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論文の内容の要旨 

 

1. Research Content 

The sole toe of the tree frog has a microstructure in the contact interface comprising from a vast number 

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

the grooves is ejected to produce the wet adhesion, helping this animal to secure the substrate. Wet 

interfaces can facilitate the soft robotic fingers to archive an effect grasping thanks to increment of the 

adhesion interactions with the gripped object. Hence, the wet adhesion mechanism of the tree frog toe 

hinted us to develop the soft robotic hands for grasping the soft-fragile objects in wet environments. Thus, 

my thesis illustrates a mechanical approach understand the significant role of morphological design on 

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

answer the given question, we firstly constructed a model of contact mechanics for the wet interface 

between the soft pad and its surrounding substrates. Then, two conditions of these such pads were carried 

out in comparisons between: a pad with a normal surface (n-pad), and a pad with a micropatterned surface 

(m-pad). The latter was designed and estimated inspired by the wet adhesion principle between the 

surface of the tree frog’s sole toes and their environments. In this analytical model, we proposed a method 

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

interfaces. 

For the flat contact interface, the adhesion and contact forces between the n- and m-pads with their 

substrate were estimated for both normal and tangential directions. In this scenario, these pads were cast 

from silicon rubbers. Additionally, a square-patterned mold, as the m-pad mold, comprising from 3600 

85µm×85µm cells interspaced by a channel network with 15µm wide and 15µm deep was fabricated from 

the electron beam lithography (EBL) technology. The obtained results of the normal and tangential 

contact forces for the m-pad and the n-pad were verified through the measurements in wet conditions. 



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

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

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

The model of contact mechanics with adhesion in flat interface was applied to the flat contact interface. 

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

the micropatterned pad used in this analysis has 3600 cells each 85 µm×85 µm separated by grooves 

15µm wide×44µm deep. This micropattern soft pad is able to change its form into a concave or a convex 

surface. We estimated the normal contact force in detachment and attachment phases between the 

micropattern soft pad and a substrate (environment). This micropattern pad was compared with a similar 

pad without a micropattern for their adhesion ability at the interface between the pad and the substrate. 

Obtained results, have good agreement with the estimations, demonstrated the surface of the 

micro-patterned pad enhanced contact force at the interface approximately 1÷2 times than that the normal 

surface. This approach can be utilized in evaluation of wet adhesion in grasping curved surfaces of 

objects using soft pads with patterned surfaces. 

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

applications of the soft robotic hands. The first of them is a project of a manipulating robot in 

automatically attaching and detaching a contact lens from a ‘human eye’. A contact lens presented a 

hemispherical thin shell was grasped by the soft fingers in three different environments: inside/outside the 

preservative liquid and as the contact lens stuck a hemispherical substrate mimicking a human eye. The 

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

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

preload and deformation of the thin hemispherical shell 1.1-2 times lower than that of the n-pad. The next 

application is a soft robotic hand approaches to grasp and then release a food sample in wet condition. We 

showcased this scenario with a small block of fresh tofu 19.6mm×19.6mm×15mm which is soft, fragile 

object that was grasped by a soft robotic hand including two symmetrical pressurized fingers which their 

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

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

15µm in width and 44µm in depth. Our estimation of the grasped force for both types of soft pads were 

conducted, then verified by actual application in griping the tofu block. Both estimated and experimental 

results reveal that the micropattern pad decreased the preload and deformation of the tofu block’s surface 

2.2 times lower than that of the flat one, for stable grasping of the tofu. The showcase in my thesis 

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

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

industry. 

 

2. Research Purpose  



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

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

designs of the adhesive pads attached in the robotic fingers are inspired by the wet attachment of the tree 

frog’s toe pad. Additionally, the role of micro pattern on enhancement of the grasp force/contact force was 

investigated through constructing theoretical model validated by experimental evidence. Our research 

makes meaningful contributions to science and tech as followed: 

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

pad in robotic finger. 

2. Came up with a theoretical model for estimating the wet adhesion force in normal and tangential 

direction for flat contact interface between the pads (m-and n-pad) and the substrate, which is potential 

for other related researchers to follow and develop their current works.     

3. Developed the approximation of the wet adhesion in flat surface of the pads (m-and n-pad) to two 

parallel curved contact interfaces between those pads with the curved substrates. Studying curved contact 

interfaces is more suitable for utilizing the actual applications of soft robotic manipulation because the 

object’s surfaces may be not completely flat. 

4. Presented a theoretical approach for gripping thin hemispherical shell in wet environment by the pad 

having micropatterned morphology. Our work is useful for evaluating the manipulation of thin soft 

objects by robotic fingertips with patterned structure in wet or moisture conditions. 

5. Showed an analytical model for evaluating the grasping ability of a soft robotic finger’s tip attaching 

micropatterned pad (m-pad) over a wet, fragile object such as a tofu block. This work is potential for 

extending to grasping soft-fragile objects in wet conditions by micropattern interface fixed on the 

fingertips. 

6. Demonstrated some ways to making a soft robotic finger’s tips attaching the bioinspired pad with an 

array of the cells and grooves in microscale. 

Keywords: Wet adhesion, dry adhesion, tree frog toe, micropattern, soft grasping and manipulation. 
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論文審査の結果の要旨 

 
 Object grasping/manipulation is a traditional topic in robotics, but still remains many 
challenges, thanks to the diversity of grasped objects in an unconstructed environment. 
Especially, grasping wet, deformable objects, such as food product, is extremely difficult. 
It is due to the low friction at the contact interface, and high gripping force may damage 
the object. Therefore, utilization of wet adhesion in such scenario is a potential solution. 
However, there is no theoretical background for designing robotic hand with wet 
adhesion, as well as actual showcases of gripping wet, soft objects. 
  This thesis starts with a bio-mimetic solution to the aforementioned challenge by 
looking at the structure of the tree frog’s toe pad, which has micro-scaled cells and 
grooves that are considered helpful to increment of the pad’s adhesion in wet 
environment.  
1.First, this research constructs an analytical model of a micro-patterned soft pad for 
clarification of underlying mechanics of the wet adhesion. Based on comprehensive 
combination of known contact forces, taking in account Laplace pressure and related 
surface tension, the model is capable of quantitatively explaining the increment of wet 
adhesion in both normal and tangential direction when the micro-patterned pad is used. 
The model reveals that the wet adhesion strongly depends on many factors of the 
contact interface, and one can adopt this model to evaluate the wet adhesion of a specific 
interface. The thesis also presents how the deformed states (convex and concave) of the 
pad may affect the wet adhesion ability. This is considered important since such states 
are usually observed in robotic grasping/manipulation.  
2. Second, the thesis also illustrates a fabrication process for creation of a soft pad with 



pre-determined pattern. In this scenario, these pads were cast from silicon rubbers. 
Additionally, a square-patterned mold, as the m-pad mold, comprising from 3600 
85μm×85μm cells interspaced by a channel network with 15μm wide and 15μm deep 
was fabricated from the electron beam lithography (EBL) technology. Validated results 
illustrated a good agreement with those of the estimation, revealing that the 
micro-patterned morphology can enhance the contact force for the m-pad by two-fold in 
case the normal and 1.2- to 1.4-fold in case the tangential force. 
3. Third, the thesis showcases two scenarios of object grasping: soft contact lens, and a 
block of tofu. These objects were chosen since they are soft and thin (contact lens), and 
slippery (tofu). Based on the proposed analytical models, and taking into account 
deformation of a thin shell (contact lens) and a visco-elastic block (tofu), the 
micro-patterned pad is proved to reduce the generated deformation while maintaining 
the stability.  
Overall, the thesis succeeds in proposal of an analytical model for evaluation of wet 
adhesion on a micro-patterned pad based on exhaustive combination of contact 
mechanics theories, and showcases how a robotic hand with micro-patterned pad could 
enhance the performance of gripping soft, deformable objects in wet environment. The 
research content in this research paves a way to wide application in robotics, especially 
grasping and manipulation of wet objects; and surely contribute to the robotics research. 
Therefore, this thesis contains large academic contribution, and is sufficient to be 
rewarded as doctoral thesis (in Material Science) 


