths the robot follows in various experimental scenarios. While

navigating wet surfaces with a flat soft pad (absence of inner pressure), the robot
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FIGURE 43: The positions of the detected markers on the body of the hexapod while
walking on the rough surface in different scenarios: walking on dry surface with flat
foot, walking on wet surface with flat foot, walking on wet surface with dome pad foot.

struggles to maintain a straight trajectory, leading to deviations. In contrast, when

equipped with the dome pad, slippage is significantly reduced, allowing the robot

to uphold a straight course, as evidenced by its trajectory on wet surfaces, which

closely resembles its performance on dry terrain.



74Chapter 5. Application to slippage resistance of locomotive robot on wet surface

FIGURE 44: The positions of the detected markers on the body of the hexapod while
walking on the smooth surface in different scenarios: walking on dry surface with flat
foot, walking on wet surface with flat foot, walking on wet surface with dome pad foot.
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6 Conclusion and Future Works

In the field of soft robotics, our research introduces the mechanics of morphol-

ogy changeable soft pad that dynamically adjusts the morphology to maximize per-

formance across varying terrains. This novel solution demonstrates the interesting

potential of biomimetic engineering, as it draws inspiration from nature’s adaptive

solutions. Specifically, our novel soft pad design help the robots change their mor-

phology between two primary states: a flat elastic sheet and a protruding spherical

dome. The former configuration serves for dry surfaces, offering stability, while the

latter enhances efficiency on wet terrains. This feature addresses a crucial challenge

in the field of robotics: adaptability to different environments. The contributions of

this research may impact the field of robotics through practical applications. Fur-

thermore, our approach introduces a novel solution in wet adhesion and capillary

simulation based on the finite element method.

6.1 Impact of morphology-changeable soft pads

6.1.1 Design and fabrication

In this study, we have presented a detailed design and fabrication process aimed

at realizing a biomimetic approach inspired by the mechanisms found in animal foot

pads. The novel concept lies in the development of a morphology-changeable foot

pad, carefully designed to optimize friction and adhesion on both dry and wet sur-

faces. Of significance is the emphasis on exploiting wet adhesion to prevent robot

slippage, an aspect that has been relatively understudied until now. The fabrication

of the foot pad is conducted through a specially designed mold, ensuring the phys-

ical realization aligns with the conceptual framework. To enhance the efficiency
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FIGURE 45: Designed mold and completed foot in large and small scale.

of the design and fabrication, we employed optimization algorithms to maximize

forces within specific geometrical constraints. Through this work, we expect to con-

tribute to the field of soft robot, providing a robust design and fabrication process

applicable in diverse applications. Our optimized approach holds promise for the

development of robotics, where the importance of terrain adaptability and wet ad-

hesion has been underscored.

6.1.2 Analytical model and finite element method model for Mor-

phology changeable soft dome pad

In conclusion, our research has introduced a novel approach to the design and

analysis of morphology-changeable soft pads for robotics applications. The main

point of our efforts has been the development of an analytical model based on en-

ergy equilibrium equations that examines the morphological properties of the soft

pad. This model encompasses the dynamics of tribological aspects, unraveling the

interplay of friction, adhesion, and capillary action.

The second analytical model, based on the Finite Element (FE) method, specifi-

cally addresses capillary action phenomenon. By adopting this approach, we have
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contributed to the understanding of liquid-solid interactions. Moreover, this model

serves as a bridge between theoretical concepts and practical applications in robotics.

To verify our theoretical model, we conducted force measurement experiments to

evaluate the accuracy and reliability of our model. This validation process evaluates

our model as a believable approach in the applications of robotics and simulation.

Looking ahead, we expect that our developed model will become an instrumen-

tal tool for controlling robots equipped with morphology-changeable soft pads. This

tool is expected to provide a reliable means of simulating the complex behavior of

liquids in contact with solids, enabling the estimation of wet adhesion forces and

capillary forces in real-world scenarios. Our research not only contributes to the

theoretical understanding of soft robotics but also proposed a novel tool for advanc-

ing the applications of this technology.

6.1.3 Application for legged robot walking on different terrain with-

out slippage

Moreover, our research has developed a novel morphology-changeable soft pad

for robot feet, showcasing its exceptional adaptability across diverse terrains. Through

experiments, we have successfully demonstrated the transition of a robot equipped

with these adaptive soft pads between dry and wet surfaces. The outcomes of our

work provide practical validation, suggesting that these soft pads have the potential

to enhance the locomotion capabilities of walking robots. Importantly, our findings

indicate that the morphology-changeable soft pad foot can offer a useful solution

to improve the performance of walking robots when navigating various terrains.

This research holds promise for overcoming challenges in complex scenarios where

walking robots or humanoid robots need to efficiently complete their tasks. Our re-

search contributes a practical and impactful solution to advance the field of robotics

and address real-world challenges associated with adaptability to varied terrains.
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6.2 Future work

Moving forward, our research lays the groundwork for several future works.

First and foremost, there is a need for improving the finite element-based mathe-

matical model algorithm. We expect to incorporate the influence of the calculated

capillary force on the mesh of the object, and show the equilibrium state of the ob-

ject’s deformation and the updated capillary force based on that deformation.

Besides, we expect to develop the finite element-based mathematical model algo-

rithm to expand its capabilities to embrace a more comprehensive range of capillary

phenomena, ensuring a more accurate representation of the complex interactions

between liquids and solids. Delving into the aspects of liquid surface geometry

represents a promising direction. An in-depth examination of how liquid shapes

interact with different surfaces can deepen our insights, potentially uncovering new

information in the behavior of our adaptive soft pads.

Furthermore, the development of adaptive control rules for changing the soft

pad’s morphology is an important content. This involves control rules that enable

the soft pad to dynamically adjust its shape, optimizing the walking robot’s perfor-

mance across diverse terrains. This adaptive capability could prove instrumental in

addressing the challenges faced by walking robots operating in real-world, unpre-

dictable surfaces (wet or dry).

Lastly, a crucial plan for future work involves the development of sensing tech-

nology. Specifically, there’s a need to create a sensing mechanism capable of de-

tecting tangential resistant forces. This development would draw on our evolving

understanding of the interactions that occur in soft contact with the surrounding

liquid layer. Implementing such a sensing technology could enhance the robot’s

ability to respond to its environment, fostering increased adaptability and efficiency

in a variety of scenarios. In sum, these future works aim to push the practical appli-

cations of our research, contributing to the evolution of soft robotics in real-world

scenarios.
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7 Appendix

7.1 Appendix 1: Drawing of mold design

This section shows the drawing of mold design and fabrication discussed in

Chapter 3, Section 3.1: Design and fabrication. Specifically, Appendix 1.1 is utilized

for the fabrication of the large-scale foot (3.1.1), while Appendix 1.2 is employed for

the large-scale foot (3.1.2).

7.1.1 Appendix 1.1: Drawing of mold design for large scale foot
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7.1.2 Appendix 1.2: Drawing of mold design for small scale foot
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7.2 Appendix 2: Matlab code for calculation

This section presents the Matlab code used to simulate the analytical model in

Chapter 3. Appendix 2.1 is employed for simulating morphology changes with-

out applied pressing force, while Appendix 2.2 simulates morphology changes with

applied pressing force. The simulation results are depicted in Fig. 14 and Fig. 16.

7.2.1 Morphology changing without pressing force

clear all

r0=0.0015;

p=5.5*10^4;

k=40;

syms f(c)

f(c) = (p*(r0^2+c^2)/(2*c))-(2*k*(1.5*sqrt(r0^2+c^2)-r0)/r0);

sol = vpasolve(f)

R=((r0^2+sol^2)/(2*sol))

c=sol;

radius = ((r0^2+c^2)/(2*c));

circr = @(radius,rad_ang) [radius*cos(rad_ang);

radius*sin(rad_ang)+sqrt(radius^2-r0^2)];

r_angl = linspace(pi/2+acos((c-radius)/radius),

2*pi+asin((c-radius)/radius));

xy_r = circr(radius,r_angl);

c_ex=0.00125;

radius_ex = (r0^2+c_ex^2)/(2*c_ex)

r_anglex = linspace(pi/2+acos((c_ex-radius_ex)/radius_ex),

2*pi+asin((c_ex-radius_ex)/radius_ex));

xy_rex = circr(radius_ex,r_anglex);

v = VideoWriter(’sphere.avi’);

v.FrameRate = 10;
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open(v);

figure(1)

pause(10);

plot([-r0 r0],[0 0],’LineWidth’,2)

axis([-1.5*r0 1.5*r0 0 1.5*r0])

axis equal

xlabel(’X axis (mm)’)

ylabel(’Z axis (mm)’)

set(gca,’FontSize’,30)

hold on

pause(3);

frame = getframe(gcf);

writeVideo(v,frame);

figure(1)

plot(xy_r(1,:), xy_r(2,:),’Color’,’r’,’LineWidth’,2)

plot(xy_rex(1,:), xy_rex(2,:),’Color’,’r’,’LineWidth’,2,’LineStyle’,’--’)

axis([-1.5*r0 1.5*r0 0 1.5*r0])

axis equal

xlabel(’X axis (mm)’)

ylabel(’Z axis (mm)’)

set(gca,’FontSize’,30)

hold on

pause(3);

frame = getframe(gcf);

writeVideo(v,frame);

p=6.5*10^4;

syms f(c)

f(c) = (p*(r0^2+c^2)/(2*c))-(2*k*(1.5*sqrt(r0^2+c^2)-r0)/r0);

sol = vpasolve(f)

R=(r0^2+sol^2)/(2*sol)
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c=sol;

radius = (r0^2+c^2)/(2*c);

circr = @(radius,rad_ang) [radius*cos(rad_ang);

radius*sin(rad_ang)-sqrt(radius^2-r0^2)];

r_angl = linspace(pi/2+acos((c-radius)/radius),

2*pi+asin((c-radius)/radius));

xy_r = circr(radius,r_angl);

c_ex=0.0016;

radius_ex = (r0^2+c_ex^2)/(2*c_ex);

r_anglex = linspace(pi/2+acos((c_ex-radius_ex)/radius_ex),

2*pi+asin((c_ex-radius_ex)/radius_ex));

xy_rex = circr(radius_ex,r_anglex);

figure(1)

plot(xy_r(1,:), xy_r(2,:),’Color’,’g’,’LineWidth’,2)

plot(xy_rex(1,:),xy_rex(2,:),’Color’,’g’,’LineWidth’,2,’LineStyle’,’--’)

axis([-1.5*r0 1.5*r0 0 1.5*r0])

axis equal

xlabel(’X axis (mm)’)

ylabel(’Z axis (mm)’)

set(gca,’FontSize’,30)

hold on

pause(3);

frame = getframe(gcf);

writeVideo(v,frame);

p=7.5*10^4;

syms f(c)

f(c) = (p*(r0^2+c^2)/(2*c))-(2*k*(1.5*sqrt(r0^2+c^2)-r0)/r0);

sol = vpasolve(f)

R=(r0^2+sol^2)/(2*sol)

c=sol;
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radius = (r0^2+c^2)/(2*c);

circr = @(radius,rad_ang) [radius*cos(rad_ang);

radius*sin(rad_ang)-sqrt(radius^2-r0^2)];

r_angl = linspace(pi/2+acos((c-radius)/radius),

2*pi+asin((c-radius)/radius));

xy_r = circr(radius,r_angl);

c_ex=0.002;

radius_ex = (r0^2+c_ex^2)/(2*c_ex);

r_anglex = linspace(pi/2+acos((c_ex-radius_ex)/radius_ex),

2*pi+asin((c_ex-radius_ex)/radius_ex));

xy_rex = circr(radius_ex,r_anglex);

figure(1)

plot(xy_r(1,:), xy_r(2,:),’Color’,’b’,’LineWidth’,2)

plot(xy_rex(1,:), xy_rex(2,:),’Color’,’b’,’LineWidth’,2,’LineStyle’,’--’)

axis([-1.5*r0 1.5*r0 0 1.5*r0])

axis equal

xlabel(’X axis (mm)’)

ylabel(’Z axis (mm)’)

set(gca,’FontSize’,30)

hold on

pause(3);

frame = getframe(gcf);

writeVideo(v,frame);

p=8.5*10^4;

syms f(c)

f(c) = (p*(r0^2+c^2)/(2*c))-(2*k*(1.5*sqrt(r0^2+c^2)-r0)/r0);

sol = vpasolve(f)

R=(r0^2+sol^2)/(2*sol)

c=sol;

radius = (r0^2+c^2)/(2*c);
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circr = @(radius,rad_ang) [radius*cos(rad_ang);

radius*sin(rad_ang)-sqrt(radius^2-r0^2)];

r_angl = linspace(pi/2+acos((c-radius)/radius),

2*pi+asin((c-radius)/radius));

xy_r = circr(radius,r_angl);

c_ex=0.0024;

radius_ex = (r0^2+c_ex^2)/(2*c_ex);

r_anglex = linspace(pi/2+acos((c_ex-radius_ex)/radius_ex),

2*pi+asin((c_ex-radius_ex)/radius_ex));

xy_rex = circr(radius_ex,r_anglex);

figure(1)

plot(xy_r(1,:), xy_r(2,:),’Color’,’k’,’LineWidth’,2)

plot(xy_rex(1,:), xy_rex(2,:),’Color’,’k’,’LineWidth’,2,’LineStyle’,’--’)

axis([-1.5*r0 1.5*r0 0 1.5*r0])

axis equal

legend({’$p=0$’,’$p=55kpa$’,’$p=65kpa$’,’$p=75kpa$’,’$p=85kpa$’},

’Interpreter’,’latex’,’FontSize’,23)

xlabel(’X axis (mm)’)

ylabel(’Z axis (mm)’)

set(gca,’FontSize’,30)

hold off

pause(3);

frame = getframe(gcf);

writeVideo(v,frame);

close(v);

7.2.2 Morphology changing with pressing force

syms a c2

fo=0.08;

p=7.5*10^4;
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pi=3.1415;

E=29.5*10^3;

pois=0.5;

E1=E/(1-pois^2);

ga=0.006;

ga_s=0.0027;

ga_l=0.0073;

theta=1.35;

r0=0.0015;

c1=0.0019412681941617884192468215394673;

k=40;

eq1 = (r0^2+c2^2)/(2*c2)-sqrt(((r0^2+c2^2)/(2*c2))^2

-(fo+2*ga*pi*((r0^2+c2^2)/(2*c2)))/(p*pi))==a;

eq2 = fo==p*(pi/2)*((fo+2*ga*pi*((r0^2+c2^2)/(2*c2)))/(p*pi)+a^2+r0^2+c2^2)

-2*k*pi*(c2+a)*(1.5*sqrt(r0^2+c2^2-a^2)-r0)/r0;

[sol_a, sol_c2]= vpasolve([eq1,eq2], [a c2]);

b=sqrt((fo+2*ga*pi*((r0^2+sol_c2^2)/(2*sol_c2)))/(p*pi))

a_2=sol_a;

c_2=sol_c2;

R1=(r0^2+c1^2)/(2*c1);

R2=(r0^2+c_2^2)/(2*c_2);

phi=asin(b/R2)

cap=2*ga_l*(2*b+(2*cot(phi)+1)*sqrt((3*ga_s*sin(phi+theta))/(9810*cot(phi))))

circr = @(R1,rad_ang) [R1*cos(rad_ang); R1*sin(rad_ang)-sqrt(R1^2-r0^2)];

r_angl = linspace(pi/2+acos((c1-R1)/R1), 2*pi+asin((c1-R1)/R1));

xy_r = circr(R1,r_angl);

if c_2>R2

circr2 = @(R2,rad_ang) [R2*cos(rad_ang); R2*sin(rad_ang)-sqrt(R2^2-r0^2)];

else

circr2 = @(R2,rad_ang) [R2*cos(rad_ang); R2*sin(rad_ang)+sqrt(R2^2-r0^2)];
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end

c_ex=0.002;

radius_ex = (r0^2+c_ex^2)/(2*c_ex);

r_anglex = linspace(pi/2+acos((c_ex-radius_ex)/radius_ex),

2*pi+asin((c_ex-radius_ex)/radius_ex));

xy_rex = circr(radius_ex,r_anglex);

r_angl2a = linspace(pi/2+acos((c_2-R2)/R2), pi/2+acos((a_2-R2)/R2));

r_angl2b = linspace(2*pi+asin((a_2-R2)/R2), 2*pi+asin((c_2-R2)/R2));

xy_r2a = circr2(R2,r_angl2a);

xy_r2b = circr2(R2,r_angl2b);

c_ex=0.0018;

radius_ex = (r0^2+c_ex^2)/(2*c_ex);

a_ex=0.000084434;

b_ex=0.0005;

r_angl2a_ex = linspace(pi/2+acos((c_ex-radius_ex)/radius_ex),

pi/2+acos((a_ex-radius_ex)/radius_ex));

r_angl2b_ex = linspace(2*pi+asin((a_ex-radius_ex)/radius_ex),

2*pi+asin((c_ex-radius_ex)/radius_ex));

xy_r2a_ex = circr2(radius_ex,r_angl2a_ex);

xy_r2b_ex = circr2(radius_ex,r_angl2b_ex);

v = VideoWriter(’sphere under contact.avi’);

v.FrameRate = 10;

open(v);

figure(1)

pause(10);

plot(xy_r(1,:), xy_r(2,:),’LineWidth’,2)

axis([-1.5*r0 1.5*r0 0 1.5*r0])

hold on

plot(xy_rex(1,:), xy_rex(2,:),’Color’,’b’,’LineWidth’,2,’LineStyle’,’--’)

axis([-1.5*r0 1.5*r0 0 1.5*r0])
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axis equal

xlabel(’X axis (mm)’)

ylabel(’Z axis (mm)’)

set(gca,’FontSize’,30)

hold on

pause(3);

frame = getframe(gcf);

writeVideo(v,frame);

figure(1)

plot(xy_r2a(1,:), xy_r2a(2,:),’Color’,’r’,’LineWidth’,2)

plot(xy_r2b(1,:), xy_r2b(2,:),’Color’,’r’,’LineWidth’,2)

axis([-1.5*r0 1.5*r0 0 1.5*r0])

line([-b b],[(a_2-c_2) (a_2-c_2)],’Color’,’r’,’LineWidth’,2)

plot(xy_r2a_ex(1,:), xy_r2a_ex(2,:),

’Color’,’r’,’LineWidth’,2,’LineStyle’,’--’)

plot(xy_r2b_ex(1,:), xy_r2b_ex(2,:),

’Color’,’r’,’LineWidth’,2,’LineStyle’,’--’)

line([-b_ex b_ex],[(a_ex-c_ex) (a_ex-c_ex)],

’Color’,’r’,’LineWidth’,2,’LineStyle’,’--’)

axis equal

xlabel(’X axis (mm)’)

ylabel(’Z axis (mm)’)

set(gca,’FontSize’,30)

hold on

pause(3);

frame = getframe(gcf);

writeVideo(v,frame);

fo=0.19;

eq1 = (r0^2+c2^2)/(2*c2)-sqrt(((r0^2+c2^2)/(2*c2))^2

-(fo+2*ga*pi*((r0^2+c2^2)/(2*c2)))/(p*pi))==a;
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eq2 = fo==p*(pi/2)*((fo+2*ga*pi*((r0^2+c2^2)/(2*c2)))/(p*pi)+a^2+r0^2+c2^2)

-2*k*pi*(c2+a)*(1.5*sqrt(r0^2+c2^2-a^2)-r0)/r0;

[sol_a, sol_c2]= vpasolve([eq1,eq2], [a c2]);

b=sqrt((fo+2*ga*pi*((r0^2+sol_c2^2)/(2*sol_c2)))/(p*pi))

a_2=sol_a;

c_2=sol_c2;

R2=(r0^2+c_2^2)/(2*c_2);

phi=asin(b/R2)

cap=2*ga_l*(2*b+(2*cot(phi)+1)*sqrt((3*ga_s*sin(phi+theta))/(9810*cot(phi))))

if c_2>R2

circr2 = @(R2,rad_ang) [R2*cos(rad_ang); R2*sin(rad_ang)-sqrt(R2^2-r0^2)];

else

circr2 = @(R2,rad_ang) [R2*cos(rad_ang); R2*sin(rad_ang)+sqrt(R2^2-r0^2)];

end

r_angl2a = linspace(pi/2+acos((c_2-R2)/R2), pi/2+acos((a_2-R2)/R2));

r_angl2b = linspace(2*pi+asin((a_2-R2)/R2), 2*pi+asin((c_2-R2)/R2));

xy_r2a = circr2(R2,r_angl2a);

xy_r2b = circr2(R2,r_angl2b);

c_ex=0.0014;

radius_ex = (r0^2+c_ex^2)/(2*c_ex);

a_ex=0.00036217;

b_ex=0.00098;

r_angl2a_ex = linspace(pi/2+acos((c_ex-radius_ex)/radius_ex),

pi/2+acos((a_ex-radius_ex)/radius_ex));

r_angl2b_ex = linspace(2*pi+asin((a_ex-radius_ex)/radius_ex),

2*pi+asin((c_ex-radius_ex)/radius_ex));

xy_r2a_ex = circr2(radius_ex,r_angl2a_ex);

xy_r2b_ex = circr2(radius_ex,r_angl2b_ex);

figure(1)

plot(xy_r2a(1,:), xy_r2a(2,:),’Color’,’g’,’LineWidth’,2)
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plot(xy_r2b(1,:), xy_r2b(2,:),’Color’,’g’,’LineWidth’,2)

axis([-1.5*r0 1.5*r0 0 1.5*r0])

line([-b b],[(a_2-c_2) (a_2-c_2)],’Color’,’g’,’LineWidth’,2)

plot(xy_r2a_ex(1,:), xy_r2a_ex(2,:),

’Color’,’g’,’LineWidth’,2,’LineStyle’,’--’)

plot(xy_r2b_ex(1,:), xy_r2b_ex(2,:),

’Color’,’g’,’LineWidth’,2,’LineStyle’,’--’)

line([-b_ex b_ex],[(a_ex-c_ex) (a_ex-c_ex)],

’Color’,’g’,’LineWidth’,2,’LineStyle’,’--’)

axis equal

xlabel(’X axis (mm)’)

ylabel(’Z axis (mm)’)

set(gca,’FontSize’,30)

hold on

pause(3);

frame = getframe(gcf);

writeVideo(v,frame);

fo=0.285;

eq1 = (r0^2+c2^2)/(2*c2)-sqrt(((r0^2+c2^2)/(2*c2))^2

-(fo+2*ga*pi*((r0^2+c2^2)/(2*c2)))/(p*pi))==a;

eq2 = fo==p*(pi/2)*((fo+2*ga*pi*((r0^2+c2^2)/(2*c2)))/(p*pi)+a^2+r0^2+c2^2)

-2*k*pi*(c2+a)*(1.5*sqrt(r0^2+c2^2-a^2)-r0)/r0;

[sol_a, sol_c2]= vpasolve([eq1,eq2], [a c2]);

b=sqrt((fo+2*ga*pi*((r0^2+sol_c2^2)/(2*sol_c2)))/(p*pi))

a_2=sol_a;

c_2=sol_c2;

R2=(r0^2+c_2^2)/(2*c_2);

phi=asin(b/R2)

cap=2*ga_l*(2*b+(2*cot(phi)+1)*sqrt((3*ga_s*sin(phi+theta))/(9810*cot(phi))))

if c_2>R2
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circr2 = @(R2,rad_ang) [R2*cos(rad_ang); R2*sin(rad_ang)-sqrt(R2^2-r0^2)];

else

circr2 = @(R2,rad_ang) [R2*cos(rad_ang); R2*sin(rad_ang)+sqrt(R2^2-r0^2)];

end

r_angl2a = linspace(pi/2+acos((c_2-R2)/R2), pi/2+acos((a_2-R2)/R2));

r_angl2b = linspace(2*pi+asin((a_2-R2)/R2), 2*pi+asin((c_2-R2)/R2));

xy_r2a = circr2(R2,r_angl2a);

xy_r2b = circr2(R2,r_angl2b);

c_ex=0.001;

radius_ex = (r0^2+c_ex^2)/(2*c_ex);

a_ex=0.0004368;

b_ex=0.0011;

r_angl2a_ex = linspace(pi/2+acos((c_ex-radius_ex)/radius_ex),

pi/2+acos((a_ex-radius_ex)/radius_ex));

r_angl2b_ex = linspace(2*pi+asin((a_ex-radius_ex)/radius_ex),

2*pi+asin((c_ex-radius_ex)/radius_ex));

xy_r2a_ex = circr2(radius_ex,r_angl2a_ex);

xy_r2b_ex = circr2(radius_ex,r_angl2b_ex);

figure(1)

plot(xy_r2a(1,:), xy_r2a(2,:),’Color’,’k’,’LineWidth’,2)

plot(xy_r2b(1,:), xy_r2b(2,:),’Color’,’k’,’LineWidth’,2)

axis([-1.5*r0 1.5*r0 0 1.5*r0])

line([-b b],[(a_2-c_2) (a_2-c_2)],’Color’,’k’,’LineWidth’,2)

plot(xy_r2a_ex(1,:), xy_r2a_ex(2,:),

’Color’,’k’,’LineWidth’,2,’LineStyle’,’--’)

plot(xy_r2b_ex(1,:), xy_r2b_ex(2,:),

’Color’,’k’,’LineWidth’,2,’LineStyle’,’--’)

line([-b_ex b_ex],[(a_ex-c_ex) (a_ex-c_ex)],

’Color’,’k’,’LineWidth’,2,’LineStyle’,’--’)

axis equal
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xlabel(’X axis (mm)’)

ylabel(’Z axis (mm)’)

set(gca,’FontSize’,30)

hold off

pause(3);

frame = getframe(gcf);

writeVideo(v,frame);

close(v);
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