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Abstract 

As modern technology demands for miniaturized structures with higher surface area to 

the volume ratio, the design and synthesis of materials with tailored surfaces is becoming more 

important. Moreover, some emerging technologies require materials with smart surface 

properties that can and  when 

stimulated externally. Fascinating surface structures and adaptive functionalities that can be 

found in biological systems have provided great inspirations to researchers for fabrication of 

synthetic biomimetic assemblies. While the fabrication of materials with non-smart bio-inspired 

surface structures has been greatly accomplished, the mimicking of adaptive functionalities of 

the living systems is less investigated. Thus, there is a great zeal in developing materials with 

smart and adaptive biomimetic structured surfaces. The objective of this dissertation is to design 

and develop materials with smart biomimetic micro/nanostructured surfaces that can show 

desirable responses when remotely stimulated.  

First, an experimental study on the integration of a dissipative material (resembling the 

dissipative and wet nature of the tree frog toe pads) to an elastic fibrillar interface (resembling 

the dry and fibrillar nature of the gecko foot pads) is carried out. Accordingly, a new type of 

functionally graded adhesive is developed, which is composed of an array of elastic micropillars 

at the base, a thin elastic intermediate layer and a viscoelastic top layer. The results showed 

that the new proposed graded structure has remarkable adhesive properties in terms of pull-off 

force, work of adhesion, and structural integrity (i.e., inhibited cohesive failure). Second, muscle-

driven actuation of biomimetic microfibrillar structures is achieved using integrative soft-

lithography on a backing splayed liquid crystal elastomer or networks (LCEs/LCNs). Variation 

in the backing LCE layer thickness yields different modes of thermal deformation from a pure 

bend to a twist-bend. The muscular motion and dynamic self-cleaning of gecko toe pads are 

mimicked via this mechanism. Finally, the self-peeling of gecko toes is mimicked by the 

integration of film-terminated fibrillar adhesives to hybrid nematic LCN cantilevers. A soft 

gripper is developed based on the gecko-inspired attachment/detachment mechanism. 

Performance of the fabricated gripper for transportation of thin delicate objects is evaluated by 

the optimum mechanical strength of the LCN and the maximum size of the adhesive patch. 
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Chapter 1 

Introduction  

Recent progress in micro/nanotechnology has created experimental platforms and 

materials with higher surface to volume ratio. As a result, the role of surfaces and interfaces in 

both science and technology is becoming progressively important. Adhesion of materials is one 

of their key surface properties. Therefore, the understanding and manipulation of adhesion is a 

pivotal task for the development and manufacturing of advanced materials at smaller scales. 

Particularly, functional adhesive systems, i.e. adhesives with both desired adhesion strength and 

structural integrity, which can serve desired purposes in different environmental conditions are 

becoming integral in such emerging technologies as biomedical, energy, electronic, and optical 

devices. On the other hand, some technologies require smart  adhesives. So-

adhesives are adhesives which their properties can be controlled remotely when stimulated 

externally by electrical, magnetic, thermal, and chemical cues and so forth. Ideally, these 

adhesives can reversibly bond ( state) and de-bond (  state) from an adherent upon 

exposure to a certain external stimulating input. For instance, besides permanent structural 

adhesive bonding, smart functional adhesive materials are in high demand for many applications 

such as consumer products, medical bandage and the assembly, packaging, and transportation 

of delicate electronic components and devices 1. 

A plethora of biological systems have fascinating micro/nanostructures on their skin 

giving them functional adhesive properties that can be mimicked to develop novel synthetic 

systems with tailored adhesion and surface topography. The locomotive organs of geckos and 

tree frogs are outstanding examples of such functional biological adhesive systems. While hair-

like structure of the gecko toes and micro-textured surface of the tree frog toes generate strong 

attachment force to mating surfaces, the muscle-driven back-scrolling motion of their toes 

facilitates detachment in a self-peeling mechanism 2. Accordingly, these animals can attach and 

-

ad mazing aptitude of these creatures has attracted extensive research 

interests for development and application of the biomimetic structures 1. During the last two 

decades, biomimicry has greatly accomplished fabrication of the biomimetic structures and 

manipulation of their surface properties. While much desired, mimicking the switchable 

functionalities of these living adhesive systems is less investigated. Thus, there is great potential 
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in the development of materials with functional biomimetic structured adhesives that can work 

adaptively in a smart fashion . 

The fabrication of biomimetic patterned adhesives 

remains a challenge. Herein, the aim is to integrate biomimetic structures with known responsive 

materials in order to induce the smartness of switchable adhesion. Among all candidates such 

as conductive polymers, hydrogels, piezoelectric ceramics and others, liquid crystalline (LC) 

materials are chosen. LCs undergo different conformational and phase changes upon exposure 

to different external stimuli such as temperature, light, concentration, electrical and magnetic 

fields 3 10. In contrast to the low molecular weight LCs that are frequently used in display and 

optics technologies, LC polymers (LCP), elastomers (LCE) and networks (LCN) have not been 

exploited to the same degree. The elasticity and contractility of LCEs and LCNs make them 

attractive candidates as active materials for artificial muscles that can be used in a variety of 

technologies. Besides, there is great potential for these materials as their incorporation into 

biomimetic micro/nano-structures is an emerging field of study with very few published reports 

in literature  11 17.  

The overall objectives of this project are to study, design, and fabricate smart and 

functional biomimetic structured surfaces based on LCEs and LCNs which are capable of a 

desired response to external stimulation. These structures are aimed to deliver desirable 

properties such as self-cleaning and switchable adhesion and will be used in certain applications 

such as transportation of 2D fragile light objects.  As can be seen in the Figure 1-1, three key 

steps were identified at the beginning of this project to achieve the project objectives: 

1) Design and fabrication of biomimetic structured surfaces with functional adhesive properties 

2) Fabrication of biomimetic micro-textured LCEs/LCNs with dynamic self-cleaning 

properties 

3) Integration of the biomimetic functional adhesives to LCEs/LCNs cantilevers and 

development of gecko-inspired grippers 

The content of this dissertation is arranged in six chapters. Aside from the current 

chapter, a brief background and literature review on biological and biomimetic adhesive systems, 

and responsive liquid crystal networks is presented in chapter two. In chapter three, inspired by 

the amazing adhesion abilities of the toe pads of geckos and tree frogs, we report an experimental 
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study on the integration of a dissipative material (resembling the dissipative and wet nature of 

the tree frog toe pads) to an elastic fibrillar interface (resembling the dry and fibrillar nature of 

the gecko foot pads). Accordingly, a new type of functionally graded adhesive is introduced, 

which is composed of an array of elastic micropillars at the base, a thin elastic intermediate 

layer and a viscoelastic top layer. A systematic investigation of this bioinspired graded adhesive 

structure was performed. The results showed that this graded structure has remarkable adhesive 

properties in terms of pull-off force, work of adhesion, and structural integrity (i.e., inhibited 

cohesive failure)1. In chapter four, muscle-driven actuation of biomimetic microfibrillar 

structures is achieved using integrative soft-lithography on a backing splayed liquid crystal 

elastomer (LCE). Variation in the backing LCE layer thickness yields different modes of thermal 

deformation from a pure bend to a twist-bend. Muscular motion and dynamic self-cleaning of 

gecko toe pads are mimicked via this mechanism 18. In chapter five, self-peeling of gecko toes is 

mimicked by integration of film-terminated fibrillar adhesives to hybrid nematic liquid crystal 

network (LCN) cantilevers. A soft gripper is developed based on the gecko-inspired 

attachment/detachment mechanism. Performance of the fabricated gripper for transportation of 

thin delicate objects is evaluated by the optimum mechanical strength of the LCN and the 

maximum size of the adhesive patch 19. Concluding remarks, current challenges for further 

development and future potential solutions are provided in chapter six.  
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Figure 1-1. Key steps to achieve the research project objectives as illustrated in the original proposal. 

(BFA: Biomimetic Fibrillar Adhesive, LCE: Liquid Crystal Elastomer) 
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Chapter 2 

Literature Review and Background  

2.1 Adhesion, Biological and Biomimetic Adhesive Systems  

 Principles of adhesion and wetting 

2.1.1.1 Ideal contacts 

Ideality of the contact between a liquid and a solid or two solid materials necessitates 

perfect smoothness, extreme rigidity, incompressibility, and chemical homogeneity of the solid 

surface. There are several common terms that have been used to describe the contact between 

materials including, surface free energy, surface tension, interfacial energy, and work of adhesion. 

Surface free energy is the energy required to create a unit area of surface of a material (𝛾𝑖 =
𝜕𝐸

𝜕𝐴
) 

with the dimensional unit of J/m2. The term surface tension is commonly used for liquids with 

the unit of N/m. Interfacial energy, 𝛾𝑖𝑗 is defined as the change in the free energy of a system 

when two materials are brought into contact and create a unit area of interface. The work 

required to rupture this interface and separate the two materials in the vacuum or air is called 

the work of adhesion (𝑊𝑖𝑗
𝐴). The relationship between the work of adhesion, surface free energy, 

and interfacial energy is given by the Dupre equation 20,21: 

𝑊𝑖𝑗
𝐴 = 𝛾𝑖 + 𝛾𝑗 − 𝛾𝑖𝑗                                                                   2-1 

The energy required to break apart a unit area of a single material is defined as the work of 

cohesion (𝑊𝑖𝑖
𝐶 = 2𝛾𝑖 ). For a system with a solid and a liquid in contact and within a third 

medium e.g. gas, vapor, or vacuum (denoted by subscript v), theory is typically used 

to quantify the equilibrium state by relating the surface/interfacial tensions to the contact angle 

as:  

𝛾𝑠𝑣 = 𝛾𝑠𝑙 + 𝛾𝑙𝑣  𝑐𝑜𝑠𝜃                                                                      2-2 

where 𝛾𝑠𝑣 and 𝛾𝑙𝑣 represent free energy of the solid and the liquid in vacuum, respectively; and 

𝛾𝑠𝑙 is the interfacial energy of the solid/liquid interface (Figure 2-1) 22.  
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Figure 2-1. Schematic of three phase contact line for a liquid drop on a solid surface in vapor medium 

 

𝑊𝑠𝑙
𝐴 = 𝛾𝑙𝑣(1 + 𝑐𝑜𝑠𝜃)                                                                 2-3 

The above mentioned equations are valid for ideal contact between materials and they lead to 

a single, unique contact angle 20,23.  

The solid/solid contact can also be used to determine the work of adhesion and free 

energy of the materials by measuring the adhesion force required to pull off the adhered surfaces. 

For this, the Derjaguin approximation for the contact between two microscopic spherical 

particles, solid 1 and solid 2, could be used to relate the adhesion force 𝐹𝑝𝑢𝑙𝑙−𝑜𝑓𝑓  to the work 

of adhesion between two ideally rigid (incompressible), smooth, and homogeneous spherical 

solids as 23: 

𝐹𝑝𝑢𝑙𝑙−𝑜𝑓𝑓 = 2𝜋 (
𝑅1𝑅2

𝑅1 + 𝑅2
)𝑊𝐴

12                                                   2-4 

where R1 and R2 are the radii of two non-identical spherical particles, and R is the radius of two 

identical spheres in contact where R = R1 = R2 and 𝑊𝐴
12

 = 2𝛾𝑠𝑣 . 

2.1.1.2 Non-ideal contacts 

In reality, interfacial events are irreversible, especially for the solids, which often include 

unfavorable energy dissipation processes 23. Thus, the equations mentioned in the previous 

section need modifications. For liquid/solid contact, the measured contact angle of the liquid is 

often different from the value that is derived from the thermodynamic correlations 

theory 20. There are two well-known models to account for the observed contact angle of a liquid 

in a non-ideal contact with a solid (Figure 2-2). The first model is based on a work done by 

Wenzel which assumes an intimate contact between the liquid and solid 21: 

𝑐𝑜𝑠 𝜃𝑊 = 𝜌 𝑐𝑜𝑠 𝜃                                                                       2-5 
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where 𝜃𝑊is the Wenzel equilibrium contact angle and 𝜃 is the intrinsic contact angle 

contact angle.  is the roughness factor defined as the ratio of the real contact area to the 

apparent contact area and it is always larger than one (𝜌 > 1) 24. The second model is Cassie 

and Baxter model which is based on a non-conformal contact between a liquid and a solid and 

it predicts the equilibrium contact angle 𝜃𝐶𝐵of  a liquid on heterogeneous solid surfaces 25,26.  

𝑐𝑜𝑠 𝜃𝐶𝐵 = ∑ 𝑓𝑖 cos 𝜃𝑖
𝑖

                                                                2-6 

𝑓𝑖 is the area fraction of a portion with a certain surface free energy to the whole surface area. 

𝜃𝑖 is the intrinsic equilibrium contact angle corresponding to each portion. 

 

Figure 2-2. Deviation of the apparent contact area from the actual value through surface roughness, 

Wenzel and Cassie-Baxter models of the contact angle, and transient state of the contact angle 

There are some complex conditions related to chemically heterogeneous and rough, and 

fractal rough materials. In such cases, the mode of contact of liquid with the mating solid could 

not be considered either conformal or non-conformal. The combination of Wenzel and Cassie-

Baxter models has been proposed to predict the equilibrium contact angle 𝜃𝐶/𝑊of the liquid on 

such surfaces 26: 

𝑐𝑜𝑠 𝜃𝐶/𝑤 = 𝜌(𝑓1 𝑐𝑜𝑠 𝜃1 − 𝑓2)                                                           2-7 
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f1 and f2 are the area fraction of the air and solid surface. It is worth noting that hysteresis 

is common in the measurement of contact angles; measured advancing contact angle 𝜃𝐴 is often 

larger than receding contact angle 𝜃𝑅 23,27.  Similar to the liquid/solid contact, the interfacial 

energy and the adhesion of solid/solid contacts are also affected by hysteresis 28,29.  

Contact mechanics models usually describe the behavior of contact between solids. Hertz 

model is the oldest contact mechanics model describing the contact between two rigid and 

perfectly smooth solids. It is based on the correlation between the area of the Newton rings and 

the applied normal force, i.e. preload, observed during approaching of two glass lenses 27,30 32: 

𝐹 =
𝐾𝑎3

𝑅′
                                                                                 2-8 

, where F is the applied load on the spheres, a is the radius of contact area, and 𝑅′ is the 

combined radius of two spheres defined as: 𝑅′ = 𝑅1𝑅2 (𝑅1 + 𝑅2)⁄ . 𝐾 is the reduced 

modulus of two solid bodies with Y and Poisson ratio of 𝜎 and defined as: 

1

𝐾
=

3

4
[(

1 − 𝜎1
2

𝑌1
) + (

1 − 𝜎2
2

𝑌2
)]                                                        2-9 

Hertz, however, does not consider the effect of intermolecular interactions on the surface 

of two solids and only accounts for compressive forces. The Hertz model assumes that loading 

and unloading of the solids experiences no hysteresis. The most important contribution of this 

theory, however, was the acknowledgement that even extremely rigid solids will experience 

deformation when in contact, which is not in agreement with the ideality of contact. As a result, 

the vertical elastic deformation  and the contact area can be correlated as 𝛿 =
𝑎2

𝑅′
. 

According to Derjaguin, the Hertz model is insufficient even in zero normal loads, as 

solid materials in the proximity of contact experience deformation. Thus, in the DMT 

(Derjaguin-Muller-Toporov) model, the influence of intermolecular interactions in deformation 

of rigid bodies in contact under zero load has been taken into account; and the Hertz equation 

is modified to: 

𝐹 =
𝐾𝑎3

𝑅′
− 2𝜋𝑅′𝑊12

𝐴                                                         2-10 

where 𝑊12
𝐴  is the thermodynamic work of adhesion between two solids in the vacuum under 

ideal conditions. Vertical deformation is related to the contact area in the same way as Hertz 
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theory. Short-range and intermolecular interactions are manifested in DMT theory as a tensile 

stress inside the contact area. This model assumes that elastic deformation does not affect the 

total adhesion remarkably. Adhesion hysteresis is also not considered in this theory. 

Later on, Johnson, Kendall, and Roberts showed that the real contact area is practically 

greater than that predicted by DMT because the DMT model does not take into account the 

load distribution within the contact area. Resolving this issue, they developed a modified theory 

which involves the adhesive forces between two solids, the so-called JKR theory 31,33.  

𝐹 =
𝐾𝑎3

𝑅′
− √6𝜋𝑊12𝑣

𝐴 𝐾𝑎3                                                     2-11 

In the JKR theory, the vertical deformation  and the work of adhesion between two solids are 

correlated as 𝛿 =
𝑎2

𝑅′
−

2

3
√6𝜋𝑊12𝑣

𝐴 𝑎

𝐾
  .  

Deviation from the thermodynamic work of adhesion (or ideal adhesion) leads to the 

concept of practical adhesion, which is the experimentally determined adhesion energy. To 

elucidate the relationship between ideal adhesion and practical adhesion a series of adhesion and 

peeling experiments were implemented by Gent, Andrews, and Kinloch 34 36. They concluded 

that the practical adhesion in terms of mechanical work of separation includes the ideal work of 

adhesion (or critical energy release rate) and the temperature and rate depended dissipative 

mechanisms:  

ℊ = ℊ0(1 + 𝜑(𝑇, 𝑣))                                                                2-12                     

where ℊ is the energy release rate defined as the energy required for decreasing the interfacial 

area through crack propagation process, ℊ0 is the critical release rate as crack propagation rate, 

v, approaches zero, and 𝜑 is energy dissipation factor 37. In this correlation, viscoelastic 

dissipative mechanisms are present during the separation.  

 Biological and biomimetic adhesives 

A myriad of natural surfaces, e.g. outermost organs of animals and plants, show 

functional adhesive properties, including both the adhesive strength and cohesive strength. The 

properties of such adhesive systems are usually rooted in surface topography and sometimes 

complex geometry of their toes skin. Anisotropic and hierarchical hair-like micro/nanostructures 

on the gecko feet and micro-channels of tree frog toes are famous examples of such biological 
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adhesive systems 38,39. The structure of a tree frog toe pad, shown in Figure 2-3, is based on 

hexagonal arrays of epithelial cells separated by large grooves which are filled with a secreted 

watery mucus. The exact mechanism of adhesion of tree frogs is not fully understood, but it is 

believed that combination of different mechanisms contribute to the total adhesion 40. For 

instance, some researchers believe that micro-scale hexagonal grooves and channels regulate the 

capillary forces associated with secreted liquids 41. Some postulate that water drainage from 

micro-grooves during the contact regulates the adhesion in wet condition 40.  

 

Figure 2-3: (A and B) SEM image of toe of a three frog, (C) capillarity assisted mechanism of 

adhesion utilized by tree frogs 38. 

Gecko toe pad, shown in Figure 2-4, has an intricate multilevel hierarchical hair-like 

structure which is composed of tens of lamellar scansors that are branched to thousands of curvy 

and angled stalks known as setae. Every seta is further branched to numerous spatulae which 

are terminated by a thin triangular flap. These hierarchical micro/nanostructures on the gecko 

toe pads maximizes the compliance and contact area; thus gecko can utilize van der Waals and 

other intermolecular forces to generate sufficient adhesion to the mating surfaces 38,42 45. Note 

that the surface structures of gecko toe pad are anisotropic, which facilitates locomotion 

(attachment and detachment) on vertical or even inverted surfaces. It was postulated that geckos 

can generate normal adhesion only in combination with the shear force and their attachment is 

along with very high coefficient of friction. Experiments by Autumn and coworkers proved this 

hypothesis by measuring the adhesion force of a living gecko toe and an isolated seta under 

different shearing conditions. It was revealed that geckos adhere to vertical and inverted surfaces 

by generating friction in their opposing feet. In a mechanism so-

adhesion force increases as a function of shear force when geckos attempt to grip their toes and 

extremely anisotropic setae to a mating surface. In contrast, releasing takes place by gradual 

decreasing the normal load through peeling the toes or tilting the setal array which is dictated 
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by the conventional Coulomb friction mechanism, where the friction force is a function of normal 

load 46,47. 

Theoretical calculations based on the shear and normal adhesion force of a single setae 

show that a normal Tokay gecko with average weight of 50gr can withstand loads up to 130Kg 

45.  Considering such a large adhesion strength, it is surprising that geckos can detach their toe 

pads easily to walk or run. It is known that this detachment is the result of peeling of the toes 

toward the animal body (Figure 2-5). In fact, the gecko peels off the toes from the mating 

surface instead of pulling them off vertically. Hence, the hybrid nature of the toe pad, i.e. soft 

deformable muscle plus anisotropic surface protrusions, create a functional platform for 

manipulation of their adhesive system that act The functional adhesion 

system of gecko toe pads is the main inspiration behind this research project for the fabrication 

of a smart assembly with functional adhesion. Note that the terms smart, adaptive, and stimuli-

responsive may be used interchangeably throughout this dissertation. 

 

Figure 2-4: Schematic view of the gecko toe pad scaling and hierarchy 48 
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Figure 2-5. Gecko attachment-detachment cycle in which gecko maximizes the contact for attachment 

and rolls back the toes for detachment. 

2.1.2.1 Synthetic biomimetic patterned surfaces 

During the last two decades, synthetic biomimetic fibrillar adhesives with a variety of 

geometries and materials have been fabricated. The first class of these structures is based on 

simple surface protrusions such as pillars or posts 49 51, some of which have different tip shapes, 

e.g. mushroom-shaped pillars 46,52. These structures have been fabricated in either single or 

multiple levels from nano- to micro-scales 53,54. Another class of biomimetic structures is based 

on incisions underneath the free surface of a material. Film-terminated micro-fibrils 55,56, bridged 

micro-fibrils 57, and capped micro-fluidic channels have been fabricated in single or multiple 

levels of hierarchy 58 (Figure 2-6). Thus far, mushroom-shaped, film-terminated, and bridged 

pillars are introduced as the most effective prototypes. These synthetic structures effectively 

increase adhesion of a flat control by combination of different mechanisms such as contact 

splitting 59, enhanced compliance 60, and crack trapping 55. 

 

Figure 2-6. Synthetic biomimetic fibrillar adhesives with (a) simple 56, (b) mushroom-shaped 61, (c) 

hierarchical mushroom-shaped 53, (d) thin film-terminated 56, and (e) bridged micropillars 57 

(a) (b) (c)

(d) (e)
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Surface splitting theory quantitatively explicates the effective role of splitting up a 

contact into finer sub-contacts in overall adhesion enhancement using the basic principles of 

contact mechanics. This theory uses proportionality of the adhesion force to linear dimension of 

the contact in JKR theory (𝐹𝑝𝑢𝑙𝑙−𝑜𝑓𝑓 =
3

2
𝜋𝑅′𝛾). It suggests that splitting of a contact (with 

radius of 𝑅′) to n sub-surfaces (setae structure in insects and animals) would increase the length 

over which adhesive force is defined to 𝑅′ √𝑛⁄ . Thus, the total adhesion force would increase to 

𝐹𝑝𝑢𝑙𝑙−𝑜𝑓𝑓
′ = (𝑅′ 𝑛⁄ ). 𝐹𝑝𝑢𝑙𝑙−𝑜𝑓𝑓

59,62,63. In another mechanism, compliance of a surface and 

accordingly its adhesion can be increased by texturing it with fibrillar structures. In this 

mechanism, deformation of the fibers in different directions compensate for the surface roughness 

38,41,42. The hierarchical structure of the gecko toe pads has been modeled as a spring foundation 

composed of several parallel springs in one level connected in series to other levels. This 

arrangement is capable of reducing the spring stiffness effectively leading to higher surface 

adaptability 48,64 66. As a result, adhesion enhancement is achieved through maximization of the 

contact area 67 69.  

Crack trapping mechanism of adhesion enhancement is rooted in fracture mechanics 

models. In brief, the amount of energy required for crack propagation along an interface is 

deemed to be higher for fibrillar surfaces comparing to their non-textured smooth counterparts 

when they are in contact with a solid probe. During separation, the elastic energy stored in 

adhesive during loading is being recovered and this energy facilitates the crack propagation in a 

continuous fashion for smooth surfaces. However, the elastic energy stored inside the fibrils of a 

textured surface can facilitate the crack propagation in a non-continuous fashion. This is 

postulated as the spatial path for the energy transfer to crack is obstructed by inter-fibrillar 

space. As a result the energy will choose the further distance in the bulk of the backing material 

requiring more energy dissipation 68,70. Glassmaker et al. experimentally validated the crack 

trapping phenomenon in thin film-terminated micropillar structures. According to their 

observation, the crack front is bulged and intermittently trapped between the fibrils and 

propagates on top of the fibrils. This phenomenon can be observed through bottom-view images 

of a contact during the formation (Figure 2-7) and separation along with zigzag patterns on 

the unloading portion of a load-displacement curve of an indentation cycle 55. The experimental 

details of this mechanism is described in chapter 3 of this dissertation. 
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Figure 2-7: Schematics of a spherical indentation probe on a film-terminated fibrillar adhesive (a), 

hypothetical schematics (b) and actual view (c) of crack bulging and trapping during an indentation 

test reported by ref 55  

Above mentioned mechanisms are usually used to describe adhesion enhancement in 

fibrillar interfaces. For the case of continuous confined elastic/viscoelastic adhesives (where the 

adhesive layer thickness is much lower than the adherent probe radius), the adhesion 

enhancement is usually rooted in energy dissipation during the debonding processes. The 

debonding process can take place either at the interface between the adhesive and adherent 

(interfacial and adhesive failure) or in the bulk of the adhesive material (cohesive failure). These 

debonding processes happen along with complex deformation patterns in form of short or long 

fibrils, air fingers that nucleate and propagate from the edge of adhesives, and cavities and air 

bubbles either at the interface or in the bulk of the adhesive. Interfacial failure usually happens 

fast with the formation and propagation of cavities at the interface. The adhesive layer undergoes 

trivial deformation and no adhesive residue would be left on the adherent. Adhesive failure 

occurs along with nucleation of the cavities and fingers at the interface in a mechanism called 

fibrillation. The adhesive layer undergoes extensive strain and deformation inside the fibrils but 

the fibrils detach from the adherent without leaving any residue. The fibrillation occurs along 

with strain hardening of the adhesive material inside the stretched fibrils. Cohesive failure is 
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along with formation of air cavities and fingers inside the bulk of the adhesive and fibrillation 

and extensive deformation of the adhesive layer. Detachment is along with the breaking of fibrils 

in the middle and leaving residue on the adherent. Propensity of a confined soft adhesive to 

experience one of these debonding mechanisms depends on the ratio between the critical energy 

release rate (ℊ0) and the elastic modulus of the adhesive layer (Y). Higher ℊ0/𝑌 leads to adhesive 

and cohesive failure, while the lower ℊ0/𝑌 leads to interfacial failure 56. The visual description 

of all these mechanisms are elaborated in chapter 3.   

A relatively newer class of biomimetic fibrillar adhesives utilize the above-mentioned 

adhesion enhancement mechanisms; it is a hybrid adhesive structure consisting of an array of 

elastic biomimetic micropillars terminated with a thin viscoelastic film (confined and continuous 

soft adhesive) 1,56. The hybrid structure of this system was similar to the adhesive organs of the 

tree frogs. It was showed that the localized separation instabilities along with the more 

dissipative nature of the top layer in the hybrid structure remarkably enhances the adhesion 

force 1,56,71.  The observed adhesion enhancement of the viscoelastic film on top of the elastic 

micropillars suggested a significant synergetic interaction between the deformation of the top 

layer and sub-surface micropillars 1,56,71. 

Besides this work, a few other publications report the integration of a dissipative material 

ibrillar interfaces (like 

the fibrillar nature of gecko foot pads). In these reports, the effect of chemical, mechanical, and 

geometrical gradient on the adhesion properties of such structures has been studied. For 

instance, Cheung et al. demonstrated a simple method to enhance adhesion by deposition of a 

thin layer of silicon oil on an array of a biomimetic fibrillar interface. The enhanced adhesion 

was attributed mainly to the viscous and induced capillary forces during the debonding 72.  In a 

similar attempt, Patil and coworkers coated a layer of liquid PDMS solution with a low content 

of cross-linker on an array of micro-posts and found enhanced  adhesion with limited magnitude 

of deformation and less cohesive separation 73. In both of these works the fibrillar interface is 

immersed in a viscous liquid. In addition, Carelli et al studied the effect of composition gradient 

in a viscoelastic bilayer during a debonding process. They found that the effect of gradient in 

composition of viscoelastic layers on adhesion and the mode of failure is complex, depending on 

the nature of probe 74. Similar to this work, Patil and coworkers used an elastic PDMS skin to 

coat a viscoelastic layer of the same material to improve reusability and adhesive fracture 75.  
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The possible synergetic effect of the bioinspired fibrillar interfaces and their viscoelastic 

counterpart on the adhesive properties in a singular graded material have not been studied. The 

latest progress in this regard has been published in ref 1 and shown in the third chapter of this 

proposal. Other than the scientific insights obtained from this complex system, introduction of 

the functionally graded materials to the biomimetic adhesives may provide constructive solutions 

for the development of soft temporary adhesive materials. Recently, this type of adhesives have 

found their applications in technologies like micro-manipulation of miniature electronic devices 

1,57,76. 

2.1.2.2 Stimulus-responsive and smart biomimetic patterned surfaces 

Although the emulation of biological structures with different levels of complexity has 

been accomplished, making such micro/nanostructured adhesives adaptive to external stimuli 

still remains a challenge 13. To date, three general approaches have been reported in the literature 

to attain a particular response and function by external stimulation of biomimetic 

micro/nanostructured surfaces. None of these studies are aimed for 

 and only the undulation of the surface micro/nanostructures or their directional or 

anisotropic response were desired.  

The first approach is based on anisotropic or asymmetric shape and arrangement of the 

bioinspired structures in order to derive a desired response to external stimulation. As can be 

seen in Figure 2-8, slanted micropillars and asymmetric arranged micro-posts are used to 

encourage directional adhesion, friction, and wetting 46,77 80. Due to the stationary nature of the 

surface micro-textures, the desired function depends solely on the stimulation technique rather 

than a dynamic (and perhaps smart) response of the micro-structures. For instance, adhesion of 

only if they are positioned in a predetermined 

angle. Such structures can be used for emulation of frictional adhesion mechanism of geckos and 

their  comes from an auxiliary means other than the dynamic shape 

change of the micropillars themselves. Or the water droplet propulsion on an asymmetric micro-

structured surface is only rendered by judicious technique of external stimulation like 

programmed shaking or vibration.   
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Figure 2-8. Anisotropic (a) slanted mushroom-shaped 46 and (b) hierarchical micropillars 54 for 

directional adhesion and friction; (c) asymmetric arranged micro-posts for directional wetting 79 

The second approach is based on chemical modification of the biomimetic 

micro/nanostructures with stimuli-responsive materials in order to make a micro-structured 

surface adaptive 81 87. Polymer brushes and hydrogels have been frequently utilized to assist the 

dynamic response of the surface micro-structures to different external stimuli. In some cases, 

responsiveness can be restricted to the conformational change of the anchored macromolecules 

upon exposure to external stimuli. At higher extents, the deformation of the microstructures 

and alteration of the surface topography can be achieved at will. Hydrogel-Actuated Integrated 

Responsive Systems (HAIRS) are examples of such mechanisms. This technique, which requires 

the integration of mismatched materials, is typically achievable through complex chemical 

reactions. In addition, transport of fluids in case of the hydrogel and polymer brushes is 

imperative to induce a response, hampering easy applicability of such systems 3. One example 

of HAIRS systems can be seen in Figure 2-9. 

The third approach involves stimuli-responsive materials as structural materials for the 

fabrication of biomimetic micro/nanostructures. In contrast to other approaches, this method 

benefits from higher flexibility in programming both the stimulation and response as the 

chemistry and topography of the surface are strongly coupled 88,89. There are few publications 

regarding the fabrication of stimuli-responsive biomimetic adhesives. Perhaps Reddy et al. were 

the first group to report the fabrication of a switchable adhesive. They used a shape memory 

adhesion at different temperatures. The shortcoming in that work was non-spontaneous 

reversibility of the temperature-driven actuation process 88. In another work, Jeong et al. used 

strain induced wrinkling of a PDMS films s for the adhesive. The 

adhesive state in this structure was activated by mechanical straining of the wrinkled film, 

making remote control of the adhesion very challenging 90. Later on, Krahn and Menon 

(a) (b) (c)
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introduced a new stimuli-responsive bioinspired adhesive system based on a conductive 

polymeric fibrillar interface. The PDMS in that work was filled with conductive carbon black 

and the switchable adhesion to dielectric counter-substrates was examined. The need for 

conductive polymers and physical connection to electrodes can be the main drawback of this 

system 91.  

 

Figure 2-9. Hydrogel Actuated Integrated Responsive Systems (HAIRS) and their mechanism of 

actuation 82 

The latest progress in fabrication of adhesives with responsive surface topography is the 

use of LCEs and LCNs as a structural materials. Cui et al. reported fabrication of an adhesive 

made of LCE which was capab

system relies on the temperature driven contraction of the LCE micropillars. The stimulus in 

this work is temperature which cannot be provided complete remotely and the actuation is 

limited only to the pillars. Also, the rigidity of this type of LCE hinders its use as a reliable soft 

adhesive, which is not industrially favorable. Likewise, Liu et al. used UV-sensitive cholesteric 

LCNs to create reversible switching of surface topography order to regulate friction 92. 

Application of LCEs and LCNs in fabrication of adaptive surfaces is elaborated with more details 

in the remaining of this chapter. Although immature, the integration of LCEs and LCNs with 

biomimetic fibrillar adhesives seems a promising field of research. Therefore, this research project 

pursues integration of such smart materials to well-studied biomimetic fibrillar adhesives.    
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 Applications of biomimetic adhesives  

As mentioned in the introduction, switchable adhesives can be used in many applications 

such as consumer products (post-it notes and medical bandage 93) and the assembly, packaging, 

and transportation of delicate objects in electronic devices. Micromanipulation, transfer printing, 

and transportation of liquid droplets and solid objects have been investigated and reported in 

literature. Some of the reports are focused on directional adhesion of slanted micropillars 94,95 or 

directional loading and unloading of straight micropillars 76,96 in order to employ them in transfer 

printing and transportation of light solid objects. Other groups use normal loading of the 

symmetrical pillars for attachment and their buckling for detachment and use this mechanism 

for modulation of adhesives in transportation of flat 2D objects 57,97,98. Moreover, in a fashion 

with more resemblance to geckos, attachment/detachment of the fibrillar adhesives are 

facilitated by local stretching/peeling. Perhaps the first study using this mechanism was 

conducted by Xie and coworkers who used self-peeling of shape memory polymers in 

bonding/debonding of two solid flat surfaces 99. More intricate versions of such mechanisms have 

been reported by switchable adhesion of fibrillar surfaces using the bending actuation of ion-

exchange polymer metal composite 100. Song and Sitti also reported manufacturing  a soft gripper 

based on inflatable membranes embellished with mushroom-shaped micropillars 101. The latest 

progress in this field is the application of LCN materials as artificial muscles for self-peeling of 

film-terminated fibrillar adhesives 19. The details of this work is the scope of the fifth chapter of 

this dissertation.     

2.2 Responsive Liquid Crystal Networks 

 Liquid Crystals 

2.2.1.1 Basic terms and concepts 

The transition between crystalline solid to isotropic liquid states is not abrupt in certain 

type of materials. In fact, these materials experience a different state of the matter between the 

crystalline solid to isotropic liquid phases which is called Liquid Crystal (LC) state. Solids have 

both positional (repetitiveness of the molecular structure) and orientational order. On the 

contrary, the packing of the molecules in liquids is random and without any order. A material 

in the LC state is a fluid by nature but still exhibits some degrees of crystallinity. The 

crystallinity is rooted in ordering of the molecules whether it be orientational or positional. The 
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main characteristic of liquid crystalline materials, which distinguishes them from other materials, 

is their anisotropic physical and optical properties. Particularly, anisotropic optical properties 

of LC materials is the basis of their wide range of applications in display technology. In brief, 

two conditions must be met for a material to be categorized as liquid crystal: 1) anisotropy of 

the molecular structure and 2) fluidity of the material. Some basic terms, concepts, and 

principles of the liquid crystalline materials are elaborated in the following section.  

Depending on the molecular structure and chemical composition, LC materials are 

divided into thermotropic and lyotropic LCs. Thermotropic LCs generate liquid crystalline phase 

solely upon exposure to temperature alteration. Most commercial LC displays are based on this 

type of materials in which pure or a mixture of LCs are used. On the other hand, lyotropic LCs 

show transition to liquid crystalline phase only in solutions and upon variation in solvent 

concentration. Lyotropic LCs form different ordered phases like bilayers and micelles which are 

frequently observed and used in detergents and biological materials. Our research will focus on 

thermotropic LCs.  

 The molecular structure of thermotropic LC materials is anisotropic: calamitic (rod-

like) and discotic (disc-like) molecular structures are the two main categories. We choose to use 

Calamitic LCs as they are commonly used in both research and industry.  Figure 2-10 shows 

the schematic view of the structure and chemical composition of calamitic LC molecules.  

 

Figure 2-10. Schematic view of calamitic mesogens 

Calamitic LC molecules usually consist of core groups (A and B) linked to one or two 

small polar or non-polar chemical substituents (M and N). The core is responsible for the rigidity 

of the molecule while the side groups make the molecule flexible. Linear or non-linear 

combinations of alicyclic or aromatic compounds are usually used in the core to provide rigidity 

and constraint in freedom. The side groups R and R' can be a variety of chemical compounds 

like straight alkyl or alkoxy chains and small polar substituents of CN, F, NCS, and NO2 are 

commonly used. The alicyclic or aromatic core structures can be linked by different type of 
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chemical groups (Y). Linear and direct linkage or non-linear linkage through ester or ether 

groups are very common. The side groups can also be linked directly or through a bridge such 

as ester or ether groups to the core (X and X') 102.  

The rod-like shape of the calamitic LCs creates a long axis and consequently anisotropy 

in the molecule. If there is a certain direction to which all rod-like molecules are inclined in 

orientation, . Moreover, depending on 

the ordering of calamitic molecules in a LC material different types of mesophases such as 

nematic, smectic, and cholesteric, are observed, as opposed to isotropic mesophase shown in 

Figure 2-11a. The least ordered liquid crystalline mesophase is called nematic mesophase. In 

this mesophase, the calamitic molecules are ordered in such a way that their principle axis is 

statistically oriented parallel to a director (Figure 2-11b). The molecular degree of order in a 

liquid crystal system can be quantified and translated to the macro-scale anisotropy using a 

term called order parameter (Q). This parameter is a function of the angle between the director 

and each individual molecule; the second order Legendre polynomial is usually used to quantify 

its value as follow: 

𝑄 = 〈𝑃2 (cos 𝜗)〉 = 〈
3 cos2 𝜗 − 1

2
〉                                                         2-13 

In this equation, 𝜗 

director. Q is the result of temporal and spatial average over the unit volume of the LC material, 

while <> represents the statistical average over molecules. For a system with fully ordered 

molecules, the order parameter converges to one and for an isotropic liquid the order parameters 

is equal to zero. The order parameter declines with increase in temperature and undergoes an 

abrupt fall to zero at the clearing point 102. Simplicity of the nematics makes them the most 

known and investigated LC mesophase in theoretical and practical studies.    

 

Figure 2-11. Schematic view of liquid crystals in (a) isotropic and (b) nematic mesophases. 
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2.2.1.2 Anisotropy of LCs 

The special structure of the LC molecules gives rise to their anisotropic properties. 

Molecular order also leads to anisotropy in properties of the materials at larger scales. That is, 

the electrical, optical, magnetic, elastic and other properties of the LCs in molecular and larger 

scales are different when they are measured in a position perpendicular or parallel to the 

molecular long axis and director, respectively. For instance, if an incident beam of light is shone 

perpendicular to the principle axis of a calamitic mesogen the refractive index, n
┴ 

, will be 

different from the case the light is shone parallel to it, n
║ 
. The molecular optical anisotropy is 

equal to n
┴ 

- n
║ 
. The molecular anisotropy at the micro-scale is translatable to the bulk phase 

anisotropy at the macro-scale 102. As a result of molecular anisotropy, a macro-scale uniaxially 

aligned LC system is birefringent and shows different indices of refraction upon exposure to an 

incident beam of light. If the incident beam is shone parallel to the director of the LC system, 

the refractive index is called extraordinary, or ne, and in case it is shone perpendicular to the 

director it is called ordinary, or no refractive index. The ordinary and extraordinary indices of 

refraction are related to the molecular indices. The difference between these two refractive 

indices, i.e. n=|ne - no|, is called birefringence and can be measured using polarized optical 

microscopy.  

 Similar to optical properties, mechanical, magnetic, electric and other properties of liquid 

crystalline systems can be outlined as molecular tensors. The translation of the molecular 

anisotropy to macro-scale anisotropy is facilitated using order parameters. The anisotropic 

deformation of the liquid crystalline polymers and elastomers are the most important feature of 

these materials that will be elaborated later in this chapter.  

2.2.1.3 Surface anchoring and molecular alignment of LCs  

A LC macro-domain consists of mesogenic micro-domains, each of which has their own 

director. Generally, there are three types of surface anchoring of the mesogenic units to the solid 

boundaries of a LC cell in a thin film geometry: 1) planar or homogeneous, 2) homeotropic, and 

3) tilted.  Figure 2-12 a-b represents two extreme surface anchoring configurations. The planar 

alignment is one in which all mesogens are parallel to the backing substrate. The planar 

alignment is disturbed when the mesogens hold a pre-tilt angle with the substrate. In another 

extreme, the homeotropic alignment takes place when the mesogens are perpendicular to the 
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substrate. Surface anchoring can be utilized as a starting point for deformation of the LC director 

fields. In fact, orientation of the director of the micro-domains can be changed systematically to 

produce different molecular alignment. Consequently, the combination of these two extreme 

cases results in three general director fields can be defined: splay, twist, and bend alignments as 

illustrated in Figure 2-12(c-e). 

 

Figure 2-12. (a) Planar and (b) homeotropic surface anchoring, and (c) splay, (d) twist, and (e) bend 

deformation of directors field 

The alignment of the LC molecules is dramatically influenced by the interaction of the 

mesogens to adjacent substrates. As a result, most of the commercially available alignment 

techniques are related to the surface preparation of substrates. Rubbing is the most common 

technique used in industry and research. For this method, a special type of polymer such as 

polyimide is dispensed on the substrate, cured and rubbed in a certain direction with a velvet 

cloth to control the LC alignment. Owing to the limitations of the rubbing method to be applied 

without dust or cloth trace at larger scales, other techniques have been investigated. 

Photoalignment 103, ion-beam irradiation 104 and oblique evaporation 105, use of micro-grooved 106 

and chemically modified surfaces, Langmuir-Blodgett films 107 and flow are other common 

techniques for alignment of LC molecules 108.  

 Responsive materials and artificial muscles 

The motility of the living organisms crucially depends on their response to external 

stimulation and the isothermal conversion of the energy received from internal or external 

stimuli, which are usually in different forms such as chemical, electrical, and mechanical energy 

109. Inspired by nature, scientists have devoted a great deal of efforts to developing materials 
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which are responsive to different internal or external stimuli such as heat, light, electrical or 

magnetic fields, pH or ionic strength, etc. These responses are usually manifested in alteration 

of shape and size, or surface, optical, chemical and physical properties. Shape and size change 

which lead to actuation and output mechanical energy are of particular interest in this project. 

Generally, actuators convert thermal, electrical, optical, magnetic and other forms of input 

energy to mechanical output energy. As a class of actuators, shape memory polymers (SMP) 

and alloys (SMA) generate mechanical energy upon their shape change. However, their use is 

limited as they secure only initial and final states and the transitional shape changes between 

the two initial and final states are not stable. In contrast, artificial muscles are a more attractive 

class of responsive materials due to their ability to take a continuum of shapes between two 

extreme states depending on the intensity and condition of the input stimulus energy 110.  

Regardless of the structural material of an actuator, actuation performance crucially 

depends on the strain and stress, generated energy density, response time and theoretical 

efficiency 111. Inorganic actuators such as electromagnetic and piezoelectric actuators have been 

the most common forms of actuators. However, the low torque to mass ratio and bulkiness of 

the electromotors hampers their use as artificial muscles in medical, robotic and fluidic 

applications. Despite high energy density that piezoelectric actuators provide, their inherently 

small strain (~ 0.1%) necessitates massive mechanical amplification 112. Accordingly, organic or 

polymeric actuators have become more popular due to their availability, low cost and reasonable 

overall performance 113. Polymer actuators have shown performances far better than muscles and 

have been utilized in medical devices, prostheses, soft robots, biomimetic and MEMS/NEMS 

devices 112. Although polymer actuators can be stimulated by a variety of cues, electrical 

actuation has been more desired due to the very short response time. There are two general 

types of electrically actuated polymeric artificial muscles: 1) ionic electroactive polymers (IEAPs 

or wet EAPs) and 2) field-activated electroactive polymers (EAPs). Ionic polymer metal 

composites, ionic gels, CNTs, and conductive polymers (CPs) fall under the category of IEAPs. 

The use of IEAPs is naturally limited due to their dependence on the liquid/solid electrolytes 

with high mobility of the ions. EAPs are more common with Dielectric elastomers (DE), liquid 

crystal elastomers (LCE), ferroelectric polymers, electrostrictive polymers and polymer electrets 

being the main polymeric materials of this category112,114. DE actuators are soft elastomer 

insulators confined between two compliant electrodes, as seen in Figure 2-13. Application of 

the electric potential to the electrodes generates an attractive force between them resulting in 
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stress/strain through the insulator. DE actuators are famous for their very fast response, large 

actuation force, high mechanical energy density and ability to hold induced displacement at 

constant voltage without consuming additional electrical energy. One of the major drawbacks 

of DEs is that their operation conditions is very close to the break-down voltage 115. The stress 

across a DE material is expressed by Maxwell equation, 𝑝 = 𝜖0𝜖𝑟|�⃑� |
2
, where 𝜖0 is the 

permittivity of the free space, 𝜖𝑟 is the relative permittivity and |�⃑� | is the intensity of the 

electrical filed applied. Perline et al. have shown that for low strain actuators (e.g., < 20%) the 

thickness strain for DEs can be approximated by 휀𝑧 = −𝑝 𝑌⁄ = −𝜖0𝜖𝑟|�⃑� |
2

𝑌⁄ , where 𝑌 is the 

 (output work 

density) can be approximated as �̅� = 1
2⁄ 𝑌휀𝑧

2. Obviously, higher dielectric constant of the 

insulator yields higher mechanical energy storage capacity. The dielectric constant of the 

insulator can be increased by pre-straining the material and the addition of heavy nanoparticles 

such as TiO2 
115.  

 

Figure 2-13. Schematic of a dielectric elastomer (DE) configuration 

DE materials have demonstrated exceptional levels of actuation strain and stress using 

rather low cost acrylate and silicone-based polymers with medium response times 114. However, 

actuation is theoretically constrained to simple in-plane strains such as expansion/contraction. 

Using structures with more sophistication in fabrication, such as bimorphs and multi-layer 

cylinders 116, might help tackle this problem.  Only recently, Shian and co-workers have reported 

predetermined shape shifting of DE unimorphs with a few internal stiff fibers that facilitate 

breaking the symmetry of the strain during actuation. They have shown a variety of novel 

gripping actuators, suitable for soft robotics 117.  

Liquid crystal elastomers and networks are a class of EAPs; their anisotropic rigid 

molecules (mesogens) are capable of polarization and reorientation in an applied electric field. 
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Such reorientation of the mesogens (either in forming the polymer backbone or being attached 

as pendant to it) leads to disorder in the molecular alignment and eventually shape change.  In 

contrast to DEs, LCEs have shown remarkable shape shifting properties with more complex 

geometries that have not been achieved by simple manipulation of DE materials. For instance, 

Ware and co-workers have recently reported intricate thermally driven shape change of LCEs 

with spatial and local optical manipulation of the director and achieved local strains up to 55%. 

Similar to large LCD screens with tens of thousands pixels, they produced LCEs with up to 

20000 3D- 118. Still at an early stages of development, the 

incorporation of smart, real-time control over the shape of the LCE remains a challenge. This 

problem can be addressed by turning the liquid crystal orientation within each voxel using an 

electronic system integrated to the LCE 119. The programmable mechanical response of these 

materials can lead to the manufacturing of reconfigurable, flexible, monolithic devices for use in 

aerospace, medicine, or consumer goods 118.      

2.2.2.1 Liquid Crystalline Polymers, Elastomers and Networks 

Liquid Crystalline Polymers (LCPs) are produced by the incorporation mesogenic units 

into polymer chains. If the functional groups of a monomer are substituted by mesogenic 

moieties, a side-chain LCP system (or SCLCP) is produced. In SCLCPs, the mesogenic units 

are attached by spacers to a backbone as pendant groups. If the mesogenic units take part in a 

condensation polymerization process, they will be located in the polymer backbone and produce 

main-chain LCPs (or MCLCPs). The spacer can connect the mesogenic group from either its 

end or center to the polymer backbone, creating end-on and side-on SCLCP, respectively 

(Figure 2-14) 3,4,6,8,120,121. 

 

Figure 2-14. Schematic view of (a) MCLCP, (b) end-on SCLCP, and (c) side-on SCLCP 

Liquid Crystalline Elastomers (LCEs) and Networks (LCNs) are cross-linked liquid 

crystalline polymers with low and high levels of cross-linking, respectively. Note that, the terms 

LCE and LCN might be used interchangeably throughout this thesis. The flexible polymer 
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network in LCEs contain rigid and anisotropic mesogenic units that are preferentially ordered 

like a liquid crystalline structure. Therefore, LCEs have properties of both elastomers (i.e. 

entropic elasticity) and liquid crystals (i.e. self-organization). 

Similar to short chain liquid crystals, LCPs create nematic and smectic mesophases by 

orientational alignment of their mesogens principle axis. It is known that above the glass 

transition temperature Tg the polymer chains can move freely as a result of both macro-and 

micro-Brownian motion of the molecules. Once cross-linked, except at the micron scale, the 

macro-Brownian motion of the polymer chains is eliminated 6. The free movement of the 

molecules at the micro-scale in a LCE allows the conformational change of the mesogenic units 

upon exposure to external stimuli such as heat or UV. Consequently, as they are fixed to the 

polymer network, any anisotropic micro-scale distortion can be translated to bulk material 

distortion.  The condition for this situation is perfect alignment of all mesogenic principle axes 

in a certain direction. Otherwise, different and randomly directed molecular distortion vectors 

cancel out each other and no dimensional change in bulk of the material will be attained 

3,4,6,8,120,121.  

de Gennes theoretically studied and predicted the interaction of a polymer network with 

a liquid crystalline phase for the first time. He proposed the concept of LCE based artificial 

muscles 4,8,120,122. These materials are supposed to mimic two main features of the human muscles, 

i.e. elasticity and contractility. The smartness of these materials is rooted in their reversible 

mechanical response, by change in the shape and size, upon exposure to a variety of external 

cues such as optical, thermal, electromagnetic, and ionic signals 8 theory was 

experimentally confirmed by Finklemann and Kundler with the synthesis of the first side-chain 

liquid crystalline polymer cross-linked to a network 123.     

The susceptibility of LCEs to experience bulk deformation upon external stimulation 

shows great benefit and potential as a smart material. Such an exceptional feature can be 

applicable in both industry and health sectors 124. In fact, LCEs can be deemed a competitive 

substitute to common smart materials such as piezoelectrics, hydrogels, and other shape memory 

polymers. The applicability of LCEs has been examined in technologies like micromechanical 

systems 125, microfluidic systems 126, propulsion systems 15,127, and active smart surfaces which 

change their properties according to the environment. With regard to active surfaces, the optical 
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properties of the materials such as scattering, diffraction, and reflection 128 and physical surface 

properties (e.g. wetting and adhesion) have been modified using LCE surface structures 89,129,130.  

2.2.2.2 Mechanism of deformation of the nematic LCE and LCNs 

The unique feature of LCEs and LCNs, i.e. actuation in response to different external 

stimuli, is rooted in the coupling between the polymer chains of an elastomeric network and the 

liquid crystalline compounds. Herein, we adhere to the nematic phase which has the simplest 

form of orientation of the rigid rod-like mesogens in a uniform direction. In LCPs, LCNs and 

LCEs, preferential alignment of LC mesogenic molecules results in deviation of conformation of 

the long polymer chains from random coil conformation to other thermodynamically favorable 

chain conformations such as oblate or prolate conformations. . Due to this strong coupling 

between the LC mesogens and polymer chains, the nematic to isotropic phase transition of the 

liquid crystalline mesogens result in reorientation of polymer chains to the random coil 

conformation. In the random coil conformation, there is no preferred alignment of polymer chains 

in any direction. The LC mesogens can be present in the polymer chains backbone or be 

connected to them as pendant groups. As suggested  by de Gennes, this coupling is the strongest 

when the LC mesogens are present in the polymer backbone  120.  

Later on, Warner expanded the theoretical predictions of de Gennes to side-chain LCPs. 

He related the direction of the polymer backbone to the mean director of the mesogenic pendant 

groups. Three different types of relative arrangement were proposed as can be seen in 

Figure 2-15. In the first case, so called NI phase, the polymer backbone is perpendicular to the 

director, while the principle axes of the mesogens are parallel. As a result, the LCP chain 

occupies an oblate spheroid conformation where the radius of gyration parallel to the director is 

smaller than the radius of gyration perpendicular to it (Rg║ < Rg┴
). In the second and third case, 

the polymer backbone is oriented parallel to the main director but the mesogens can be either 

perpendicular, NII phase, or parallel to it, NIII phase. This orientation leads to a prolate (Rg║ > 

Rg┴
) spheroidal conformation of the LCP chain3,120.    
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Figure 2-15. (a) Oblate and (b) prolate conformation of the LCP chains 

The free energy of the polymer chains is at a minimum when they adopt the random coil 

conformation in an isotropic media. Upon exposure to an anisotropic phase, they tend to adopt 

an anisotropic conformation (either prolate or oblate spheroids). The polymer chains in LCPs, 

LCNs and LCEs are present in the LC medium. Hence, upon the phase transition of the LC 

mesogenic units from nematic to isotropic, polymer chains in the prolate conformation contract 

and those with the oblate conformation expand parallel to the direction of the director as shown 

schematically in Figure 2-15. This transition is reversible and obviously along with changes in 

microscopic shape and size. As mentioned earlier, a LCE system is a network of cross-linked 

LCPs. If a well aligned LCP system is cross-linked in a certain phase such as nematic or isotropic, 

any phase transition taking place for the mesogenic units will be translated to a macroscopic 

shape change. In fact, microscopic freedom of the polymer chains allows reorientation of the 

whole structure, both in the micro- and macro- scales, according to the preferred phase 

transition. The molecular deformation leads to deviation of the alignment of the mesogens from 

the director, leading to a change in the order parameter (Figure 2-16).  

 

Figure 2-16. Schematic representation of the deformation of an ordered LCE network with change in 

order parameter, L0 and LT are initial and final length,<P2>0 and <P2>T are the initial and final order 

parameters, and 0 and T are the initial and final average tilt angle of the mesogens from the director.  
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Another determining factor for the deformation mode of the LCEs is the primary 

alignment of mesogens. It has been shown that the bending behavior of the LCE films is different 

for monodomain and polydomain crystals. In fact, the bending occurs along the alignment axis 

for monodomain and can occur in any direction for polydomain LCEs 131,132. Kondo et al 

investigated the bending behavior of the homeotropic and homogenous aligned azobenzene 

containing LCE films. They showed that the LCE film bends toward the exposed UV source 

when the alignment is homogenous, whereas the homeotropically aligned LCE films bend in 

opposite direction of the light. The anisotropic deformation of the LCE films in this study is 

attributed to the UV absorption gradient in the thin film. That is, as seen in Figure 2-17, the 

exposed surface absorbs light more intensively, thus the deformation due to isomerization takes 

place anisotropically and more pronouncedly on the surface of the film 132.  

 

Figure 2-17. Light-driven deformation of azo-containing LCE films for (a) homogeneous alignment and 

(b) homeotropic alignment of the mesogens. Figure is adapted from 132.  

In addition to the light-sensitive LCEs, bending behavior of thermo-responsive LCE films 

have been studied by van Oosten 110. In this case, it is assumed that there is no pronounced 

thermal gradient in the bulk and all molecules are exposed to the external stimulus, i.e. 

temperature alteration, with the same extent. However, there exists an anisotropy of thermal 

expansion coefficient along the director and in other directions. Figure 2-18 represents the 

deformation mode of the thermotropic LCE thin films with different molecular alignments. For 

homogenous alignment of the mesogens, the anisotropy in thermal expansion coefficient is 

confined in-plane and leads to a slight deformation. For other molecular alignments, such as 

cholesteric, twisted nematic and splay, different 3D deformation can be obtained. Exposure of a 

cholesteric aligned LCE film to external stimuli such as heat causes out-of-plane deformation as 

a result of increase in the pitch of helices. The level of deformation depends on the degree to 
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which the director rotates. Twisted nematic is the cholesteric with the thickness of a quarter a 

pitch and its deformation is along with bending in two directions to a saddle-like structure. 

Finally, the deformation of a splay aligned LCE film is along with bending in only one direction. 

Accordingly, one can design and predict the deformation mode of the LCE film based on the 

molecular alignment of the mesogens. 

 

Figure 2-18. Temperature-driven deformation of the thermotropic LCE films for (a) homogeneous, (b) 

cholesteric, (c) twisted nematic, and (d) splay aligned mesogens. The figure is adapted from reference 
110. 

2.2.2.3 Chemical structure of the common LCE/LCNs and synthetic routes 

Generally, synthesis of a LCE/LCN system requires build-up of LCP chains followed by 

cross-linking of them. Naturally, the cross-linking process of LCPs can be achieved either by in-

situ polymerization of the LC monomers and cross-linking processes or cross-linking of the 

performed polymer chains, a reaction similar to vulcanization of the natural rubber 120. Ohm et 

al. have categorized the chemical routes for synthesis of the LCEs to four general methods, 

which can be seen in Figure 2-19. 

 

Figure 2-19. General routes for synthesis of LCEs 

- silicone 

based LCEs (Figure 2-19a). The polymerization reaction takes place in only one batch 

containing a proper solvent, nonfunctional performed polyhydrosiloxane chains, mesogenic 
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groups, cross-linking agent and a proper catalyst. Usually platinum catalyzed addition of vinyl 

groups present on the cross-linking agent to the Si-H bonds of the polysiloxane chain takes place 

very fast in the first step of the reaction. The slower reaction between the Si-H bonds and 

methacryloyl groups makes it possible to fully cross-link the LCE network in a second step, 

while the solvent is fully evaporated or the polymer network is extremely thick. The alignment 

of the mesogenic units in this method can be achieved by the uniaxial stress of the preliminary 

prepared LCE. This method of alignment is the main shortcoming of the polysiloxane based 

LCEs for fabrication of miniaturic structures 3.  

The second and third chemical pathways are based on the cross-linking of performed 

LCP chains (Figure 2-19b and c). In the second method, the LCP chains contain functional 

groups that undergo chemical reaction with the cross-linking agent in certain conditions. This 

method is also performed in a proper solvent. Thus, the alignment of the mesogens and LCs in 

a monodomain single crystal is problematic. Unlike the second method, the third method is 

solvent-free. The cross-linking agents are already linked to the performed LCP chains; and, only 

a trigger is needed to initiate the cross-linking process. The cross-linking agents can be photo or 

thermo-sensitive initiators that attack the C-H bonds in a H-abstraction mechanism. The 

absence of solvent in this type of process facilitates alignment of the mesogenic units through 

conventional surface or field induced alignment techniques. 

And last but not least is a route in which the polymerization of the LC monomers and 

their cross-linking take place simultaneously (Figure 2-19d). This process requires a photo- or 

thermo-sensitive initiator and a cross-linking agent that may or may not be liquid crystalline. 

The most common monomers being used in this route are those functionalized with acrylates 

which are usually cross-linked by isotropic or liquid crystalline diacrylate monomers.  The molten 

state of a mixture of all reactants are usually spread on a substrate that is formerly rubbed with 

an aligning compound. In this way, the alignment of the monomers before polymerization and 

cross-linking is facilitated. This method is commonly used in fabrication of the micro-scaled LCE 

structures.  

2.2.2.4 Micro/nanostructured LCEs and LCNs 

During the last decade, there has been a great body of literature on the fabrication of a 

variety of smart and responsive devices, e.g. sensors and actuators, based on LCEs. However, 

many of these works focused at the macro-
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necessitates fabrication and application of such devices in the micro- and nano-scales. Thus, the 

study and fabrication of micro/nano-scale LCE-based smart devices and surfaces seems 

attractive and timely, though without its own challenges. For instance, the proper alignment of 

the director of the mesogens and creation of a uniaxial mono-domain single crystal still remains 

as a difficult problem. In this section, we recapitulate the reported techniques for the fabrication 

of micro/nano-scale properly aligned single crystal LCEs and their applications.  

Three major micro/nano-fabrication techniques reported in the literature are: 1) casting-

based or templating techniques such as soft-lithography and capillary assisted lithography, 2) 

photo-patterning techniques, and 3) printing techniques like inkjet and micro-contact printing 

133. Furthermore, pulsed injection of LCE precursor and in-situ polymerization using microfluidic 

systems is used to generate mono-domain single crystal spherical beads 108. 

2.2.2.4.1 Templating techniques 

Templating techniques are based on the replication of a pattern from a master-mold. 

The replica is, in fact, the complementary pattern to the counterpart on the master-mold. Use 

of silicon based master-molds, i.e. silicon wafer as hard and PDMS as soft templates, is a 

prevalent practice in the field of micro/nanofabrication. Surface protrusions such as pillars are 

one of the most common geometries being fabricated.  

Baugin and coworkers reported the first attempt toward fabrication of LCE micropillar 

actuators. They used the soft-lithography technique to pattern the calamitic LCE precursor 

which was previously developed 11. The micropillars were made of a photo cross-linked network 

of nematic side-on mono-acrylate and di-acrylate monomers. Upon variation of the temperature, 

reversible shape change (30-40% strain) was observed due to the transition from nematic to 

isotropic phase. To enable a single crystal to contract in the longitude of the pillars, a small 

permanent magnet was used. In the same year, reversible shape shifting of the surface 

topography upon exposure to both UV and heat was reported by Yang et al 134. They used soft-

lithography technique for fabrication of nano-posts. It was hypothesized that the confinement 

of the feature size to the characteristic uniform domain size (D) would lead to an inherent 

mono-domain single crystal. Thus, the alignment would not be necessary. Nano-posts were made 

of side-on nematic polysiloxane based LCEs containing azobenzene moieties which was developed 

and reported in previous works 135. In both works, the fabrication process was facilitated by an 

intermediate PDMS master-mold. Later on, Ohm and coworkers used porous anodized aluminum 



 

34 

 

oxide membrane (AAO) as a master-mold for fabrication of high aspect ratio bundled nano-

fibrils and single nano-wires. The reversible actuation of the nano-fibrils in the direction parallel 

to the long axis of the fibrils was observed upon the change in temperature. Interestingly, one-

dimensional confinement of the nano-fibrils facilitated the longitudinal self-alignment of the LCE 

molecules upon filling the nano-cavities 136.  

The focus of all above mentioned works was on the fabrication and actuation of the 

micro/nano-structures. In 2012, a few groups reported their achievements in modulation of the 

adhesive, wetting, and optical properties by employment of LCE based fibrillar interfaces. For 

example, Cui et al. introduced the first biomimetic thermal-responsive fibrillar adhesive 

structure made of LCEs. They used the same LCE system, fabrication and alignment techniques 

that were reported in ref 11. However, shape change of the micropillars was exploited to induce 

-

contraction of the pillars caused a decrease in the height of the pillars and consequently decline 

in adhesion force 89.  

Yan et al. studied the switchable reflectivity of a LCE surface patterned by micropillars. 

They hypothesized that the alignment of the LC moieties will be rendered by the shear forces 

induced during the filling of the micro-holes. That is, the alignment takes place at the vicinity 

aligned. Although not a perfect alignment method, it is sufficient to induce a reversible 

deformation by the cis-trans isomerization of the azobenzene moieties upon exposure to UV 

light. Thus, the optical properties of the surface can be modulated remotely just by exposure of 

the desired light 128.  

LCE fibrillar interfaces. Expectedly, geometrical variation of the surface micropillars leads to 

alteration of the contact angle of liquids poised on them. Accordingly, the thermo-responsive 

properties of the LCE system used in these two papers created a surface with tunable wetting 

properties in different temperatures 129,130. 

2.2.2.4.2 Photo-patterning technique 

Similar to conventional photo-lithography techniques, the photo-patterning technique is 

mainly based upon selective exposure of the LC molecules through a photo-mask. As can be 
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seen in Figure 2-20, the unexposed parts can be either etched away or be fixated in a different 

phase to form a heterogeneous surface chemistry and topography during the exposure to an 

external cue. The former method is called single-phase, and the latter multi-phase patterning 

17,133,137 139. 

 

Figure 2-20. (a) Filling the LC cell with cholesteric LC precursor, (b) selective exposure to UV, and 

(c) developing in acetone to remove uncross-linked chains, to obtain (d) free standing micropillar. (e 

and f) are same steps but in (g) flood exposure has been done instead of developing to obtain (h) 

cholesteric LC pillar in a sea of isotropic LCs 137 

Using this technique, Sousa et al achieved thermo-responsive surface topology by 

fabrication of isotropic islands in a cholesteric sea. The chiral nematic phase was obtained by 

heating the original mixture to a proper temperature (TK <T< TN-I) and was locked during the 

photo cross-linking through a photo-mask. This step was followed by further increment of the 

temperature to isotropic phase (T > TN-I). Then, uncross-linked molecules were shifted to 

isotropic phase and upon a flood exposure became cross-linked. The expansion coefficients of the 

chiral nematic and isotropic phases are different. Thus, the difference in expansion level of each 

phase led to creation of an array of surface protrusions at elevated temperatures 139. A similar 

work was published by Elias and coworkers, where they compared the strain level and actuation 

efficiency of a single-phased patterned LCE with that of a multi-phased. Single-phase patterned 

samples, in fact, were chiral nematic LC molecules in shape of free standing micro-pillars. It is 

shown that a free standing micro-pillar actuates and deforms more efficiently than ones 

immersed in isotropic concomitants 137.  
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Recently, a new photo-sensitive switchable surface topography was reported with deeper 

surface modulation effect. The innovation in this work is the use of azobenzene moieties in the 

LCE system. That is, topographical modulation can be implemented remotely due to the cis-

trans isomerization upon UV exposure. In addition, instead of isotropic sea used in other works, 

this work takes advantage of homeotropic alignment around the cholesteric phase. As these two 

phases have opposite photo-mechanical responses, the surface topology became more pronounced 

(Figure 2-21). Alignment of the mesogens in all of these works is facilitated by surface 

treatment of the substrates with proper chemicals. In addition, the cholesteric phase can be 

obtained by doping of the mixture with a small amount of common chiral mesogens.   

 

Figure 2-21. Counter actuation of homeotropic and cholesteric aligned micro-domains upon exposure 

to UV and heat138 

2.2.2.5 Printing techniques 

In these techniques, the pattern is transferred to a substrate either through the contact 

of an impregnated stamp (micro-contact printing) or through spraying a certain material from 

a nuzzle (inkjet printing) (Figure 2-22). These techniques benefit from low waste and ease of 

scalability to ultimately reach roll-to-roll production 133. However, the creation of high aspect 

ratio structures with this method seems challenging. As the thickness of the ink determines the 

overall feature size, fabrication of the high aspect ratio structures requires numerous steps of 

printing.  

A preliminary study on the micro-contact printing of a LCE mixture was reported by 

Elias and coworkers. A LCE mixture with and without chiral dopant was first spread on a 

substrate, then transferred to the second substrate and polymerized at a temperature below TN-

I
133. In a more sophisticated experiment, van Oosten et al have fabricated a double layer micro-

cantilever. Using multi-inkjet printing technique, they fabricated a bilayer composed of LCE 

doped by two different types of photochromic dyes. Planar and splay alignment of the LCE 
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molecules was facilitated by rubbing of a polyimide coated substrate and doping of the mixture 

with a special surfactant. As each dye was only responsive to a certain wavelength, different 

level and direction of the strain can be controlled upon exposure to light. This actuator, 

simulates the motion of natural cilia and is proposed to be useful in lab-on-chip applications 15.  

 

Figure 2-22. (a) Selective deposition of the PVA(1) as sacrificial layer, (b) deposition of polyimide 

aligning layer (2), (c) inkjet printing of the LC precursors (3 and 4), and developing of the PVA after 

curing 15. 

 

2.2.2.5.1 LCE beads and micro-particles 

The fabrication of micro/nanostructures from LCEs was not limited only to surface 

protrusions and cantilever shape structures. Ohm et al reported a pioneering work in the 

fabrication of LCE spherical beads in the micro-scale. In this work, the LCE monomers were 

stored in two syringes that are immersed in a hot bath. The continuous flow of the monomers 

leads to their mixing at the outlet. Then, a pulsed injection of the mixture into a continuous 

flow of silicon oil creates micro-beads that instantly polymerized by UV. Proper control of the 

flow conditions leads to alignment of the molecules in the beads (Figure 2-23). A remarkable 

actuation degree (70% strain) was reported for the transition between nematic to isotropic 

phases. Depending on the type of the molecular alignment, spherical and spheroidal beads can 

be obtained 108.  
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Figure 2-23. Microfluidic set-up used by Ohm et al. for fabrication of LC micro-particles108 
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Chapter 3 

Biomimetic Functionally Graded Adhesive Materials† 
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Adhesive Materials: Synergetic Interplay of Top Viscous Elastic Layers with Base Micropillars. 
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3.1 Introduction 

Adhesion is an interesting phenomenon in nature and polymer adhesives are widely used 

in many manufacturing processes. The importance of adhesion and adhesives is continuously 

increasing for the development and manufacturing of advanced materials at ever-smaller scales. 

Other than the permanent structurally adhesive bonding, effective soft and temporary adhesive 

materials are in high demand for both consumer products (post-it notes and medical bandage) 

and the assembly and packaging of functional elements in electronic devices. The locomotive 

organs of the geckos and tree frogs are outstanding examples of the temporary adhesive 

materials. The amazing aptitude of these creatures to stick readily and rapidly to surfaces has 

attracted extensive research interests on development and application of biomimetic structures.  

The adhesive functionalities of the gecko toe pads are rooted mainly in their sophisticated 

micro/nanostructures, which utilize  the van der Waals intermolecular interactions and/or 

capillary forces to generate sufficient adhesive forces 38,42 44. The hierarchical micro- to nano-

structures on the gecko toe pads maximize the compliance, contact area, and accordingly 

effective van der Waals forces with the mating surface 45. As a result of more than a decade of 

extensive studies, synthetic biomimetic fibrillar adhesives with a variety of geometries and 

materials have been fabricated. The first class of these structures is based on the simple surface 

protrusions such as pillars or posts 49 51, some with different tip shapes, e.g. mushroom-shaped 

pillars 46,52. These have been fabricated in either single or multi levels from nano to micron scales 

53,54. Another class of biomimetic structures is based on incisions underneath the free surface of 

a material. Film-terminated micro-fibrils 55,56, bridged micro-fibrils 57, and capped micro-fluidic 

channels have been fabricated in single or multi levels of hierarchy 58. Thus far, mushroom-

shaped, film-terminated, and bridged pillars are introduced as the most effective prototypes. 

These synthetic structures have shown to increase adhesive strength and toughness of a flat 

control by combination of mechanisms such as contact splitting 59, enhanced compliance 60, and 

crack trapping 55. In contrast to geckos, the toe pads of tree frog have relatively simpler structure, 

consisting of hexagonal micro-posts separated by grooves or channels which are covered by 

viscous fluids. The exact mechanism of adhesion of tree frogs is not fully understood but several 

mechanisms have been proposed such as capillary, friction, and viscous forces contributing to 

the total adhesion. For instance, it is believed that micro-scale hexagonal grooves and channels 

regulate the meniscus forces associated with the liquids secreted 41.  Water drainage in contact 
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has been offered as of one mechanism of the adhesion in wet condition. Thus, the adhesive ability 

of such systems may be rooted in a combination of the mentioned mechanisms 40.  

Inspired by the amazing adhesion abilities of the toe pads of both gecko and tree frog 

and their surface structures, a few publications reported the integration of a dissipative material 

tic flat and fibrillar interfaces (like 

the fibrillar nature of gecko foot pads). Although not explicitly stated, the effect of chemical, 

mechanical, and geometrical gradient on the adhesion properties of such structures has been 

studied. For instance, Cheung et al. demonstrated a simple method to enhance adhesion by 

deposition of a thin layer of silicon oil on an array of a biomimetic fibrillar interface. The 

enhanced adhesion was attributed mainly to the viscous and induced capillary forces during the 

debonding 72.  In a similar attempt, Patil and coworkers coated a layer of liquid PDMS solution 

with a low content of cross-linker on an array of micro-posts and found enhanced  adhesion with 

limited magnitude of deformation and less cohesive separation 73. In both of these works the 

fibrillar interface is immersed in the viscous counterpart. In addition, Carelli et al studied the 

effect of composition gradient in a viscoelastic bilayer during a debonding process. They found 

that the effect of gradient in composition of viscoelastic layers on adhesion and the mode of 

failure is complex, depending on the nature of probe 74. Similar to this work, Patil and coworkers 

used an elastic PDMS skin to coat a viscoelastic layer of the same material to improve reusability 

and retain adhesive fracture 75.  

To the best of our knowledge, the possible synergetic effect of the bioinspired fibrillar 

interfaces and their viscoelastic counterpart on the adhesive properties in a singular graded 

material have not been studied. We have previously reported the fabrication of a hybrid adhesive 

structure consisting of an array of elastic biomimetic micropillars terminated with a thin pressure 

sensitive adhesive film. Localized separation instabilities along with more dissipative nature of 

the top layer in that structure enhanced the adhesion remarkably 56,71.  The observed adhesion 

enhancement of the adhesive film on top of the micropillars suggested a significant synergetic 

interaction between the top layer and sub-surface micropillars.   

The objective of this work is to systematically investigate the observed synergetic effects 

in a hybrid adhesive system consisting of a viscoelastic top layer and micro fibrillar base. The 

main difference between our structure and ones previously reported is the nature of the backing 

material and its interaction with a more dissipative top layer in a non-immersed geometry. 
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Systematic studies of three comparative adhesive structures, i.e. viscoelastic film, viscoelastic 

film coated on a soft elastomer, elastic film-terminated micropillars were performed in parallel 

to the newly-developed graded adhesive structure to acquire fundamental insights in the context 

of current understandings of viscoelastic polymer adhesion and biomimetic adhesion. The 

shear 140, which 

is an unsolved fundamental question in the field of biomimetic adhesion.   

3.2 Experimental 

PDMS (Sylgard® 184, Dow Corning) resin and curing agent were used in all adhesive 

structures.  Schematic pathway of fabrication of the graded adhesive structure is shown in 

Figure 3-1. Hexagonal arrays of PDMS micropillars were fabricated through the soft-

lithography technique. A 10:1wt mixture of PDMS (Sylgard® 184, Dow Corning) resin and 

curing agent were poured on a master-mold of micro-holes fabricated by DRIE process.  The 

PDMS coated master-mold was cured at 90⁰C for 1 hour and the PDMS was peeled off the 

master-mold after curing. The resultant positive structures were pillars with 50μm diameter, 

150μm height and 115μm center-to-center spacing (surface density of 17%). The final thickness 

of the cured PDMS backing film was controlled to be 1000 ± 100µm.  

 

Figure 3-1. The schematic view of the fabrication pathway including the three key steps of soft-

lithography and micro-inking which are followed by coating of a viscoelastic layer on top of the elastic 

film-terminated micropillars 
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Dipping method developed in reference 55 was used to fabricate thin film-terminated 

pillars. A thin layer of PDMS was spun on a low surface energy microscope glass slide. The 

reduction of the surface free energy was achieved by coating a self-assembled monolayer of 

heptadecafluoro- 1,1,2,2,tetrahydrodecyltrichlorosilane on a glass slide as described in reference 

141. The spin speed and time determine the final thickness of the terminal film. Fabricated 

micropillar arrays were placed upside-down on the thin PDMS layer and kept in room 

temperature over

entire system was placed in the oven at 90⁰C for 1hr and the cured sample was peeled off gently. 

Thickness of the terminal films, which was varied from 8 to 24m, measured by weighting the 

samples and confirmed by the optical interferometry. Coating of the elastic film-terminated 

fibrillar structures with the viscoelastic top layer was performed using the spin coating technique. 

Again, the thickness of the terminal viscoelastic layer was adjusted using spin speed. Weighting 

of the samples and optical interferometry were used to estimate the thickness of the terminal 

viscoelastic film which varied from 18 to 50m.  

Oscillatory frequency sweep and shear relaxation tests were performed using a RA2000 

model rheometer (TA Instruments) to characterize the thermomechanical properties of 100:10wt, 

100:4wt and 100:1.6wt PDMS mixtures. PDMS mixtures were poured on the bottom plate of a 

plate-plate geometry and cured at 90ºC for 1 hr. The instrument environment was then cooled 

down to room temperature to perform the oscillation. The maximum oscillation amplitude was 

set to 3% to avoid any non-linear response. The time dependent shear modulus (G(t)) of the 

sample was measured in a shear relaxation test for 30 minutes.  The obtained storage (G') and 

loss (G") moduli of the samples were recorded in order to estimate of the liner rheological 

properties of the terminal film.   

Adhesive properties of all samples were characterized by the indentation of a 6mm 

diameter hemispherical fused silica probe (Ispoptics Co., NY, USA) using a micro-indenter 

assembled on top of an inverted optical microscope. The load displacement data were measured 

with a 0 10g load-cell (GSO-10, Transducer Techniques). The contact area and deformations 

during loading and unloading processes were visualized from the bottom-view images. The set-

up was equipped with a side-view camera to monitor the possible necking during separation and 

the mode of separation. The loading velocity in indentation tests was maintained 1m/s for all 

of the samples. Upon reaching the preload force, a slight decrease in the force and an expansion 
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of the contact area were observed due to the stress relaxation in the viscoelastic layer. The 

contact time was set to 30 seconds, where the expansion of the contact area levelled off. The 

holding time was also much greater than the effective shear relaxation time of the sample 

obtained from rheology tests.   

3.3 Results and Discussion 

 Fabrication and characterization of adhesive of properties BFGAs 

We use PDMS materials to make the biomimetic structures because PDMS has low 

surface energy and adhesion and is commonly used as a releasing agent. The viscoelasticity of 

the PDMS can be readily changed by varying the curing agent to resin ratio, making it a good 

model system to investigate the fundamentals of the complex graded materials.  Previous works 

showed that a flat film of 100:10wt PDMS can be deemed purely elastic having very low 

adhesion. Introduction of the biomimetic micropillars with different tip shapes, e.g. mushroom 

tipped, bridged, or film-terminated pillars, bestowed non-adhesive elastic PDMS remarkable 

adhesive properties 46,52,55 57. We have previously reported an enhancement of pressure-sensitive 

adhesives using a thin PDMS film-terminated PDMS fibrillar interface. In that work, the curing 

agent to resin ratio of the terminal film was set to 100:4wt. Although more dissipative than 

100:10wt PDMS, 100:4wt PDMS was elastic rather than viscoelastic 56,142. We speculated that 

using more dissipative PDMS as the terminal layer would result in better adhesive properties in 

terms of higher adhesion energy and pull-off force. To make a more viscous layer, we varied the 

concentration of PDMS mixtures from 100:4wt to 100:1.2wt. We limited our study to solid-like 

state of the matter to avoid excessive complications in the study of liquids in contact.  

Figure 3-2a shows a schematic view of the new hybrid graded adhesive structure. It 

consists of three components:  a viscoelastic top layer, an elastic intermediate layer and elastic 

biomimetic micropillars.  h' is the thickness of the elastic and h represents the thickness of the 

viscoelastic terminal layer. Figure 3-2b shows a viscoelastic layer coated on the glass substrate 

(deemed as a simple non-graded structure); Figure 3-2c shows a viscoelastic low cross-linked 

PDMS layer coated on a fully cross-linked PDMS film (deemed as a chemically graded 

structure); and, Figure 3-2d shows an elastic film-terminated fibrillar adhesive (deemed as a 

geometrically graded structure). For clarity and brevity, we designate the adhesive samples by 

the immediate backing material to the terminal layers (i.e. P for the flat PDMS film, and B for 
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the biomimetic fibrillar adhesive), elasticity (E)  or viscoelasticity (VE), and the thickness of 

each terminal layer (h or h').  For instance, B-E12-VE50 represents a graded adhesive structure 

consisting of a terminal viscoelastic layer of 50 m in thickness backed with a biomimetic fibrillar 

interface with intermediate elastic layer of 12m. Note that a glass slide is employed as the 

supporting substrate for all the adhesive samples and has not been considered as a part of the 

adhesives. Geometrical features of the fabricated samples are summarized in Table 3-1  

 

Figure 3-2. The schematic view of the (a) biomimetic functionally graded adhesive B-E12-VE50, 

control samples (b) viscoelastic layer on glass  VE50, (c) viscoelastic layer on the polymer  P-VE50, and 

(d) the elastic-film terminated  biomimetic fibrillar adhesive  B-E12 

Table 3-1: Geometrical features of the fabricated and tested samples 

Sample 

Elastic terminal 

layer thickness, 

h' (m) 

Viscoelastic 

terminal layer 

thickness, h (m) 

Schematic 

G-VE50 (Viscous film) - 50  

P-VE50  (viscoelastic film on elastic film) - 50 
 

B-E12 (elastic film-terminated) 12 - 
 

B-E12-VE50 

(viscoelastic film-terminated) 
12 50 
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The viscoelastic properties of PDMS with varied degree of cross-linking were 

characterized. Figure 3-3a demonstrates the variation of both storage and loss components of 

the modulus (G' and G") against content of cross-linking agent for three mixtures of 100:10wt, 

100:4wt, and 100:1.6wt during a frequency sweep rheology test. The storage modulus for both 

100:10wt and 100:4wt is almost independent of the frequency, while its variation against 

frequency is more pronounced for the 100:1.6wt sample. Also, the loss modulus of the 100:10wt 

PDMS is almost three orders of magnitudes greater than that of 100:1.6wt mixture. The damping 

factor tan  of the 100:1.6wt mixture is higher than that of both100:10wt and 100:4wt mixtures, 

indicating its more viscoelastic or dissipative nature. Figure 3-3b shows the variation of the 

shear modulus against time for 100:1.6wt PDMS mixture. The relaxation test was performed 

under 3% shear strain for 1800s. The shear modulus regime change took place at t*<<30s. In 

fact, 30s holding time is quite larger than the stress relaxation time and thus the polymer can 

be assumed to be fully relaxed.  
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Figure 3-3. (a) Rheological properties of the 100:10, 100:4, and 100:1.6 wt PDMS mixtures, (b) 

variation of shear modulus against time during a shear relaxation test 

100:1.6wt PDMS mixture was chosen to make the top layer because it is close to transient 

gel point of the PDMS and it can be assumed fairly as a viscoelastic material. However, the 

micropillars could not be topped easily through the dipping method due to the cohesive peeling 

of the low cross-linked PDMS from the glass substrate. The solution developed here was to coat 

an elastic thin film-terminated fibrillar structure with the liquid PDMS. Figure 3-4a is obtained 

from optical microscopy of the sample B-E12, in which the terminal film and micropillars are 

easily distinguishable. Surface defects in the form of cavities were sporadically located on the 

elastic terminal film. Figure 3-4b represents the SEM micrograph of the sample B-E12. It 

seems the presence of the slightly rippled surface on the terminal layer is inevitable as a result 

of capillary rise of the liquid PDMS within the micropillars. Such surface instability must be 

minimized or covered well to avoid any undesirable effect on the adhesion test. Undesired effects 

of such instabilities on the adhesion have been reported by Nadermann et al 143. These surface 

instabilities can be replicated on the viscoelastic layer if the thickness of the terminal viscoelastic 

layer is below a critical amount. A detailed study on the effects of such surface instabilities on 

the contact behavior has been reported in 144. Herein, we minimized the extent of this surface 

instability by making a smooth terminal film. For this purpose, the viscoelastic terminal layer 

was chosen to be thick enough so that an approximately smooth surface can be achieved.  
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Figure 3-4. (a) Optical micrograph of the sample B-E12 with a surface defect on top right corner, and 

(b) SEM micrograph of the sample B-E12 

An efficient viscoelastic adhesive must show strong adhesion to a substrate surface and 

retain its cohesive strength during the separation. This requires a careful design of the adhesive 

in terms of both thermomechanical and geometrical properties, such as terminal layers thickness, 

the fibril

145,146. 

It is shown, that the energy release rate for an elastic film-terminated structure is strongly 

proportional to w4, where w denotes the inter-fibrillar spacing and weakly scales with fibrils 

length, i.e. L -1/4, where L is the fibrils height. Moreover, it has been shown that the hexagonal 

arrangement of the fibrils with the same surface density as of the square arrangement results in 

stronger adhesion energy and pull-off force145. For the hybrid graded adhesive structures reported 

in this work, the thermomechanical and geometrical properties of the micropillars remain 

constant; the varied parameters are the thickness and elasticity of each of terminal layers.  

In order to achieve the most efficient structure, we first varied the thickness of the elastic 

terminal layer to obtain an optimum thickness. Figure 3-5 shows the variation of the pull-off 

force vs preload for micropillars topped with different thicknesses of the elastic terminal layer. 

The pull-off force of elastic film-terminated structures increased with decrease of the thickness 

from 24μm to 12μm over the entire range of preload.  The same trend was observed for sample 

B-E8 having the thinnest terminal layer but only at high preload.  At low preload, the B-E8 has 

the lowest pull-off force and the separation instabilities such as cavitation and fingering 

phenomena were observed on top of the fibrils. In contrast, for other samples with thicker 

terminal films, separation instabilities were constrained to only crack trapping on the crack line. 

Thus, we chose sample B-E12 as the elastic foundation for the terminal viscoelastic layer in 
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order to have the highest possible pull-off force while having no pronounced debonding 

instabilities on top of the fibrils. In general, we speculated that, the thinnest possible elastic 

terminal film topped with the thickest possible viscoelastic layer will create the most efficient 

adhesive structure. A similar assumption has led to fabrication of efficient reusable PSAs with 

an elastic skin in the study by Patil et al 75. In that work, the adverse effect of the elastic skin 

enuated by decreasing the elastic 

skin thickness. In our study, the elastic film is between the micropillars and the top viscoelastic 

layer. Thus, it may shield the desirable effect of the micropillars in enhancement of total 

compliance of the new hybrid structure.   

 

Figure 3-5. Effect of thickness of the elastic terminal layer on the pull-off force of film-terminated 

fibrillar adhesives 

Figure 3-6 shows the variation of pull-off force vs preload for viscoelastic layers of 

varied thickness coated on the sample B-E12. The thicker the viscoelastic layer, the higher the 

adhesive pull-off force is achieved. The influence of the thickness of a viscoelastic layer on the 

adhesion properties in an axisymmetric probe test experiments has been reported in only a few 

references 56,147 149. Generally, it is believed that the thicker the viscoelastic layer the greater 

adhesion energy and the pull-off force. However, to the best knowledge of authors, theoretical 

study on the effect of thickness was not reported in literature thus far perhaps because of the 

complexity of debonding instabilities. Note that the effect of thickness on the adhesive properties 
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of the viscoelastic adhesives have been well studied for other testing geometries such as peeling 

geometry 148. Results show that there is an optimum thickness point for viscoelastic adhesives 

at which the adhesion energy and pull-off maximizes. From the experimental evaluation of the 

thickness effects in Figures 5 and 6, the sample B-E12-VE50 was chosen as the hybrid graded 

adhesive structures to investigate the interplay between the top viscous layer and the micropillar 

base.  Furthermore, the viscoelastic PDMS having the same thickness was coated on the glass 

and a thick ( 2mm) flat PDMS elastomer film to obtain flat control samples, VE50 and P-

VE50. The initial elastic film-terminated structure, B-E12, was chosen as the third control 

sample.  

 

Figure 3-6. Effect of thickness of the viscoelastic top layer on the pull-off force of the new hybrid 

structure 

The load-displacement curves of the four types of adhesive structures (B-E12-VE50, 

VE50, P-VE50, B-E12) are shown in Figure 3-7. There is no noticeable snap-in force for the 

elastic sample B-E12. For all other samples, bonding process starts with a pronounced snap-in 

force when probe approaches to the surface because of the intermolecular surface forces. Following 

that, a normal compressive load (i.e. preload) of 0.5mN was applied to enlarge the contact area. 

During unloading, the load-displacement curves were linear for a remarkable range of retraction 

distance before reaching the pull-off point where the tensile adhesive force is the highest. The 

debonding for the elastic sample B-E12 is rapid and has several small zigzag steps, suggesting 
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the presence of crack trapping mechanism during the separation. The debonding process of the 

viscoelastic samples is gradual and smooth but undergoes a slope change between the pull-off 

point and the separation. This slope change is indicative of the bulk deformation processes such 

as fibrillation, cavitation and other instabilities as discussed in later section. The slop change is 

most pronounced for the viscous film on polymer (P-VE50), becomes less for the viscous film on 

glass (VE50), and is the least pronounced for graded structure (B-E12-VE50). This observation 

suggests the possible change of crack mechanisms during the separation.  

 

Figure 3-7. Typical load vs displacement curves for indentation test on four different samples under 

0.5 mN preload 

To quantitatively characterize the crack mechanisms and energy dissipation processes, 

we divided the unloading curves into two phases, as shown in Figure 3-8: (phase 1) crack 

initiation before the pull-off point and (phase 2) crack propagation after the pull-off point. The 

consumed energy for each phase gives a coarse idea about the sink of energy and the mode of 

separation in each system. Inset table in Figure 3-8 shows the ratio of the energy required for 

each phase with respect to the energy required for the entire debonding process.  The required 

energy for the phase 2 of the sample P-VE50 is about 88%; the energy dissipation processes 

include instabilities such as vertical fibrillation, fingering, and cavitation. As a result, this system 

is prone to experience cohesive failure and the extent of plastic deformation is also higher than 

that of other samples. The required energy for the phase 2 of the sample B-E12-VE50 is about 
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54%, which is much less than that of the sample P-VE50 (88%) and even lower than that of 

sample VE50 (58%).  The comparison between the relative amounts of energy dissipated in the 

crack propagation revealed that less energy is consumed in the separation of the graded adhesive 

structure than that of a simple viscoelastic film. This situation renders the detachment process 

to take place at the interface or at the adhesive mode of separation. Thus, the base micropillars 

inhibit the cohesive failure of the viscous film, leading to an adhesive material with higher 

structural integrity. To verify this analysis, we carefully examined the debonding using a side-

view and a bottom-view CCD camera.  Bottom view images confirmed that the mode of failure 

for the sample B-E12-VE50 is adhesive since there is no residue left on the probe. Although 

having a large elastic deformation, the adhesive layer had experienced no discernible 

plastic/permanent deformation. In contrast, intense bulk deformation and vertical fibrillation 

were developed during the separation process for the sample P-VE50. In addition, we observed 

cohesive failure for some of the samples. The following section shows the detailed evolution of 

the contact area and its deformation and instabilities during loading and unloading.  

 

Figure 3-8. The division of two phases during the debonding of the sample B-E12-VE50 under 0.5 mN 

preload. Phase 1: strain energy storage and crack initiation; Phase 2: crack propagation processes. Inset 

table lists the contributions of each phase in total energy dissipation during the debonding of the four 

adhesive structures. 
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 Evolution of adhesive contact area and separation instabilities 

The evolution of the adhesive contact and separation was observed and recorded by the 

bottom view camera showing a full indentation cycle on the samples B-E12, P-VE50, and B-

E12-VE50. The contact area during the loading was measured from the bottom view image as 

shown in the first column of Figure 3-9. In our experiments, the preload varied from 0.5mN to 

10mN. Dashed circles indicate the contact line at the preload point. Apparently, the sample B-

E12-VE50 always has the greatest contact area, suggesting this sample has the highest 

compliance, while the sample B-E12 has the smallest contact area. The contact area for samples 

VE50 and P-VE50 are roughly comparable to the one for the sample B-E12-VE50 under the 

preload of 0.5mN, but the difference between them starts to grow for higher preloads. Note that 

the contact area increased with preload and became even larger than the imaging frame for the 

viscous/elastic-pillar sample B-E12-VE50 under preloads higher than 4mN. The similar trends 

were observed for displacements δ at the preload.  Displacement at the preload is the largest for 

the sample B-E12-VE50 (≈ 14m for preload 0.5mN). Samples VE50 and P-VE50 have almost 

equal displacement at preload values (≈ 10m for preload 0.5mN), and the sample B-E12 under 

the same preload has considerably smaller value than that of other samples (≈ 6.8m). To a first 

approximation, the contact radius (a) is geometrically related to the depth of penetration or the 

displacement (δ ) by 𝑎 = √𝑅2 − (𝑅 − 𝛿)2, where R is the probe radius. It is assumed that there 

is no meniscus raise of the PDMS around the contact with the probe. We compared the estimated 

values with the experimental values determined from the bottom view image. The measured 

contact area is always larger than the calculated one by 1.2-1.3 times because of the viscoelastic 

nature of the materials. This method gives an estimate of the contact area for the graded 

structure B-E12-VE50 for preloads higher than 4mN. This method has been used by Paiva et al 

as well 150. 

Second column of Figure 3-9 shows the bottom view images of the contact at the pull-

off point; third column shows the bottom view images of the contact at an arbitrary point after 

pull-off. As expected, during the unloading, significant amount of fingering instabilities and 

undulations were developed for samples VE50, P-VE-50, and B-E12-VE50 but not for the elastic 

sample B-E12. Comparing the three viscoelastic samples, the extent of undulation for the sample 

B-E12-VE50 is more pronounced than the other two. The effective contact zone during the 

separation is indicated by dashed circles and defined as the area in which 1) the probe and 
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adhesive are fully in contact and 2) there is no trace of undulation. The effective contact zone 

is smaller for the sample B-E12-VE50 and the finger instabilities are more developed. In addition, 

the contact line has been located between the fibrils and not on top of them. The effective 

contact zone for the sample P-VE50 is remarkably larger than that of the sample B-E12-VE50. 

It means that the crack propagation is facilitated on top of the sample B-E12-VE50. As the 

retraction continues, the fingering instabilities of the sample B-E12-VE50 resemble that of the 

sample P-VE50. However, separation event for the sample P-VE50 takes much longer time than 

that of the sample B-E12-VE50. The fingers, and also vertical fibrils, on the flat control sample 

appear to be pinned while they tend to move easily for the new hybrid structure. This can be 

seen in the force-displacement curves in Figure 3-7 for the mentioned samples. While the 

retraction trail for the sample B-E12-VE50 shows only a slight slope change, it undergoes a huge 

strain hardening for the sample P-VE50. The fourth column shows the surface deformation left 

after the complete separation. The probe retraction from the sample VE50 induces a moderate 

trace of plastic deformation. Likewise, separation from the sample P-VE50 is occurring with a 

greater level of plastic deformation which is easily visible after breakage; in contrast, there is no 

discernible plastic deformation on sample B-E12-VE50. 
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Figure 3-9. Bottom view images of the contact at (i) preload point, (ii) pull-off point, (iii) an arbitrary 

point after the pull-off, and (iv) after indentation test for (a) sample VE50, (b) sample P-VE50, (c) 

sample B-E12, and (d) sample B-E12-VE50. The experiments have been performed under 0.5 mN 

preload. 

 Preload dependence behavior of BFGAs 

It has been previously reported that the adhesion and mechanical properties of 

homogenous flat samples, either elastic or viscoelastic, have a limited dependence on preload 151. 

Preload dependence becomes more important if the material has a graded nature. Functional 

graded materials have been shown to have variation of the mechanical properties along the 

depth from their surface. For instance, modulus of elasticity of the power law graded materials 

are known to vary with distance from the surface 152. Biomimetic fibrillar adhesives have been 

treated as the graded materials by Yao and Gao 153,154. The preload dependence of mechanical 

and adhesive properties of these adhesives has been well studied in the literature 50,155. 

Figure 3-10 shows the variation of the pull-off force with preload for the four adhesive 

structures. The pull-off forces for all samples increased as the preload increased. The functionally 

graded structure B-E12-VE50 has a much higher pull-off force and greater dependence on the 

preload than that of the other three. This significant preload dependency can be attributed to 

the presence of both micro-pillars and the top viscoelastic layer.   
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Figure 3-10. Variation of pull-off force vs preload for the four different samples indicating their 

preload dependence behaviors  

 Adhesion energy and compliance analysis of BFGAs 

While pull-off force is one of the most commonly used indicators of the surface adhesion, 

preload dependence of the pull-off force for biomimetic fibrillar structures make it difficult to 

use 155. For this reason, the work of adhesion can be calculated as a relatively universal value to 

indicate the adhesive properties of a material. In an indentation test, the work of adhesion is 

defined as the hysteresis or energy dissipation per change in the area of the contact.  The 

hysteresis is defined as the difference between the stored strain energy due to inter-surface 

attraction and loading, and the work required separating the contacting surfaces during the 

unloading.  

𝑈𝐻𝑦𝑠 = 𝑈1 + 𝑈2 = ∫ 𝐹𝑑𝛿
𝑑𝑚𝑎𝑥

0

+ ∫ 𝐹𝑑𝛿
𝑑

𝑑𝑚𝑎𝑥

= ∮𝐹𝑑𝛿                           (3 − 1) 

U1 is the strain energy stored in the system. U2 is the required energy to separate the 

probe from the surface, or open a crack at the interface. dmax is the displacement or depth of 

penetration of the probe at preload; d is the displacement of the failure point. For an entire 

indentation process, the contact area at the starting and the failure points are equal to zero and 

the total work of adhesion can be shown as: 
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𝑊𝑎𝑑ℎ =
𝑈ℎ𝑦𝑠

∆𝐴
=

∫ 𝐹𝑑𝛿
𝑑𝑚𝑎𝑥

0

𝐴𝑚𝑎𝑥 − 𝐴0
+

∫ 𝐹𝑑𝛿
𝑑

𝑑𝑚𝑎𝑥

𝐴𝑑 − 𝐴𝑚𝑎𝑥
=

∮𝐹𝑑𝛿

𝐴𝑚𝑎𝑥
                         (3 − 2) 

Since we have performed the indentation tests with different preload values, both the 

contact area at preload and hysteresis vary. Thus, the slope of the linear fit to the UHys vs A 

data provides the universal work of adhesion value. A similar reasoning has been used in 

reference 156 to obtain the work of adhesion for fully elastic systems. Figure 3-11 shows the 

variation of the hysteresis against preload and consequently contact area for the tested samples. 

It reveals an approximately linear relationship. Thus, the work of adhesion can be determined 

from the slop of the linear fitting lines. 

It is well known that the critical release energy rate is a multiplicative function of 

thermodynamic work of adhesion, or the quasi-equilibrium energy release rate at v ≈ 0 (ℊ0), and 

dissipation factors which are dependent on temperature and debonding velocity (𝜑(𝑇, 𝑣)), , i.e. 

ℊ = ℊ0(1 + 𝜑(𝑇, 𝑣)). It is believed that the thermodynamic work of adhesion does not 

significantly depend on the amount of cross-linking agent used in a polymer. Thus, in our 

experiments, the only origin of alteration in adhesion energy is related to the extent of 

irreversible energy dissipations. The energy release rate of a fully cured and purely elastic PDMS 

film estimated through JKR fitting was found about 0.07J/m2 which is greater than its 

thermodynamic work of adhesion  (≈ 0.044J/m2) 156. According to Figure 3-11, the work of 

adhesion for the elastic thin-film terminated micropillars (sample B-E12) is about 0.35 J/m2 

which is higher than that of a flat non-patterned elastic PDMS film. This value is very close to 

the value obtained for a similar structure in ref 156. This increase is attributed to the combination 

of mechanisms such as crack trapping and enhanced compliance. The work of adhesion for the 

viscoelastic film on the glass (sample VE50) is 0.77 J/m2 as a result of the more dissipative 

nature of the viscoelastic sample. The adhesion energy for sample P-VE50 is greater than VE50. 

Larger contact area and higher compliance of the backing material are the main reasons for this 

difference. Also, this leads to increment of the confinement ratio, rendering the separation 

process toward an unstable more dissipative event. Finally, the adhesion energy for the sample 

B-E12-VE50 is the highest. Even the values obtained by superimposing the work of adhesion for 

both pairs of (B-E12, VE50) and (B-E12, P-VE50) is lower than the work of adhesion obtained 

for the sample B-E12-VE50. This can be attributed to the synergistic effect of compliance of the 
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backing material and also the elasticity of the top layer on the total adhesive properties of the 

system. 

 

Figure 3-11. Plot of the hysteresis versus contact area for tested samples underwent different preloads 

during the indentation tests; slope of each line indicates the work of adhesion for each tested sample.  

Enhancement of compliance has been reported as one of the main advantages of the 

biological fibrillar adhesives 60,67,156,157. Enhanced compliance in such adhesive systems leads to 

increment of effective contact area and accordingly increase in effective surface forces during the 

interaction with mating surfaces. It has also been shown that the increase of compliance can 

amplify the adhesion hysteresis and energy 156. Nadermann et al investigated the effect of contact 

compliance on the performance and strength of biomimetic film-terminated structures143. They 

showed that the use of arrays of micro-fibrils underneath an elastic PDMS thin film increases 

the compliance of the interface.  Following this work, we hypothesize that the compliance of the 

biomimetic film-terminated structure can be further enhanced using a viscoelastic top layer. To 

ince they are the 

determining parameters for predicting the efficacy of an adhesive material.  

fitting/numerical results deviated from the experimental results, particularly for the samples 

with viscoelastic top layer at small preloads. In fact, surface interactions at low preloads caused 

a remarkable deformation of the surface and accordingly snap-in force, hindering the use of Hertz 

model to predict the correct effective Y
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interactions but it cannot be directly used for measurement of the elastic modulus of viscoelastic 

materials; modified JKR models have been developed for viscoelastic materials which involved 

complicated mathematical treatments 156,158 160.  Given the limitations of the Hertz and JKR 

models for the loading portion, we opted to use the unloading portion of the indentation cycle.  

-displacement 

curve and the Boussinesq definition of the compliance at the start of the unloading point were 

used, where the contact area is almost pinned and constant. This approach is essentially the 

same as the one which Oliver-

calculated from the unloading portion of the indentation cycle by relating the stiffness of the 

material (S = 1/C) to the pinned contact area at the vicinity of the unloading point and reduced 

161 163. One main aspect of the Oliver-Pharr theory is the approximation of the 

unknown contact area based on the indentation depth and total displacement. Furthermore, 

veracity of this theory for both non-polymeric materials undergoing plastic deformation and 

viscoelastic polymeric materials has been reported in ref 162. Since the contact areas for most of 

our samples are known, the use of the Oliver-

the similarity of our approach to theirs makes it reasonable to calculate the compliance at the 

starting point of the unloading indentation curve and the use of the Boussinesq definition.  

Herein, the compliance (C) for a fixed contact area is defined as the change in displacement per 

unit force (𝐶 =  𝑑𝛿 𝑑𝐹⁄ ). This value is obtained by finding the slope of the unloading curve at 

the point where the unloading starts. Figure 3-12 shows the load-displacement curves for 

indentation of sample B-E12 with different preloads. The similar graph can be obtained for other 

samples tested in this study. The unloading cycles in our experiments were linear for a 

remarkable range of retraction distance. This situation makes unnecessary the use of Oliver-

Pharr theory which is based on power law fitting to the unloading curve  161,162.  

the compliance with a constant contact area upon loading as follow 156: 

𝐶𝐵 =
1

2𝑎𝑌∗
=

1

2√𝐴
𝜋 𝑌∗

                                                           (3 − 3) 

In this equation a is the contact radius; Y* is the combined effective 

of substrate and probe that can be related to the elastic modulus of each side by the following 

equation: 
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1

𝑌∗
=

(1 − 𝜎1
2)

𝑌1
+

(1 − 𝜎2
2)

𝑌2
                                                  (3 − 4) 

, where  shows the Poisson ratio of each side of the interface. As our probe is fused silica the 

equation (3-4) reduces to the form of 
1

𝑌∗ =
(1−𝜎1

2)

𝑌1
. We also assume 𝜎 = 0.5.  

 

Figure 3-12. Force vs displacement curves of the sample B-E12 under different preloads ranging from 

0.5mN to 10mN. The slope of the unloading curve at the preload has been used to estimate the 

compliance. 

Figure 3-13(a-b). The compliance of the sample B-E12-VE50 is the highest and dramatically 

decreases as the preload increases at low preloads (< 3mN). The compliance of the samples B-

E12 is less and also dramatically decreases as the preload increases at low preloads (< 3mN). In 

contrast, the compliance of P-VE50 and VE50 are much lower and gradually decrease with 

preloads. At higher preloads (> 3mN), the contact compliance of the samples VE50 and P-VE50 

and B-E12 continued to gradually decrease. But for the sample B-E12-VE50, the compliance 

only slightly decreased for the preload between 3mN to 7mN and started to increase at higher 

by the equation 3-3. It is in -E12-

VE50 is in the same order of magnitude of a typical pressure sensitive adhesive as described by 

the Dahlquist criterion 164. It is also informative to notice that adding the micropillar to the sub-
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surface layer of the viscoelastic film reduced the effective modulus by 6 times to have a value of 

1.5 x105 Pa. This analysis confirmed that the biomimetic fibrils increase the contact compliance 

and verified that the viscoelastic top layer further increased the contact compliance. Note that 

-terminated fibrillar interfaces and arrays 

of simple micro-fibrils have been theoretically modelled  by Shen and Noderer et al 145,156.  

Assuming the additive contributions of each layer to the global structure of the graded adhesive, 

it might be interesting to apply these existing models to predict the contributions of each layer 

and the influence of structural parameters.  However, we have observed a significant interplay 

between the top viscous layer and the base micropillars as discussed in the following sections, 

which hinders the analysis of the whole structure using the existing analytical models and 

requires more detailed analytical and numerical studies. 

 

Figure 3-13. Variation of (a) the compliance and (b) elastic modulus versus preload  

 Synergetic interactions between surface fibrils and the viscoelastic top 

layers 

It is known that buckling of fibrillar structures can increase the compliance 156. Thus, we 

further investigated the possible bending and buckling of biomimetic fibrils at increased preloads.  

Figure 3-14 shows typical bottom-view images for the sample B-E12-VE50 at increased 

preloads. Examination of the recorded videos of the contact deformations revealed that the 

minimum preload for bending the pillars in the sample B-E12-VE50 is around 3mN. In contrast, 

a minimum preload of about 25mN is required to induce visible bending of the pillars in sample 
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B-E12. We approximated the weight of a 50m thin PDMS layer for a unit of area (≈ 0.5mN/m2). 

This result shows a negligible extra weight on top of the fibrils. Thus, there should be another 

mechanism causing the bending and buckling of the pillars than the extra weight induced by 

the viscoelastic top layer. This suggests the possible synergetic interactions between the fibrils 

and viscoelastic top layers.  

 

Figure 3-14. Bottom view images of the pillars in the sample B-E12-VE50 during an indentation test 

(a) no bending, (b) slight bending at preload of 3mN, and (c) full buckling at preload of 10mN.  

The enhanced compliance for the new-hybrid structure can be attributed to two 

mechanisms. First, because of the viscoelastic nature of the top layer, it deforms laterally on the 

surface under the preload, causing interfacial shear stress to the underlying elastic film. If the 

viscoelastic top layer is completely diffused into the elastic backing layer, it forms an interphase. 

Thus, the no-slip condition governs the interfacial shear stress. In such a case, the only possible 

reason for the facilitated bending of the pillars can be related to the deformation of the 

intermediate elastic film induced by Poissonian deformation of the viscoelastic top layer.  

The existence of a second scenario is possible as the elastic layer is fully cross-linked and 

the diffusion at the interface might be limited. It is known that there exists a slippage of the 

viscoelastic polymers confined between two substrates. This is the case even for compression of 

a polymer melt in a confined geometry that is chemically modified with the identical polymer. 

Although Brochard and de Gennes reported that the identical grafted chains on confining 

substrates can hinder the polymer slippage remarkably, in certain stress rates the conformation 

of the grafted chains shift from coiled  to stretched  , causing polymer slippage 165. In our 

experiments, a significant amount of shear slippage is expected at the interface between the 
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viscoelastic and elastic layers. This shear slippage can result in deformation of the elastic film 

laterally and consequently bending of the fibrils as illustrated in Figure 3-15.  

Moreover, the extent of the polymer slippage at the interface is affected by both 

thermomechanical properties of the polymer and surface properties of the substrate. The static 

and dynamic friction between the polymer and substrate hinders the slippage and flow of the 

viscoelastic material 166 168. But the softness of the polymer facilitates its slippage on the 

substrate. This idea is in accordance with Brown  that the interfacial shear stress 

and slippage strongly depends on the segment mobility on the slipping materials. Elastomers 

have greater segment mobility on their surface due to the presence of flexible polymer chains, 

while the glassy polymers are deemed as materials with immobile segment or less mobile chains. 

It has been shown that the slippage of the polymer surface is remarkably facilitated for the 

surfaces with greater segment mobility 169. The slippage results in the less adhesion force of a 

viscoelastic material laid on a substrate with higher segment mobility. The lower pull-off force 

and higher contact area for the sample P-VE50 comparing to that of the sample VE50 can be 

explained by this fact. For the graded adhesive structure B-E12-VE50, the presence of 

micropillars at the base of the sample may have increased surface mobility and the slippage, 

which in turn enhance the bending and buckling of the micropillars at low preloads. This 

synergetic interaction resulted in higher pull-off force and adhesive energy comparing to that of 

P-VE50. 

 

Figure 3-15. The interplay of the top viscous layer and base micropillar during the compression: the 

slippage of the viscoelastic polymer stretched the intermediate layer which subsequently induced the 

bending deformation of micropillars. 

Finally, it is worthwhile to look at the gecko and tree frog-inspired hybrid adhesive 

structure from the perspective of functionally graded materials and discuss the technical 

implications. There exists a myriad of natural substances having outstanding bulk resistance to 
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cracking, deformation, and damage, thanking to their micro-structured or porous-based 

gradations. Bamboos, bones, and plant stems are the common examples of such structures with 

the strongest elements located where the stress is the maximum 152. Particularly, the Humboldt 

osed of an extremely stiff beak embedded in a soft buccal envelop. When 

hydrated, the chemical gradient in the beak renders a gradient in stiffness ranging two orders of 

magnitude from the top to the base 170. It has been shown such gradients in chemical and 

mechanical properties of a structure are able to hamper the cracking, deformation, and damage 

through concentrating the stress to the joints between mechanically dissimilar materials 152,170. 

In the other words, the extent and mode of crack growth can be intensified or reduced across 

an interface by alteration of the elastic properties underneath the free surface of the material. 

Therefore, graded materials have attractive potentials as materials resistant to contact damage 

152. Contact mechanics study of both elastic and plastic graded materials has been facilitated by 

depth-sensing indentation 153,154,171 174. Gradient in the chemical, geometrical, and mechanical 

properties along the depth axis is also  believed to regulate the adhesion properties of materials 

172. Thus far, there is only a few theoretical studies on the mechanics of elastic graded materials 

considering adhesive contacts 154,172. Interestingly, bioinspired fibrillar structures can be treated 

as graded materials. For instance, Yao and Gao developed an interfacial crack model and showed 

propensity of the elastic bioinspired fibrillar adhesives, as graded materials, to increase adhesion 

robustness and flaw tolerance 175. While the domain of these investigations is limited to only 

elastic graded materials, there is an appeal to elaborate more about plastic or viscoelastic graded 

materials 152,173.   

The reported bio-inspired graded adhesive structures in this work composed of three 

components: an array of elastic micropillars at the base, a thin elastic intermediate layer and a 

viscoelastic top layer.  The biomimetic fibrillar interface functions as a spring foundation storing 

the elastic energy during the bonding. It dramatically increases the compliance of the system 

both before and after bending and buckling of the pillars.  The stored energy in the pillars can 

be retrieved during the separation which facilitates the crack propagation at interface instead of 

cohesive failure. The intermediate elastic layer facilitates integration of the viscous layer on top 

of the biomimetic fibrillar foundation and transfer the shear stress from the top to the base 

micropillars. The viscoelastic top layer dissipates a large amount of energy during the separation 

because of the bulk deformation and instabilities, which induced a shear stress at the interface 

and enhanced the bending and buckling of the fibril. This synergetic interaction among the three 
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components resulted in higher pull-off force and adhesive energy, higher compliance and 

resistance to cohesive failure. Other than the scientific insights obtained in this complex system, 

the introduction of the concept of functionally graded materials to the biomimetic adhesives 

may provide effective ways for the development of soft temporary adhesive materials for effective 

instance, the emerging soft electronic devices that are foldable and able to stick to biological 

tissues. 

3.4 Summary 

We made a bio-inspired graded adhesive structure composed of an array of elastic film-

terminated micropillars at the base and a thin viscoelastic film of the same material on top.  A 

systematic investigation of this bio-inspired graded adhesive structure was performed in 

comparison with three control adhesive materials: viscoelastic film coated on a glass substrate, 

viscoelastic film coated on a soft elastomer, and elastic film-terminated micropillars. Indentation 

measurements show that more energy is consumed in crack initiation and less energy is consumed 

in crack propagation during the separation of the functionally graded adhesive structure than 

that of a simple viscoelastic film. This facilitates the adhesive mode of separation (or inhibits 

the cohesive failure of the viscoelastic film) and leads to an adhesive material with higher 

structural integrity.  The evolutions of adhesive contact area and separation instabilities during 

the indentation were examined, revealing a large amount of fingering, cavitation and crack 

trapping phenomena. The preload effects on the adhesive pull-off force and work of adhesion 

were investigated along with energy and compliance analysis. These studies showed a remarkable 

increment of pull-off force, work of adhesion, and compliance. The significant compliance of the 

new structure was attributed to the effect of interfacial slippage on the bending and buckling of 

the fibrils underneath the viscoelastic layer. Accordingly, higher amount of energy dissipation 

was observed for such structure. Retrieving of the elastic energy stored in the fibrils underneath 

a viscoelastic layer facilitated the crack propagation resulting in the less bulk deformation during 

the separation for the graded structure when it is compared to that of the control samples.  

Overall, this work demonstrated that the synergetic combination of gecko-inspired micro-pillar 

structure with the viscoelastic top layer resulted in a functionally graded adhesive material 

delivering high adhesion, high compliance and resistance to cohesive failure.  
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Chapter 4 

Smart Muscle-Driven Self-Cleaning of Biomimetic Structures from 

Liquid Crystal Elastomers† 

 

 

 

 

 

 

                                         

 This chapter is partially reproduced from: Shahsavan, H., Salili, S. M., Jákli, A. & Zhao, B. Smart 

Muscle-Driven Self-Cleaning of Biomimetic Microstructures from Liquid Crystal Elastomers. Adv. Mater. 

27, 6828 6833 (2015).  
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4.1 Introduction 

For more than a decade, strong and smart climbing ability of geckos has been the subject 

of extensive research. Geckos can readily attach/detach their toe pads to/from almost any 

surface in fractions of a second repeatedly without any extra attempt for combing, thanks to 

their switchable adhesive, superhyrdrophobic and self-cleaning nature 45. From the anatomical 

point of view, both skin and muscles of gecko toe pads are engaged in creating this extremely 

efficient adhesion and self-cleaning ability. At the skin level, hierarchical micro- to nano-fibrils 

on gecko toes promote compliance, facilitate intimate contact and maximize omnipresent van 

der Waals interactions with mating surfaces 43,176. The fibrillar surface structures also bestow a 

remarkable anti-fouling property, so-called Lotus leaf effect 177. However, certain muscular 

motions such as adduction/abduction and rotation dictate the fast adhesion switchability 

between attachment and detachment 178. That is, the toe pads can attach to and detach from 

mating surfaces when extending forward and scrolling backward, respectively. Likewise, dynamic 

self-cleaning crucially depends on distal-to-proximal peeling motion induced by digital 

hyperextension of toe pads at detachment 179. In fact, reverse scrolling of the toes allow not only 

detachment from the mating surface with a trivial force 176,180, but also enough acceleration to 

dislodge dirt particles 179.  

To date, numerous types of synthetic dry fibrillar adhesives have been fabricated. Some 

are based on micro- or nano-pillars with different shapes bundled in single or multi levels and 

others are based on film-terminated or bridged micro-fibrils 1,46,51,52,54,55,57,181. The majority of the 

existing works address the requirements for strong and directional adhesion, super-

hydrophobicity and self-cleaning, but only for static and isolated structures. Also, a few studies 

focus on external control and switchable adhesive properties of isolated dry fibrillar adhesives. 

In this regard, much effort has been devoted to tuning the adhesion and wetting by altering the 

surface topography upon exposure to external cues such as heat, light, electric and magnetic 

fields. The outstanding examples are based on the use of MEMS 182, shape-memory polymers 

183,184 and alloys 185, responsive composites 186, and more recently, liquid crystal elastomers 

129,130,187,188. However, in contrast to synthetic adhesives, switchability of adhesion and self-

cleaning in natural gecko toe pads is essentially muscle-driven and the surface topography is 

rather constant. Only a few publications are inspired by the muscle-driven external control of 

adhesion and wetting by three-leg clamps, pneumatic soft grippers, and mechanical poking 
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96,101,189. Recently, Guo and coworkers reported their effort to electrically regulate dry fibrillar 

adhesion using shape shifting ion-exchange polymer-metal composites 190. However, their 

elaborate fabrication technique provides only low deformation amplitudes. None of these works 

allow a large range of remote control of adhesion and wetting. 

LCEs and LCNs are interesting examples of active materials deemed as artificial muscles 

with extends of elasticity and contractility 191. Benefiting from features of both rubbers and 

liquid crystals, LCEs possess reversible shape shifting characteristics. Their practical advantages 

compared to other responsive materials stem from their wide-range of mechanical properties 

(from soft LCEs to stiff glassy LCNs), larger actuation amplitude, and versatile sources of 

stimulation, such as heat, UV, and electrical fields. These make LCEs and LCNs outstanding 

candidates for use in different technological applications such as MEMS and responsive surfaces 

3,192,193. A great number of techniques have been published to study stimuli-responsive 

deformations of LCEs, ranging from simple bending actuators to accordion-like ribbons and 

sophisticated voxelated 3D structures 118,194,195. Microfabrication techniques have been employed 

to make various 2D and 3D micro-structures from LCEs and LCNs 11,187. However, active LCEs 

have never been utilized as a muscle prototype conjugated with biomimetic fibrillar structures. 

Use of micro-patterned LCE-based systems might have several advantages over other reported 

techniques such as less external perturbation due to their complete remotely controllable nature. 

Also, LCEs with different mechanical properties, modes and amplitude of deformation can be 

pre-designed based on the formulation of the system.   

In this chapter, reversible shape shifting characteristics of a hybrid aligned LCE has been 

exploited to mimic muscular motions of gecko toes. Integrative soft-lithography is used, for the 

first time, for micro-patterning of an active LCE layer. The proposed structure is made by 

integration of a splayed nematic side-chain LCE film, as the active backing material, and a 

passive micropillar layer from the same LCE material. This reduces the chemical mismatch at 

the interface and prevents delamination during deformation. By varying the thickness of the 

splayed LCE backing layer, different modes of deformations, such as bending and twisted 

bending could be achieved to mimic the motions of gecko toes. These results are potentially 

valuable for fabrication of switchable dry adhesives with dynamic self-cleaning properties.  
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4.2 Experimental 

 Synthesis of the LCE and fabrication of LCE micropillars 

Figure 4-1(a-b) show a schematic view of the fabrication process along with monomers 

used in our study. ITO-coated glass plates were cut into 2.5cm by 2.5cm squares. To render 

planar molecular alignment, glass slides were coated with 10nm PI-2550 (HD Micro Systems) 

layer, baked and rubbed with velvet cloth in one direction. To induce homeotropic surface 

anchoring, glass slides were coated with 10nm of an alignment polymer SE-1211 (Nissan 

Chemical Industries, Ltd) and baked without rubbing. Planar cells were assembled using two 

planar treated glass slides placed anti-parallel to each other. Splay cells were made by placing 

one planar treated and one homeotropic treated glass slides on top of each other. PET Mylar 

films were used as spacers between the glass slides to control the thickness, ranging from 65m 

to 288m. Paper clamps were used to sandwich spacers between glass slides.  

Monomer M1, 4-(6-Acryloxy-hex-1-yl-oxy)phenyl 4-(hexyloxy)benzoate (TNI=64) and 

monomer M2, 1,4-Bis[4-(6-acryloyloxyhexyloxy)benzoyloxy]-2-methylbenzene (TNI=113) were 

purchased from Synthon Chemicals and used as received. A mixture of monomer M1 as mono-

functional mesogen (87.12%wt), M2 as bi-functional mesogenic cross-linker (11.88%wt) and 

Irgacure®651 as photo-initiator (1%wt) was prepared. The mixture (TNI= 65) was melted to its 

isotropic phase at 95⁰C and injected into the capillary cells. The filled cells were cooled down 

(~1⁰ -55⁰C) followed by photo-initiated cross-

linking by 365nm UV light (Blak- -100AP/R) for 30 min. Then the cells were 

cleaved while LCE films were still attached to the planar glass slide. To study thermal-actuation 

of bare LCE films, freestanding films of 1.3mm length and 2mm width were cut and separated 

from glass using a razor blade. 

Arrays of micro-holes (15µm diameter, 68µm height and 30µm center-to-center spacing) 

were replicated from a Si wafer master mold with positive patterns by casting and curing of a 

liquid PDMS with 10%wt resin to cross-linking agent ratio (Sylgard 184, Dow Corning). Prior 

to the LCE micro-fabrication, PDMS molds were coated by gas phase deposition of self-

assembled monolayers of FDTS (heptadecafluoro- 1,1,2,2- tetra hydrodecyl) trichlorosilane, 

Gelest) to reduce sticking of the LCE micropillars during casting. PDMS master mold was 

attached to a glass substrate as a stiff backing material to control the thickness of the fabricated 
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structures. To ensure the uniformity of the micro-pillars in their sizes, 13 to 15mg of solid LCE 

precursor mixture was sandwiched between the PDMS mold, and previously prepared splayed 

LCE attached to the glass substrate using paper clamps. The whole assembly was heated up to 

the isotropic temperature (95⁰C) so as to melt the LCE precursor and fill the holes. Pressure 

produced by paper clamps squeezed excessive LCE precursor out of the film. After cooling to 

nematic temperature (~53-55⁰C) cross-linking took place for 30 min. Finally, the PDMS mold 

was peeled off gently and micro-patterned LCE films were used either attached to or detached 

from glass for further studies. Again, to reduce surface energy and increase hydrophobicity of 

the samples, the fabricated LCE micropillars were treated with FDTS. Geometrical features 

were characterized using a white light interferometer (Rtec Instruments, USA).  

 

Figure 4-1. The fabrication and characterization of the splayed LCE micro-pillars. (a) Schematic view 

of the fabrication process, (b) molecular structures of the mesogen and photo-initiator used in LCE 

precursor, (c) SEM and (d) optical interferometer images of the fabricated LCE micro-pillars 

 Contact angle measurements 

Sessile drop technique was used for contact angle measurements. A custom made 

apparatus was employed for this purpose.  Droplets of water and glycerol with volumes of about 

5μ L were deposited on the samples with the rate of 20mL/hr. At least four images of the liquid 

droplets deposited on the surfaces were analyzed to extract the contact angle at the three-phase 
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contact line. Thermo-responsive experiments were conducted on a heating stage to trigger 

deformation of the samples during the measurement. 

4.3 Results and Discussion 

 Fabrication and characterization bare and micro-textured LCN thin films 

LCE films with different thicknesses were fabricated via capillary filling of a glass cell 

followed by photo-polymerization at LCE precursor in the nematic phase (Step 1 to 3 in 

Figure 4-1). Differential Scanning Calorimetry (DSC) analysis of the LCE films showed a broad 

glass transition temperature (Tg) at around 20⁰C, similar to results reported in ref 137. The 

nematic isotropic phase transition temperature (TNI) of the type of LCE used here cannot be 

accurately determined similar to other types of LC diacrylates 196. However, the examination of 

the variation of birefringence with temperature shows the emergence of a plateau at about 

200⁰C, which might be interpreted as TNI (details in Appendix and Figure A-1). Birefringent 

values for LCE films with planar molecular alignment were more than twice that of splayed 

films, confirming successful hybrid alignment of mesogens 194. Arrays of PDMS micro-holes with 

15m diameter and 68m depths were used to cast LCE micro-pillars via conventional soft-

lithography technique (step 4). The hybrid LCE film were brought in contact with PDMS micro-

holes, which were formerly filled with the LCE precursor at the isotropic temperature, and 

bonding took place by photo-polymerization at the nematic temperature (step 5). Upon reaching 

the desired cross-linking time, the system was cooled down to room temperature and the PDMS 

mold was gently peeled from the LCE films anchored to a glass substrate. SEM and optical 

profiler images confirm perfect replication of the pattern onto the LCE film as shown in 

Figure 4-1(c-d). Geometrical characteristics of all fabricated samples are tabulated in 

Table 4-1.   

Our fabrication technique creates three distinct geometrical regions along the thickness 

of the whole structure as shown in Figure 4-1a. Given the initial thickness of the LCE backing 

layers, hb, and height of the micropillars, hp, the thickness of the LCE layer sandwiched between 

the pillars and the backing layer, hi, was estimated to be 10±2m for all samples. Unlike other 

reported techniques in the literature 129,187, preferential alignment of mesogens in micropillars 

was avoided to restrict the thermal actuation to only the LCE backing layer.  
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Table 4-1. Geometrical parameters and mode of deformation of different samples. hb and hi represent 

thickness of the LCE backing layer and intermediate LCE layer. hp represents height of the pillars. 

Sample hb (m) hp (m) hi (m) Mode of Deformation d/dT [mm-1-1] 

B-LCE-0 288±6 - - Bend 1.1×10-2 

B-LCE-1 188±4 - - Bend 2.1×10-2 

B-LCE-2 95±2 - - Bend 3×10-2 

B-LCE-3 65±4 - - Bend 3.8×10-2 

P-LCE-0 288±6 68±2 10±2 Bend 8.4×10-3 

P-LCE-1 188±4 68±2 10±2 Bend 1.4×10-2 

P-LCE-2 95±2 68±2 10±2 Twist-bend - 

P-LCE-3 65±4 68±2 10±2 Twist-bend - 

 

 Thermal deformation of the micro-textured LCN thin films 

The LCE films separated from the glass substrate were usually curled at room 

temperature due to residual stress built up during polymerization 197. The curvature  = 1/r 

(where r is the curvature radius) at room temperature is greater for thinner films of otherwise 

same LCE composition. The thermal deformations of one-end-fixed LCE films were monitored 

in a custom-built heating chamber equipped with a CCD camera and a stereo-microscope. The 

deformation is purely bending for bare samples, as shown in Figure 4-2(a-b). Samples B-LCE-

1 and B-LCE-2 become flat upon heating about 35 to 40ºC and then the sign of curvature 

reverses upon further heating until the isotropic phase is reached. This temperature-induced 

bending deformation of LCE film is due to the alignment dependent lateral expansion 

coefficients, which are different on the two sides for our hybrid LCE film 194. In our polyacrylates-

based LC networks, the majority of the covalent bonds are parallel to the director 196. Also, 

entropy-driven tendency of the chain segments between networks to adopt random coiled 

conformation is satisfied at increasing temperatures 120. Therefore, heating leads to a decrease of 

the order parameter and to contraction along (negative expansion coefficient) and expansion 

perpendicular to the molecular director (positive expansion coefficient). Accordingly, in a 

splayed structure, the homeotropic side gives a large in-plane 2D expansion, and the planar side 

undergoes small in-plane contraction along, and large expansion perpendicular to the molecular 



 

73 

 

director. The deformation is completely reversible for heating and cooling, with fairly small 

hysteresis. The thermal bending coefficients d/dT are found to be 2.1×10-2 mm-1 K-1 for B-LCE-

1 and 3×10-2 mm-1 K-1 for B-LCE-2. The magnitude of  these thermal deformations are an order 

of magnitude larger than results published by Mole and Broer (ca. 1×10-3mm-1K-1) for almost 

twice thinner LCE films thus showing greater aptitude for deformation at lower temperatures 

194. In the framework of 3D incompressible nonlinear elastic theory Sawa et al 198  and Warner et 

al 199 have derived that the curvature is inversely proportional to the thickness of the flat film 

𝜅 =Δ𝑆𝑑/ℎ𝑏 , where Δ𝑆𝑑 is the difference in distortional strains at the two sides of the film, 

which allows comparing curvatures of films with different thicknesses 198. 

 

 

Figure 4-2. Illustration of thermally-induced deformations of the studied LCE films. (a) Variation of 

curvature vs temperature for bare splayed LCE films; (b) bending deformation of sample B-LCE-1 and 

B-LCE-2; (c) bending deformation of sample P-LCE-1; (d) twist-bending deformation of sample P-LCE-

2; (e) High-magnification side-view of the micro-pillars of the bending P- LCE-1 film 
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Micro-patterning of the splayed LCE films has a remarkable impact on their mode of 

deformation. P-LCE-0 and P-LCE-1, where ℎ𝑏 ≫ ℎ𝑖+ℎ𝑝, shows only bending, but with a reduced 

thermal bending coefficient (8.4×10-3, 1.4×10-2 mm-1 K-1) as compared to B-LCE-0 and B-LCE-

1 with the same hb. This is because the micro-pillared layer does not contribute to the bending, 

so the curvature induced by the hybrid layer should be reduced by a factor 𝜇 = ℎ𝑏/ℎ𝑡𝑜𝑡𝑎𝑙 , which 

in comparison with B-LCE-1 and P-LCE-1 would be  ~ 0.7, which is close to the observed 

1.4/2.1=0.67 icrotextured layer is 

comparable to that of the continuous layers.  

Interestingly, for P-LCE-2 and P-LCE-3, where ℎ𝑏~ℎ𝑖+ℎ𝑝, the combination of twist and 

bend occurs leading to a spiral structure. This is significant, as it shows that varying the ratio 

of the thicknesses of the bend-inducing hb and the bend-inactive hi+hp, one can prepare micro-

patterned LCE films with deformations ranging from various strength of pure bend to twist-

bend, resembling to the muscular motions of gecko toe pads. The appearance of the twist in 

addition to the bend is similar in nature to the transition from helicoidal to spiral ribbons of 

twisted nematic LCEs 197. The underlying physical mechanism leading to the spiral structure is 

the mismatch between layers of the laminated composite, as described theoretically by Chen et 

al 200. Such a mismatch is probably induced by a small pretilt on the homeotropic surface of the 

hybrid layer that makes an arbitrary azimuth angle with respect to the planar surface. Detailed 

study of the alignment inside the micropillars and the intermediate LCE layer is described in 

Appendix A. When the bending energy Eb stored in the hybrid backing layer is large enough, 

the mismatch is not able to lead to twist. It is known that 𝐸𝑏 =
𝑌ℎ𝑏

3𝑙𝑏

24𝑟2(1−𝜎2)
, where Y is the 

l and b are the length and width,  is the Poisson ratio and r is 

the curvature radius 201.  Since the curvature radius is proportional to the thickness, the bending 

energy can be approximated as 𝐸𝑏 ≈
𝑌ℎ𝑏𝑙𝑏

24(1−𝜎2)
. (

ℎ𝑏

ℎ𝑡𝑜𝑡𝑎𝑙
)
2
, which increases with hb, thus explaining 

qualitatively the appearance of the twist when hb<<htotal.  Summary of thermally-induced 

deformations of samples P-LCE-1 and P-LCE-2 are illustrated in Figure 4-2(c-e). 

 Dynamic self-cleaning properties of the micro-textured LCN thin films 

Wetting properties of the LCE microstructures were studied using the sessile drop 

technique on LCE structures kept at constant (room) temperature (passive sample) and while 

being heated from bottom (active sample). Figure 4-3a shows a drop of water on a flat LCE 
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film. Contact angle (CA) is slightly higher on the homeotropic side than the planar side. 

However, both values are still larger than 90⁰ showing moderate hydrophobic behavior of the 

LCE film. When the flat surfaces were tilted the water droplet did not slide even when they 

were turned upside down. This was also the case for the glycerol droplet, as shown in 

Figure 4-3b.  

 

Figure 4-3. Side view images of small droplets on horizontal flat surfaces of passive LCE films. (a) 

Water droplet; (b) Glycerol droplet; (i) on homeotropic side (ii) on planar side, (iii) on micro-patterned 

side, and (iv) on a SAM coated micro-patterned splayed LCE film 

It is well-known that micro-patterning often results in hydro-or oleo-phobicity of 

materials 202. As anticipated, micro-patterning of the flat splay LCE films led to a remarkable 

increment of CA for both water and glycerol, as seen in Figure 4-3 (iii). The increment became 

more pronounced for samples coated by a self-assembled mono-layer (SAM) of 

Perfluorodecyltrichlorosilane (FDTS). The sliding angle (SA) decreased to 48⁰ and 26⁰ for water 

and glycerol, respectively. It is worth noting that both liquids left no trace after sliding on the 

micro-patterned samples indicating non-adhesive nature of liquid-solid contact, similar to Cassie-

Baxter regime, at the interface. We also noticed that deliberate manipulation of the experimental 

conditions such as pressing on the droplet, external vibration, or increasing the size of the droplet 

may trigger the transition from non-adhesive to adhesive contact (Wenzel state). Thus, we 

speculate that our experiments are in the metastable Cassie regime. In accordance with our 

observations, it is believed that micro-patterning of materials with moderate hydrophobicity 

(CA ≈ 90⁰) encourages liquid-solid contact in a metastable Cassie regime 203.   

To demonstrate the self-cleaning ability of the fabricated samples, both the bare and 

micro-patterned samples were contaminated by glass micro-beads with diameters ranging from 

10m to 400m. Contaminated samples were first put onto an analog vortex mixer (Fisher 
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Scientific), set to the medium speed, to mechanically shake off the dirt particles in dry state. 

ImageJ and a custom developed program were used to calculate the surface coverage by particles. 

Surface coverage by contaminant particles were reduced from 56% to 22% for the flat samples 

and from 54% to 0.8% for the micro-patterned samples (Figure 4-4(a-b) ii). The dusted 

samples were then rinsed with DI water. Less hydrophobicity of the flat sample causes clustering 

of micro-spheres and their adhesion to the surface (Figure 4-4a iii). In contrast, the micro-

patterned sample is remarkably cleaner than the flat sample with only some small particles 

trapped between the pillars (Figure 4-4b iii). Note that the self-cleaning ability of a micro-

patterned surface depends on both the size of contaminant elements and microstructures as 

particles smaller than the stem diameter and spacing between the micro-fibrils may be trapped 

204. 

 

Figure 4-4. Optical microscopy of contaminated samples; (a) bare LCE and (b) micro-patterned LCE; 

(i) right after contamination, (ii) after mechanical agitation, and (iii) after rinsing with water 

Stimuli-responsive properties of LCE samples create a great potential for remote 

harvesting of their dynamic self-cleaning features. To examine this idea, a droplet of glycerol 

was poised onto the free standing films of both bare and micro-patterned LCEs. Measurements 

on active surfaces were conducted only on glycerol that has a boiling point of 290°C to avoid 

evaporation of the liquid droplet during heating 130. Due to the absence of any preferential 

alignment inside the micropillars, no remarkable change in the shape, size and contact angle of 

the passive micropillars was anticipated at varying temperatures. To determine the possible 

effects of temperature on the shape, size and contact angle of the passive micropillars, white 

light interferometry and contact angle measurements were conducted at different temperatures 

ranging from room temperature to 105⁰C.  A heat-stage was used to control the temperature 
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during the surface topography and contact angle measurements. Figure 4-5a shows the top 

view image of a scanned area of 1mm2 measured at 25⁰C. Figure 4-5b shows the surface profiles 

at 25⁰C and four elevated temperatures (45⁰C -105⁰C) for the micropillars under the yellow line 

in Figure 4-5a.  Apparently, the variation of temperature has a minimal effect on the size of 

the micro-pillars. Additional contact angle measurements at different temperatures were 

performed, showing negligible effects of he  

 

Figure 4-5. (a) Top view image of an arbitrary spot on passive micropillars under an optical 

profilometer, (b) detailed surface profile of the micropillars measured at different temperatures along the 

yellow line drawn in (a). 

Moreover, we anticipated that heating from the bottom can induce bending deformation 

to the splayed LCE film backing the passive micropillars. As shown in Figure 4-6a, glycerol 

droplet sticks to the surface of the bare sample and does not slide off the surface even at high 

temperatures and curvatures. On the contrary, glycerol droplet finds the shortest path for sliding 

off the micro-patterned LCE when the thermally-induced curvature reaches the sliding angle 

(21⁰±3) (Figure 4-6b). Samples contaminated as described above were also studied here to 

demonstrate thermally induced curvature-driven self-cleaning ability. As can be seen in 

Figure 4-6c, micro-particles are attracted to glycerol droplets, which clean their pathways 

during sliding.  
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Figure 4-6. Side view images of a glycerol droplet on active splayed LCE surfaces. (a) Bare SAM 

coated film; (b) SAM coated micro-patterned film; (c) dynamic wet self-cleaning characteristic and dust 

adsorption by sliding droplet on a SAM coated micro-patterned splayed LCE film.   

4.4 Summary 

We used integrative soft-lithography of a hybrid aligned LCE to produce muscle-driven 

actuation of micro-fibrillar structures. Our fabrication technique enabled the LCE to have 

different modes of temperature-driven deformation. As a key feature of gecko inspired structures, 

dynamic self-cleaning properties of the LCEs have been investigated. It is shown that self-

cleaning properties of such structures can be remotely exploited when triggered by an external 

stimulation. Results in this communication can be a stepping stone for development of new 

generation of dry fibrillar adhesives with more resemblance to actual gecko toe pads that can be 

remotely controlled. Although only thermo-responsive LCEs are used in our work, a great 

number of external cues such as UV, electrical field and humidity can be used to emulate similar 

deformation and function. 
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Chapter 5 
Thermally Active Liquid Crystal Network Gripper Mimicking the 

Self-Peeling of Gecko Toe Pads †  

 

 

 

 

 

 

 

                                         

 This chapter is partially reproduced from: Shahsavan, H., Salili, S. M., Jákli, A. and Zhao, B., Thermally 

Active Liquid Crystal Network Gripper Mimicking the Self-Peeling of Gecko Toe Pads. Adv. Mater. 29, 

(3) 1604021 (2017). 
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5.1 Introduction 

Climbing ability of geckos is mainly attributed to their adhesive toe pads which are 

embroidered with hierarchical hair-like structures. Such surface structures promote compliance, 

facilitate intimate contact, and maximize omnipresent van der Waals interactions with mating 

surfaces 45,47. It is known toes play important roles in 

regulation of adhesion during their locomotion. In attachment, two diagonally opposite toes are 

attached and pull i

detached. In a configuration known as Y-configuration, gecko applies both normal and lateral 

forces to push and drag the setae array against the mating surfaces 47,180,208,209. During 

detachment, setae arrays are arranged in a critical angle to facilitate releasing of toe pads. Toes 

curl and scroll upward and away from the surface to rapidly reduce the high adhesion/friction 

using the setal shaft acting as the lever for perpendicular peeling off the spatulae from the 

substrates 2. The back-scrolling motion and self-peeling of the toes at any instant during 

detachment concentrates the detachment force only on a small portion of all attached setae 45. 

The back-scrolling motion is not only important for releasing, but also for self-cleaning, as 

contamination can be shed twice as fast when this motion is used 179.  

Development of gecko-inspired adhesives is now a well-established field of research as a 

result of numerus reports published in the past two decades 46,49,210,211. These structures usually 

are based on simple micro/nanopillars that are terminated by flaps 212 or thin films 1,213, and are 

bundled in either single or multiple levels 53. Despite of the great achievements in fabrication of 

isolated and static fibrillar structures, active control of adhesion by mimicking smart and 

switchable properties of gecko toe pads still remains a challenge. Toward this end, one approach 

is based on gecko-inspired structures with tunable surface topography upon exposure to external 

cues, such as heat, light, or magnetic fields 89,138,183,186. Second approach is based on directionality 

of dry fibrillar adhesives. Using this approach, shear induced grip and release and buckling-based 

release were employed in industrial and manipulation systems 98,214, or slanted micropillars were 

exploited for transfer printing 95. The other approach is based on self-peeling and back-scrolling 

mechanism of gecko toe pads, which is practically used in a limited number of applications such 

as releasing phase of robotic locomotion mechanism 215. Despite of the accomplishments in 
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mimicking the anisotropic mechanism of frictional adhesion of gecko toes during the gripping, 

the muscle-driven detachment mechanism, which is based on back-scrolling of gecko toes, has 

not been fully exploited and reproduced. This is important as the climbing dynamics and self-

cleaning of the gecko toes is crucially dependent on this mechanism 216. The resultant releasing 

capabilities can also have direct implication in other technologies such as pick and place handling 

of delicate objects and transfer printing. 

Cross-linked networks of liquid crystal polymers (LCNs) with different level of cross-

linking have been used as bending actuators, accordion-like ribbons, sophisticated voxellated 3D 

structures 4,118,195, and in applications, such as microfluidics, micro-electro-mechanical systems 

(MEMS), adaptive surfaces, and even transportation of 3D objects 126,137,188,217. Also, remote 

control and manipulation of  adhesion, friction, surface undulations and wetting of LCN 

micropillars have been subject of interest in a few reports 18,89,92,129. However, potential application 

of LCNs for regulation of adhesion by stimuli responsive back-scrolling and self-peeling, 

resembling to the motion of gecko toe pads, has not been addressed well in the literature. In the 

only report recently published by us, dynamic self-cleaning was demonstrated by temperature-

controlled deformations of micro-textured LCNs 18.  

In this chapter, we report the integration of gecko-inspired adhesives to a hybrid nematic 

side-chain LCN cantilevers so as to design a multi-legged gecko gripper having thermally-induced 

self-peeling capacity. We also fabricate a prototype of the gecko gripper to handle (pick and 

place) thin delicate objects by determining the optimum mechanical strength of the LCN and 

the maximum size of the adhesive patch.  

5.2 Experimental 

 Fabrication and synthesis procedures 

Arrays of PDMS micro-pillars (50µm diameter, 150µm height and 100µm center-to-

center spacing) were replicated from a Si wafer master mold with negative patterns by casting 

and curing of a liquid PDMS with 100:10 resin to cross-linking agent ratio (Sylgard 184, Dow 

Corning). The dipping method developed in ref 1,56 was used to fabricate thin film-terminated 

pillars (as sown in Figure 5-1a). A thin layer of liquid PDMS with the same resin-to-curing 

agent ratio was spun on a low surface energy microscope glass slide, and the fabricated 

micropillar arrays were placed upside-down on top of it. The entire system was placed in the 
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oven at 120°C for 1 hour, and the cured sample was peeled off gently from the substrate. 

Thickness of the terminal films, which was varied from 8μm to 24μm, measured by weighting the 

samples and confirmed by optical interferometry. The fabricated Geometrical features were 

characterized using a white light interferometer (Rtec Instruments, USA), digital microscope 

(DinoCapture from Dino-lite) and SEM. 

Splay cells were made from two ITO-coated glass slides; one with planar and the other 

with homeotropic surface anchoring. Details of the cell preparation procedure has been described 

elsewhere 18. The capillary cells were filled with molten mixtures of mesogenic monomers M1 

and M2 (as shown in Figure 5-1b) with different weight ratios of M2 ranging from 12% to 75% 

at their isotropic temperatures. Monomer M1 is a mono-acrylate molecule, 4-(6-Acryloxy-hex-1-

yloxy)phenyl 4-(hexyloxy)benzoate (TNI=64), and M2 is a di-acrylate molecule, 1,4-Bis[4-(6-

acryloyloxyhexyloxy)benzoyloxy]-2-methylbenzene (TNI=113). Photopolymerization of the 

mixtures was triggered by Irgacure®651 photo-initiator, and carried out in the nematic phase 

(~53-55⁰C) of the mixtures using 365nm UV light (Black- -100AP/R) for 30 min. 

The resultant LCN thin films were cut into rectangular cantilevers with different sizes. 

 

 Figure 5-1. (a) Schematic view of the fabrication pathway including the three key steps of soft-

lithography and microinking, which are followed by coating of a viscoelastic layer on top of the elastic 

film-terminated micropillars; (b) Schematic view of the fabrication process and molecular structures of 

the mesogen and photoinitiator used in LCE precursors. 
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PDMS adhesive patches cannot readily be attached to the LCNs by a piece of acrylic 

double-sided tape due to the low adhesion at the interface between the acrylic tape and the 

PDMS. To enhance the interfacial adhesion or bonding, a paper sheet was used as an 

intermediate layer to adhere the LCN to the PDMS.  For this, a piece of paper was adhered to 

one side of the acrylic tape. Then, a small amount of the liquid PDMS precursor was poured on 

the paper side. Finally fabricated film-terminated fibrillar adhesives were laminated on the liquid 

PDMS and the whole system was placed in the vacuum oven at 120⁰C for 2 hours. Once cured, 

the second side of the acrylic tape was attached to the LCN film which was formerly cut into 

rectangular cantilevers. 

For preparation of magnetic patch Iron micro-particles with 99% purity and 70 mesh 

size (< 212m from Acros Organics, USA) was mixed with liquid PDMS precursor (100:10 wt% 

resin to cross-linking agent) with 25% weight ratio. The mixture was degassed with vacuum for 

10min and then poured on a silicon wafer. A 1T electromagnet was put underneath the silicon 

wafer in order to align the iron particles. The whole assembly was placed in the oven and mixture 

was cured at 120⁰C for 1 hr. A circular magnetic patch with 1 inch diameter was then used for 

the measurement of magnetic stress. The magnetic attraction force was determined indirectly 

by measuring the required force for pulling-off the magnetic patch attached to the electromagnet 

to an aluminum SEM stab with 

1 inch diameter and the stab was connected to a string. The string was hanged on a hook that 

was clamped to a load cell of the universal material tester (UMT from Bruker, USA). The 

electromagnet was secured at the bottom stage. The magnetic patch was brought into contact 

500m/s retraction speed. The load vs. time was recorded during the experiment as can be seen 

in Figure 5-2. The magnetic stress was calculated by dividing the maximum pull-off force by 

the area of the patch and found to be ~7.6 kPa. 
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Figure 5-2. Magnetic pull-off force vs. time. The peak amplitude indicates the maximum force required 

to separate the magnetic patch from a 1  

 Characterization procedures 

A custom-made micro-indenter assembled on top of an inverted optical microscope was 

used to measure the adhesive properties of all samples. Indentation was carried out by a 6mm 

diameter hemispher

-cell (GSO-10, Transducer Techniques). The loading 

velocity in indentation tests was maintained at 1μm/s for all of the samples and the unloading 

velocity was varied from 1μm/s to 160μm/s.  

The moduli of freestanding LCN films were measured using a Pyris Dynamic Mechanical 

Analyzer (Q800) with thin film clamp in tension mode. Temperature sweep tests were performed 

with 15m amplitude and 1Hz frequency from 30⁰C to 150⁰C with the heating/cooling rate of 

2⁰C/min. A Pyris Thermal Mechanical Analyzer was used to determine the thermotropic 

behavior of the LCN thin films. A static force of 50mN was employed during temperature sweep 

tests with 5⁰C/min heating rate.  

The blocked force of the LCN cantilevers was measured using a stainless steel cantilever 

beam connected to a force transducer (FVL-0830, UMT from CETR, USA) while the whole 

arrangement was kept in a heating chamber.  The tips of the LCN beams were fixed by a 



 

85 

 

2mm×2mm copper sheet glued to a cylindrical (1mm diameter) steel shaft connected to the 

cantilever beam, as shown in Figure 5-3a. Then, the blocked forces with zero tip deflection at 

different temperatures were recorded by a load transducer. The free displacement/deflection was 

measured by heating the LCN cantilever beams in a custom-build chamber equipped with a 

stereo-microscope and a CCD camera as shown in Figure 5-3b. ImageJ software was used to 

analyze the cantilever deformation images and calculate the radius of curvature. The overall tip 

displacement was measured by the arc length (s) of a circular profile that was projected on to 

the pathway of the cantilever during deformation. Sample calculation steps and pertinent 

trigonometric correlations are demonstrated in the Figure 5-3c. 
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Figure 5-3. (a) Schematic of the blocked force measurement setup; (b) schematic of the free 

displacement measurement setup; (c) graphical illustration of the deformation arc length calculation and 

(d) variation of free displacement and blocked force with temperature 

5.3 Results and Discussion 

 Design of a multi-legged gecko-inspired LCN gripper 

Physical appearance of the gecko toes in gripping and releasing mode are shown in 

Figure 5-4(a-b). The schematics of the developed multi-legged gripper and the proposed 

mechanism of pick-and-place are illustrated in Figure 5-4(c-f). Each leg is made by a hybrid 

aligned (splay deformation) LCN cantilever fixed at one end, and a film-terminated fibrillar 

adhesive patch attached to the other end. The thickness of the LCN cantilevers is fixed at 

188±4m and they are made of mixtures of mesogenic material (M1) with various cross-linking 

contents (M2). Two types of film-terminated fibrillar adhesive structures of PDMS, fully elastic 

(E-FT) and with a viscoelastic top-coat (VE-FT), will be used as adhesive patches. Figure 5-4d 

shows SEM image taken from the sample E-FT. In our design, the gripping of lightweight thin 

and flat objects such as a silicon wafer can be achieved through normal preloading of the adhesive 

patch to the substrate. Due to the flexibility of the LCN cantilever and lightness of the adhesive 

assembly, natural downward curvature of the LCN did not provide adequate preload stress 

during approaching. For this reason, we attached small magnetic patches to the upper side of 

cantilevers as shown in Figure 5-4e; in this way, preload stress can be provided via attractive 
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magnetic field created by an electromagnet underneath the sample. Releasing was triggered by 

the temperature-driven bending of the LCN cantilever that caused peeling off the adhesive patch, 

as can be seen in Figure 5-4(f-g).   

 

Figure 5-4. Optical images of gecko toes (a) fully extended in gripping and (b) back-scrolled in 

releasing modes; (c) schematic view of the designed multi-legged LCN-based gripper with (d) 

biomimetic film-terminated fibrillar adhesives; proposed mechanism of (e) gripping facilitated by an 

electromagnet and (f) releasing induced by thermal deformation of hybrid LCN cantilevers; (g) 

mechanism of shape change in a nematic hybrid LCN during nematic  isotropic transition which is 

along with expansion on the homeotropic side and contraction on the planar side.   
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There are some basic criteria that should be met to enable the gripping and releasing. 

For gripping, the magnetic field should be sufficient to impose necessary preload; the adhesive 

strength of the adhesive patches need be high enough to bear the gravitational force acting on 

the lifted object; the LCN cantilevers must be resilient enough to retain their structural integrity 

when bearing the weight of the lifted objects. For releasing, the LCN cantilever output bending 

force must be high enough to overcome the adhesion of the patches and the deformation must 

be large enough to create sufficient momentum to develop crack front during the peeling. We 

expect higher load bearing and bending forces but smaller bending amplitude from stiffer LCN 

cantilevers since high force output and high amplitude are mutually exclusive due to limited 

output work density of the actuators. The output work density (the work generated by the 

bending actuators divided by their volume) is �̅�~(
1

2
)𝑌. 휀2, where Y 

 is the strain 218. Due to deterministic nature of the work of adhesion, LCN output work density 

and the adhesive patch size are indeed only design parameters of interest in this work. 

 Thermo-mechanical properties of the LCN cantilevers 

The mechanical properties of free-standing LCN cantilevers with different compositions 

modulus of the LCN at room temperature increases from 30 MPa to 1.5GPa when the M2 

content increases from 12 wt% to 75 wt%. Side-view images of thermal deformation of LCN 

cantilevers fixed at one end with different M2 contents are shown in Figure 5-5a. The curvature 

(𝜅 = 1 𝑟⁄ ), where r is the radius of curvature, was measured by fitting the bent LCN to a circular 

profile using ImageJ software. The temperature dependences of the curvature measured during 

cooling with different cross-linking contents are plotted in Figure 5-5b. The magnitude of 

thermal deformation (𝜕𝜅 𝜕𝑇⁄ ) decreases with increasing M2 content.  
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Figure 5-5. (a) Side-view images of hybrid LCN cantilevers with different content of cross-linking 

mesogen subjected to thermal deformation (photos are taken during the cooling); (b) variation of 

curvature with temperature 

 In order to calculate the output work density of the LCN cantilevers, both free tip 

displacement and blocked force (the maximum force generated at the free tip of LCN cantilever 

when it is fixed) need to be known. Therefore, two separate sets of experiments, similar to 

methods developed in 219,220 , were performed to measure the blocked force and free tip 

displacement. In the arrangement shown in Figure 5-3a the free tip of the LCN beam was fixed 

by a stainless steel cantilever to block the thermal deformation. The maximum force at the LCN 

cantilever tip, Fmax, was measured and recorded by a force transducer during heating. The free 

tip displacement, max, is defined by the LCN cantilever tip deflection during thermal deformation 

without any constraint and was measured visually at different temperatures using a CCD 

camera, as shown in Figure 5-3b. Note that unidirectional tip deflection cannot be used due 

to extremely large deformation of the LCN cantilevers. Instead, the free tip displacement was 

approximated by the arc length on the trajectory of thermally induced tip deflection that was 

projected on a virtual circle. Details of free displacement measurement and calculation are 

illustrated Figure 5-3c.  

Samples with 12% and 25% M2 content did not show sensible blocked force in the 

arranged setup. Therefore, LCN samples with 50%wt M2 content were chosen for the rest of 

studies. As both Fmax and max are temperature-dependent, the Fmax, vs max curves must be plotted 

for characterization of the system at corresponding temperatures. As shown in Figure 5-3d for 
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1.3mm×2mm×0.188mm size LCN cantilevers, in first approximation, both Fmax, and max vary 

linearly with temperature 221,222.  Figure 5-6 shows variation of blocked force vs free 

displacement at different temperatures. The area under Fmax, vs max curves represent the 

maximum mechanical work output that LCN cantilever provides. The work density of the 

cantilevers at each temperature is shown at the inset of Figure 5-6. It shows that the slope of 

the temperature dependence of the energy density is increasing with temperature and the values 

are similar to the output work density obtained for materials with similar chemistry 223 . 

 

Figure 5-6. Blocked force versus free displacement for an LCN cantilever with 13×2×0.188 mm3 size 

at different temperatures. The inset shows the variation of output energy density with temperature. 

Y, length of l, width of b and 

thickness h is related to the curvature  as: 𝐸𝑏 =
𝑌𝜅2ℎ3𝑙𝑏

24(1−𝜎2)
 where  is the Poisson ratio of the 

LCN strip. Accordingly, LCN can generate greater 

work for peeling off the adhesive patch during the releasing. However, deformation of the stiffer 

LCN cantilevers takes place at higher temperatures and requires more thermal energy input. 

This will adversely influence the efficiency of the gripper and limits its applicability in transport 

of objects at lower temperatures. It is worth noting that the theoretical output work density of 

bending LCN actuators is usually obtained from room temperature modulus and the strain as 

�̅� =
1

2
𝑌. 휀2 . Assuming a symmetric linear strain profile along the thickness, one can estimate 

the strain difference between top and bottom of the cantilever with respect to straight unbent 
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position as ∆휀 = 𝜅ℎ. Using definition of energy in linear elasticity, theoretical energy density can 

�̅� =

1

24

𝜅2ℎ2

(1−𝜎2)
𝑌  and also can be estimated from the measured Fmax and max by 1 (𝑙𝑏ℎ)⁄ ∫ 𝐹𝑚𝑎𝑥𝑑𝛿

𝛿𝑚𝑎𝑥

0
. 

Those results are tabulated in Table 5-1. Results show that there is an increasing discrepancy 

between experimental and theoretical values of the output energy density at increasing 

temperatures.  This is likely due to softening of the LCN cantilevers in higher temperature as 

seen in DMA results. That is, the softer they become the less output work they provide due to 

lower elastic modulus.  Furthermore, the theoretical values are valid only for small deformations, 

which is not the case, especially at increasing temperatures. Systematic study on theoretical 

prediction of output energy density and elastic modulus will be the scope of our future work.  

Table 5-1. Variation of theoretical and experimental output work density with temperature 

Temperature 
[⁰C] 

Work Density 
(experimental) 

[kJ/m3] 

Work Density 
(theoretical) 

[kJ/m3] 

38 0.19 0.45 

47 0.45 1.1 

55 0.92 25 

64 1.7 70.1 

73 2.6 110 

82 3.9 129 

91 5.6 181 

99 8.4 229 

 Adhesive properties of the biomimetic adhesive patches 

Physical properties of film-terminated fibrillar adhesives have been extensively 

investigated in other works 1,56,146,157,213. Previous studies showed that the adhesion enhances when 

the thickness of the elastic terminal layer decreases and the thickness of the viscoelastic topcoat 

increases 1,56,157,213,224. Based on our previous results, the optimum thickness of the elastic terminal 

layer and the viscoelastic topcoat were set at 10 and 50m, respectively 1. 

Force vs displacement and variation of the pull-off force against preload for E-FT and 

VE-FT were compared to the bare control PDMS sample (E-B) and results are plotted in 
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Figure 5-7(a-b), respectively. Except for E-FT, a pronounced snap-in force is observed when 

the indentation probe approaches the surface of E-B and V-FT because of the intermolecular 

surface forces. Upon contact between the probe and the samples, the contact area forms and 

expands as applying increasing normal compressive loads (i.e., preload). B-E and VE-FT have 

the highest and the lowest contact area and slope of the loading portion. This is due to 

remarkable increment in surface compliance for the functionally graded adhesive.  Comparison 

of the loading portion of the force-displacement curves for E-FT and VE-FT reveals that the 

micropillar arrays in VE-FT experience the buckling at much lower preloads. This phenomenon 

leads to drastic enhancement of compliance associated with slippage/shear of the viscoelastic 

topcoat and generates higher pull-off force 1 . The unloading portion of the force vs. displacement 

curves was linear for a remarkable range of retraction distance before reaching the pull-off point, 

where the tensile adhesive force is the highest. The debonding for both E-B and E-FT is rapid, 

but with several small zigzag steps for the E-FT, suggesting the presence of crack trapping 

mechanism during the separation. The debonding process of the VE-FT sample is smooth but 

with a slope change before separation as a result of dissipative bulk deformation processes such 

as fibrillation, cavitation and other instabilities, which are thoroughly elaborated in our previous 

reports 1,56. Both E-FT and VE-FT have remarkably greater pull-off force and hysteresis than 

that of E-B. In contrast to the bare elastic control sample, both E-FT and VE-FT show notable 

preload dependence. The preload dependence is much more pronounced for the VE-FT and was 

shown in previous studies to level-off at higher preloads 1,56.  

-o

-off and preload forces by 

their corresponding contact area. The results are tabulated in the Table 5-2. 
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Figure 5-7. (a) Load vs. displacement curves for the indentation of a hemispherical probe on different 

adhesive samples, elastic bare PDMS (E-B), elastic film-terminated fibrillar adhesive (E-FT), and 

viscoelastic film-terminated fibrillar adhesive (VE-FT); (b) variation of pull-off force with preload 
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Table 5-2. Variation of pull-off stress vs preload stress for different adhesive structures 

Sample 
Preload Force 

 (mN) 

Preload Stress  

(kPa) 

Pull-Off Force 

 (mN) 

Pull-Off Stress 

(kPa) 

E-FT 

1 5.5 2.7 14.5 

2.5 12.2 3.8 18.8 

5 17.9 5.7 26.6 

7.5 22.6 6.3 27.9 

10 24.2 6.9 28.9 

VE-FT 

1 1.7 5.9 17.7 

2.5 3.3 8.2 21.7 

5 4.8 13.4 26.3 

7.5 5.8 17.7 30.9 

10 6.1 20.5 32.6 

 

The adhesion energies for E-FT and VE-FT were measured by calculating the area 

between the loading and unloading curves in an indentation cycle. Then the overall work of 

adhesion (Wadh) was measured from the slope of the adhesion energy against maximum contact 

area as shown in Figure 5-8. The work of adhesion for both VE-FT (1.49 J/m2) and E-FT 

(0.49 J/m2) are remarkably greater than that of E-B (0.07 J/m2), which was previously obtained 

by JKR 1. This indicates that both VE-FT and E-FT can be used as reusable biomimetic 

adhesives for the purpose of the pick-and-place.   
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Figure 5-8. Variation of adhesion energy with the maximum contact area at preload for determination 

of overall work of adhesion 

 Development of gecko-inspired LCN gripper  

The maximum magnetic stress that an electromagnet with a magnetic field of 1T 

provides the maximum preload stress of ~7 kPa. This preload stress is corresponding to pull-off 

stress of ~35 kPa for VE-FT and ~16 kPa E-FT (Table S1). To silicon 

wafer with mass of ~9 g, the minimum required size for the VE-FT and E-FT adhesive patches 

will be ~2.8 mm2and ~6.4 mm2, respectively. Practical imperfections such as misalignment and 

non-constant or inadequate preload stress necessitates use of larger adhesive patches to 

guarantee secure transfer of delicate objects. However, the maximum size of the adhesive patch 

is limited to the output bending work of LCN cantilevers so they are able to propagate the crack 

at the adhesive interface for efficient releasing. Knowing the LCN work output vs temperature 

and overall work of adhesion for the VE-FT and E-FT, the maximum size of the adhesive patch 

that can self-peel via the bending of LCN cantilevers can be calculated at different temperatures 

from 𝐸𝑏 = 𝑊𝑎𝑑ℎ. 𝐴𝑚𝑎𝑥
𝑃 . The maximum size of the adhesive patches of E-FT and VE-FT that an 

LCN cantilever with 13×2×0.188 mm3 size can peel off from a smooth flat substrate at 100⁰C 

were obtained 84 and 28 mm2, respectively.  
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It is worth noting that both the work of adhesion and the bending energy of LCN depend 

on the surface temperature. Higher surface temperature could heat up the LCN faster, causing 

the larger and faster bending of LCN, which could in turn increase self-peeling speed of LCN 

(see the supporting information for additional details). Hence, temperature/rate-dependent 

dynamic effects are involved in our system. The rate-dependent behavior of fibrillar adhesives 

are well studied in the literature 57,101,225 228. It has been found that the speed of crack propagation 

increases as the retraction rate (i.e. the peeling rate in our case) increases, giving higher strain 

energy release rate or adhesive force.  

For this reason, two sets of experiments were conducted to examine the rate of LCN 

deformation at different surface temperatures and the influence of delamination rate on the 

adhesion. Due to the practical limitations, measurement of the adhesion force and rate of LCN 

deformation at different temperatures at the same time is not viable. We first conducted a series 

of experiments to calculate the maximum rate of deformation in the testing geometry of our 

system. A single LCN cantilever was attached to the gripper central clamp and the whole 

assembly was approached towards a preheated hot stage. A magnetic and an adhesive patch 

were attached to the free end of the LCN cantilever to mimic the real loading condition during 

the gripping/releasing experiments. The radius of curvature and location of the LCN free end 

before and after contact with the hot stage were recorded using a side-view camera. The heating 

stage was preset to different temperatures ranging from 80⁰C to 140⁰C. Then, the average LCN 

deformation speed was calculated by dividing the length of the tip deflection vector to the time. 

Results show that the higher the heating stage temperature is, the faster LCN cantilever can 

deform (0.4 mm/s to 1.8mm/s). In a crude approximation, these values can be deemed as upper 

limits of the retraction speed at different hot stage temperatures (see Figure 5-9a).  In a 

separate set of experiments, the adhesion force of the VE-FT adhesive patch was measured by 

indentation at different retraction speeds from 0.001 mm/s to 2 mm/s. As can be seen in 

Figure 5-9b, higher unloading velocities result in higher adhesive pull-off forces. Similar 

behavior has been observed in other reports in the literature 57,226 228.  
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Figure 5-9. Experimental set-up for measurement and calculation method of the LCN deformation 

speed; (b) load-displacement graphs for indentation on VE-FT adhesive sample with different retraction 

velocities ranging from 0.001 mm/s to 2mm/s. 

As indentation tests show, that the adhesive pull-off force of our adhesives increased 

with the retraction speed. This rate-dependent dynamic adhesion force should be taken into 

account in design and compensated for easy detachment. A similar case has been reported by 

Song and Sitti, where mushroom shaped micropillars on a soft inflatable membrane were used 

as a soft gripper for transferring of 3D objects. Due to viscoelastic dissipations, increment of the 

retraction speed during the unloading of adhered objects resulted in higher adhesion force. To 

compensate for these additional forces, they used higher inflated length or curvature during 

releasing 101. Herein, in a similar strategy, larger curvature of LCN cantilevers caused by the 

higher surface temperature (Figure 5-5) can spontaneously compensate for the excessive 

adhesion forces arising from dynamic viscoelastic effect.  Even though the complex dynamic 

effects involved in our system have yet to be elucidated in future work, they are not expected 

to change the estimated maximum size of the adhesive patches much.  Indeed, our experiments 

showed that the LCN adhesive pads designed using the parameters obtained at a constant 

temperature and speed can effectively release adhesion by the surface temperature-induced self-

peeling of LCN, even though the adhesion force would be greater at higher temperature. 

A prototype multi-legged gripper was made as shown in Figure 5-10(a-b). 
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at least three legs. Our design is composed of eight LCN cantilevers, which are fixed at one end 

to an aluminum holder cylinder and attached to biomimetic fibrillar adhesive patches on the 

other end.  The sizes of the adhesive patches were between minimum and maximum values 

calculated in the previous section (8-10mm2 for each cantilever). Magnetic patches of identical 

size are glued on the top of the adhesive patches to facilitate preloading by attractive magnetic 

stress. According to Figure 5-10(c-h), gripping takes place by simple magnetic preloading and 

actuation of the LCN cantilevers toward the surface of the Si wafer using an electromagnet. 

Upon gripping, the electromagnet is turned off and the gripper cylinder is pulled upward to lift 

the object. After certain length of lateral movement, the gripper approaches toward the surface 

of a hot stage. Finally, in a mechanism similar to gecko toes back-scrolling, the releasing is 

rendered by self-peeling of the adhesive patches due to the bending deformation of hybrid LCN 

cantilevers. The side-view and bottom-view of a single cantilever with adhesive patch in contact 

with a transparent heating stage confirmed that the delamination of the adhesive patch is in 

the peeling mode and the peeling front develops from the cantilever tip towards the center of 

the gripper.   

In contrast, experiments were performed with non-patterned adhesive patches, showing 

very low gripping ability of the elastic non-patterned adhesives and very difficult releasing of 

the non-patterned adhesives with viscoelastic topcoats. As reported in the literature and our 

previous work, gecko-like patterned adhesive patches have remarkably higher adhesion 

coefficients (´= Fpull-off/Fpreload) than their non-patterned counterparts,  meaning that lower 

preloads are required to achieve higher pull-off forces, which is particularly beneficial for the 

gripping. On the other hand surface microstructures alleviates the debonding instabilities of the 

viscous topcoats to avoid the cohesive failure of the adhesive during detachment 1,57.  
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Figure 5-10. A multi-legged gripper (a-b) for pick-an-place automation, when it approaches toward the 

silicon wafer on an electromagnet stage (c). Normal gripping is facilitated by the magnetic field (d), and 

the silicon wafer is lifted when the electromagnet is in 

up by approaching the silicon wafer towards the hot stage and thermal bending deformation facilitates 

release (f); finally the griper retracts back (h); variation of curvature with temperature after 50 cycles of 

heating and cooling for free and loaded cantilevers (i). 

The performance of such assembly and its applicability in industrial manipulation 

systems crucially depends on durability of both adhesive structures and LCN cantilevers. Plastic 

distortion of the LCN cantilevers during repeating cycles of heating and cooling is identified as 

of the potential factors affecting the maximum deformation amplitude and durability. Bending 

deformation at two loading regimes of 1) peeling off from the substrate and 2) after peeling 

might cause plastic distortions. During the peeling, the load on the cantilever can be 

approximated by the pull-off force of the adhesion patch to be ~12.5mN for the VE-FT. After 

peeling, the load on LCN can be approximated by weight of the adhesive and magnetic patches 

to be ~0.7mN. Thermal deformations of both free and loaded LCN cantilevers were examined in 

tests with multiple cycles, and results are shown in Figure 5-10i. We used a glass bead with 

weight of 0.7 mN to simulate the loaded deformation after peeling. Apparently, the magnitude 

of thermal deformation for free LCN cantilevers remains constant even after 50 cycles as shown 

in Figure 5-10i(left-side). For LCN cantilever loaded with ~0.7mN, there is a small drift in the 

second cycle. Thereafter, the magnitude of thermal deformation remains almost constant even 
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after 50 cycles as shown in Figure 5-10i(right-side). Similarly, thermal cycling of the loaded 

cantilevers with ~12.5mN in very low deformation range showed repeatable peeling behavior 

and only a slight plastic distortion.  

To examine the reusability of gripper, the multiple adhesion measurements on a single 

spot of adhesive pads (E-FT and VE-FT) samples were performed. As shown in Figure 5-11, 

the adhesion force of the E-FT sample was not deteriorated up to 30 repeats. Whilst, the 

adhesion force for the VE-FT started to decay from the beginning and reached to the 70% of its 

original value after 30 times repetition. Multiple gripping/releasing of a silicon wafer was also 

performed; they successfully repeated over 20 times with a gripper equipped with E-FT and VE-

FT adhesive patches. Afterwards, the gripper with the viscoelastic topcoat (VE-FT) started to 

lose performance, most likely, due to the plastic deformation of the topcoat and absorbing surface 

contamination. Thus, potential use of fully elastic fibrillar adhesives but with better adhesion 

performance, e.g. mushroom shaped fibrils, can help to ensure good reusability.   

 

Figure 5-11. Variation of the pull-off force retention percentage vs. number of tests been ran on a 

single spot 

Our results also show remarkable load bearing capability of the tested LCNs, which is equivalent 

to carrying loads up to 100 times of their own weight (0.125mN), within their range of 

deformation. The outstanding deformability (i.e. displacement/length) of LCNs shown in this 
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report and elsewhere 229, places them next to phase transition activated nanolayer bimorphs of 

Si/VO2 218, polymer-CNT composite actuators and superior to the shape memory alloys (SMA), 

thermal expansion, and piezoelectric actuators 112. Thus, the Gecko-inspired self-peeling releasing 

mechanism shown in this work can be implemented in development of novel micromanipulation 

systems without requiring sophisticated feedback control systems. Although only one type of 

thermoresponsive polyacrylate LCN system was tested here, variation of the molecular structure 

of the LCN cantilevers can create a great range of output energy densities up to 3000 kJ/m3) 

110. The attainable adhesion forces can be modulated by altering physical and geometrical 

properties of the adhesive pads.  

5.4 Summary 

To summarize, in this work the back-scrolling and self-peeling mechanism of gecko 

locomotion was mimicked using a LCN cantilever topped with a film-terminated fibrillar 

adhesive so as to make an effective gecko gripper. Output energy density of the LCN cantilevers 

along with their level of deformation was investigated by varying the level of network cross-

linking. It is shown that LCN with moderate level of cross-linking provides sufficient output 

work to detach film-terminated adhesive patches from flat and smooth surfaces. The size of the 

adhesive patch is estimated from the LCN output work and work of adhesion. Self-peeling 

mechanism of the proposed structures was employed in pick and place handling of flat and 

smooth 2D objects. Results in this work can be deemed as a proof-of-concept for implementation 

of gecko-inspired back-scrolling mechanism for development of switchable adhesives as soft 

grippers. Further, combination of high energy density and large deformation suggests that LCNs 

are good candidates for effective load bearing and large actuation. Future works will be focused 

on theoretical studies on the self-peeling mechanism of dry fibrillar adhesives backed with active 

materials and optimization of deformable materials mechanical performance using different 

groups of active materials.  
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Chapter 6                                                                                       

Concluding Remarks and Recommendations 

6.1 Concluding Remarks 

The main objective of this thesis research was to develop a remotely controlled, 

 Emulation of 

functional and switchable adhesive system of gecko toe pads has been proposed and utilized as 

a novel approach to realize this objective. It is well-documented that there are two elements 

central for repeatable attachment/detachment cycles of a gecko toe during its locomotion. The 

first key element is the multi-level hierarchical hair-like structures that cover the toe skin. 

Robust, flaw-tolerant and directional adhesion along with self-cleaning features of gecko adhesive 

toe pads are attributed to this element. The second key element is  muscular motions 

by which the interaction of the toes with mating surfaces is regulated. Easy detachment through 

peeling and dynamic self-cleaning of the gecko adhesive system are attributed to this element. 

Accordingly, three research steps were carried out to fabricate a similar synthetic system. In the 

first step of the research, film-terminated and functional adhesive structures with enhanced 

cohesive properties were fabricated to mimic the gecko toes  skin topography and adhesive 

behavior. In the second step of the research, artificial muscles based on LCE and LCN materials 

were developed to mimic the muscular motions of the gecko toes. In the third step, the research 

findings of the previous two steps were integrated to develop a unit assembly to emulate the 

smart functionality of a gecko toe during an attachment/detachment cycle. Furthermore, a 

potential technological application of this assembly was demonstrated for the transportation of 

delicate and fragile objects. The concluding remarks and some scientific and practical insights 

acquired from each step of this research are listed below. 

 A new class of biomimetic graded and functional adhesive structure is proposed and 

developed, showing a remarkable increment of the adhesion pull-off force, work of 

adhesion, and compliance.  

 High adhesive strength of the newly proposed adhesive is resulted from both the viscous 

effect of the topcoat and crack trapping mechanism of the elastic intermediate layer, 

which causes drastic energy dissipation during detachment. 
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 High cohesive strength of the newly proposed adhesive is resulted from retrieving the 

elastic strain energy stored in micropillars during the loading, which facilitates crack 

propagation on the viscous layer during unloading.  

 The significant compliance of the new structure is attributed to the effect of interfacial 

slippage on the bending and buckling of the fibrils underneath the viscoelastic layer. 

 Integrative soft-lithography of a hybrid aligned LCE was employed to produce adhesive 

assemblies to enable the stimulus-responsive actuation of micro-fibrillar structures.  

 Different thermal modes of deformation (bending and twisted-bending) of the LCEs can 

be pre-determined and obtained by adjusting the ratio between thicknesses of the LCE 

backing layer and the height of the micro-pillars.  

 External stimulation (heating) of the micro-textured splay LCE films are exploited for 

the remote control of self-cleaning properties in a mechanism similar to digital 

hyperextension of the gecko toes.  

 The output energy density and level of deformation of the LCN cantilevers crucially 

depend on their mechanical strength and level of cross-linking.  

 Judicious selection of cross-linking level ensures sufficient output energy and strain for 

the LCN adhesive pad so that they can be used to make a gecko toe pad-like soft gripper. 

 Due to inherent constraints in choosing material properties, the size of the adhesive 

patch is introduced as another design factor that should be taken into account.  

 Combination of high energy density and large deformation suggests that LCNs are good 

candidates for effective load bearing and large actuation.  

 The major drawback of this technique is the softening of the LCN materials at high 

temperatures which cause deterioration of the mechanical strength and drop of the 

output energy density. Hence, optimization of materials mechanical properties seems to 

be an indispensable task if this technology is to compete with other existing ones such 

as dielectric elastomer (DE) artificial muscles.   

6.2 Challenges and Recommendations 

The research results in this project demonstrated the successful integration of LCN 

materials to functionally graded biomimetic adhesives so as to mimic the responsive nature (i.e. 

the switchable adhesion property) of gecko adhesive toes. Nevertheless, it is necessary to achieve 

an optimal performance for the proposed assembly so it can be utilized in technological 
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applications. There are the challenges of combining these two class of materials as resolved in 

the project; there are also other challenges associated with both LCN materials and adhesives, 

which should be addressed. This section briefly recapitulate these challenges and suggest 

potential solutions that might be helpful for future studies. 

The first challenge is related to the performance of the film-terminated fibrillar adhesives. 

It is known that elastic film-terminated fibrillar structures of a material can enhance adhesion. 

However, the adhesion force of film-terminated structures from such polymers as PDMS and 

polyurethane is not strong enough to fulfill requirements of the majority of practical applications. 

That was the main motivation behind addition of a viscoelastic topcoat that was reported in 

the chapter four. Although effective in enhancing adhesion force and energy, addition of a 

viscoelastic topcoat limits the extent of reusability of these adhesives. With regard to this 

problem, mushroom-shaped fibrillar surfaces, as the most effective dry adhesives reported in the 

literature 211, can be the geometry of choice. In fact, rational design of an interface embroidered 

with mushroom-shaped pillars can boost the adhesion force, reusability, and directionality 46,214. 

Alternative dry adhesives, that are not fibrillar, can also be exploited in our assembly as the 

adhesive patch. Use of non-patterned but very compliant assemblies is reported as an alternative 

approach for manufacturing of dry adhesives with drastically enhanced adhesion force 230. Similar 

strategy has been recently taken by the author of this dissertation for enhancement of the 

adhesion by use of film-terminated foam-based structures from PDMS 231.   

The second challenge is related to poor mechanical properties, slow 

response time and limited control over the stimulation technique. On the one hand, lightly cross-

linked LCEs with low Tg are very delicate and soft and generate low output work density, which 

limits their use in applications requiring high load bearing. On the other hand, heavily cross-

linked LCNs with higher Tg are very brittle and require higher temperatures for actuation. Usual 

approaches to induce entropic disorder and accordingly actuation in LCEs are based on heating 

and exposure to solvents. These approaches suffer from long response time due to their 

dependency on the heat and mass transfer of the system. Also, local and remote stimulation of 

the LCE materials without affecting the surrounding is very difficult. Addition of dopants, 

chemicals and nanoparticles might mitigate these challenges 232.   

Different approaches have been introduced in the literature to tackle the above-

mentioned problems for the use of LCEs/LCNs. The most common technique is based upon 
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inducing the disorder in the network of a LCE/LCN material by photo-isomerization of photo-

chromophores that are doped into the network. Derivatives of azobenzene are the most common 

additives which are usually in form of mesogenic and rod-like molecules. Upon exposure to 

360nm UV light, they undergo cis-trans isomerization so the network order diminishes upon 

bending of the rod-like mesogens during isomerization. The intensity and extent of isomerization 

crucially depends on the penetration depth of light. As the exposure is usually is heterogeneous 

and directional, only chromophores closer to surface will experience isomerization. Thus, most 

dominant mode of deformation is bending. It takes longer times and more intense lights to have 

a uniform contraction/expansion throughout the material 15,131,233. 

The other strategy is based on the use of ferroelectric mesogens, e.g. bent-core liquid 

crystals, as dopants of reactants. For instance, main-chain ferroelectric chiral smectic C LCEs 

234 and side-chain bent-core liquid crystal elastomers 235 show remarkably short response times. 

However, the extremely strong electrical field required to induce a very slight strain is the 

shortcoming of these systems 232. Other approaches are based on resistive heating (Joule heating) 

by use of surface coatings 236,237 or embedded wires 238. Usually mechanical mismatch between 

the LCE material and surface coating and internal wires leads to frustration of mechanical 

response and eventually cracking at the interface of dissimilar materials 232.    

Last but not least, addition of the nanoparticles is shown as another possible technique 

to manipulate the properties of the LCE/LCN matrix. Due to the higher surface to volume ratio 

of the nanoparticles, their impact on the whole matrix is more pronounced. They might enhance 

the response time and give a better control over the stimulation techniques. Similar to other 

polymer/nanoparticle composites, the overall mechanical properties of the matrix can be 

improved by judicious selection of particles and the amount used 232. Both carbon-based and 

non-carbon nanoparticles are used for manipulation of LCE properties. Dispersion of carbon 

black below percolation threshold is used for resistive heating 239. CNT/LCE composites are 

synthesized and actuated with either broad spectrum light (e.g. IR) or electrical fields 217,240. 

Non-carbon particles such as Fe3O4 are utilized for magnetic actuation of the LCE composites 

241. Hence, addition of nanoparticles to address the above-mentioned shortcoming appears to be 

rational and promising.     
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Appendix 

Birefringence experiments and measurement of alignment and 

pretilt angle of mesogens in PDMS-LCE confined systems 

Birefringence experiments 

The phase differences of the planar and splayed LCE film, 𝜑 = 2𝜋∆𝑛𝑒𝑓𝑓𝑑/𝜆, (∆𝑛𝑒𝑓𝑓 is 

the effective birefringence of the sample) were measured by a technique described in 205,206. As 

can be seen in Figure A-1, ∆𝑛𝑒𝑓𝑓 of the planar-alignment cell is more than twice of a hybrid-

alignment cell. 

 

Figure A-1. Variation of birefringence of a planar and a splayed LCE film against temperature. 

Measurement of alignment and pretilt angle of mesogens in PDMS-LCE confined 

systems 

The alignments in the intermediate layer and in the pillars were measured by a polarized 

optical microscope (POM) equipped with a photodetector and a PolScope. For this, LCE 

precursor was injected into three different cells of 10m gap, corresponding to the actual 

thickness of the intermediate layer. The first cell made up of two glass slides, one coated with a 

thin layer of PDMS and the other coated with a homeotropic alignment agent, SE-1211 (Nissan 

Chemical Industries, Ltd), was used to determine the anchoring energy of the PDMS.  To 

determine the anchoring energy of the homeotropic LCE, a second cell was made by two glass 
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slides, one coated with a homeotropic LCE and the other with SE-1211 (Nissan Chemical 

Industries, Ltd). To show the actual director orientation across the intermediate layer, a third 

cell was made of two glass slides, one coated with a homeotropic LCE, and the other with a thin 

PDMS layer.  

Polarized optical microscopic studies showed that PDMS promotes homeotropic 

alignment with no pretilt with respect to the substrate normal. However, we found that the 

homeotropic side of the backing LCE film has a pretilt angle. This leads to a pretilt at the 

bottom of the intermediate LCE film, which continuously decreased until the homeotropic 

alignment was achieved at the PDMS surface. The tilt angle center in the center (hi/2) of the 

third cell was calculated from the known ordinary and extraordinary refractive indices of the 

material 207, and from the effective birefringence neff. This was obtained from the transmitted 

intensity of light (I) under monochromatic (λ = 660 nm) illumination with the optical axis of 

the sample positioned 45° from the two crossed polarizers, using the following equations: 

𝐼 = 𝐼0 sin2 (
𝜋∆𝑛𝑒𝑓𝑓ℎ𝑖

𝜆
) 

cos2 𝜃𝑐𝑒𝑛𝑡𝑒𝑟 =
𝑛0

2

𝑛𝑒
2 − 𝑛0

2 [
𝑛𝑒

2

(Δ𝑛𝑒𝑓𝑓 + 𝑛0)
2 − 1] 

It was found that 𝜃𝑐𝑒𝑛𝑡𝑒𝑟 = 8°. Assuming a linear change of the pretilt angle starting 

from at the PDMS surface, the pretilt angle at the other side of the intermediate LCE film 

is estimated to be 𝜃𝑝𝑟𝑒𝑡𝑖𝑙𝑡 = 16°. To determine the alignment inside the PDMS pillars, we 

injected the LCE precursor at its nematic temperature into a cell composed of an array PDMS 

microholes on one side and a homeotropic treated glass on the other side. POM and PoleScope 

studies showed zero pretilt at the PDMS surface inside and around the holes (Figure A-2). 

However, the alignment of the mesogens varies when we moved along the radius of the holes to 

their center. This behavior was consistent with an escape to the third dimension configuration 

102. Such a configuration is illustrated in Figure A-3. 
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Figure A-2. (a) crossed polarized optical microscopic image of the LCE precursor squeezed between an 

array of PDMS micro-holes and a homeotropic treated glass; (b) pole-scope image showing homeotropic 

alignment of mesogens around and on -homeotropic alignment inside the holes. 

 

Figure A-3. Sketch of proposed LC director orientation along the thickness of the fabricated structure. 

 

 

 

 

 


