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Abstract 
Directionality or anisotropy is one of the benchmark properties of gecko adhesion, 

allowing geckos to adhere strongly to a surface and detach easily with little effort. 

Geckos achieve anisotropy by means of intricate micro-nano hierarchical structures on 

its feet, which is very difficult to mimic in synthetic versions. This work demonstrates 

that directionality can be induced on otherwise isotropic mushroom shaped fibers 

simply by incorporating a defect on the edges of the cap surface in a 2-step 

photolithography process, thus taking advantage of what is usually considered as an 

undesirable effect. A hypothesis based on linear beam theory is presented to explain the 

phenomena of defect-dependent adhesion of cylindrical fibers, and the hypothesis is 

confirmed with finite element analysis on mushroom shaped fibers and empirical data. 

The adhesion strength and directionality of the fibers were found to depend on the 

shape, position and size of the defect which could be tailored based on the application 

of the adhesive. 

Synthetic dry adhesives are commonly manufactured by a casting method using 

thermoset polymers such as polydimethylsiloxane (PDMS) and polyurethane, a 

procedure which has drawbacks such as long processing times, requirement of a 

vacuum, and relatively expensive base materials. Styrene-ethylene/butylene-styrene 

(SEBS) thermoplastic elastomer is introduced in this work as an alternative material for 

the manufacturing of mushroom-shaped adhesive fibers. Surface contamination tests 

using X-ray Photoelectron Spectroscopy (XPS) reveals that the SEBS thermoplastic 

elastomers are less likely to transfer oligomers upon contact with a die surface 

compared to polydimethylsiloxane (PDMS) and polyurethane, thus rendering this 
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material more suitable for sensitive gecko adhesive applications such as MEMS pick and 

place. With a comparable adhesion strength, along with the added advantages of much 

faster manufacturing using thermo-compression molding, scalability, less expensive and 

non-toxic raw materials, thermoplastic elastomers appear to be better suited for large 

scale manufacturing of these bio-mimetic adhesives.  
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1. Gecko-inspired anisotropic 
adhesive 

 

1.1 Introduction to gecko adhesion 

The remarkable ability of a Gecko to climb up and down on almost all types of surfaces 

has perplexed researchers for decades. They can run at speeds over 1m/s on both dry 

and wet surfaces of different roughness and of different materials, except Teflon [1]. 

Not only do the gecko feet provides for strong attachment with minimal preload, thus 

preventing it from falling off while climbing a vertical or inverted surface, it also allows 

the feet to detach easily with almost no effort, thus accounting for the agility of gecko. 

The adhesion provided by gecko feet can theoretically support 10 times the weight of a 

gecko. Other benchmark properties of geckos include self-cleaning, non-self-adhering 

and non-stickiness by default [1]. In comparison, pressure sensitive adhesives (PSA) such 

as a duct tape degrade, gets dirty, self-adheres, etc. All the above-mentioned abilities of 

the gecko motivated scientists to investigate its locomotion in detail and consequently 

take a closer look at its foot structure which is responsible for providing geckos with all 

these abilities.  

1.2. Gecko attachment: van der Waals force or Capillary force? 

Early research considered several hypotheses for the gecko adhesion mechanism which 

included sticky secretions, suction, static electricity, interlocking, friction, etc. all of 

which were ruled out by 1969 after independent researches [1] . The debate continued 

regarding whether capillary force or van der Waals was dominant for gecko adhesion. 
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van der Waals forces are attractions between electrically neutral molecules and are 

much weaker than covalent or ionic bonds. They result from the interactions between 

dipoles of neighboring molecules. The dipoles could be instantaneous due to the 

instantaneous positions of the electrons in a molecule, or permanent arising from the 

electronegativity difference between atoms in a bond. An instantaneous dipole could 

induce a dipole in the neighboring molecule and the resulting attraction between two 

temporary dipoles is known as London Dispersion Force. Similarly, a permanent dipole 

could induce an instantaneous dipole in a nearby molecule and the resultant permanent 

dipole-instantaneous dipole interaction force is known as Debye force. The force 

between two permanent dipoles is known as Keesom force. Hydrogen bonds are very 

strong permanent dipole- permanent dipole attractive forces and are present between 

polar molecules where hydrogen is bonded with a highly electronegative atom like 

nitrogen, oxygen or fluorine. The dipoles produced in these bonds are much stronger 

because of charge concentration and hence the attractive forces between these dipoles 

are also significantly stronger than other dipole-dipole interactions. But they are still 

weaker than covalent or ionic bonds. 

 Autumn et al. first showed in 2002 that van der Waals forces were the major 

contributor [2] in gecko adhesion. But several studies conducted later questioned this 

claim [3-5]. Measuring the adhesion of a single gecko spatula using atomic force 

microscope (AFM) at different relative humidity, Huber et al. [3] and Sun et al. [4] found 

that the adhesion force of the spatula increases with an increase in relative humidity, 

proposing that surface hydration and water bridge formation might be generating the 

adhesive force of a spatula. Or in other words, capillary force, not van der Waals, is the 

major component of gecko adhesion. However, subsequent research by Puthoff et al. 
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[6] and Prowse et al. [7] on the effect of relative humidity on the mechanical properties 

of gecko setae nullified this hypothesis, demonstrating that increasing the relative 

humidity decreases the stiffness of the setae and increases the viscoelastic damping, 

which increases the adhesion of the spatula, thus invalidating the notion of water bridge 

formation and surface hydration. This re-asserts the original hypothesis of Autumn that 

van der Waals is the primary force responsible for gecko adhesion.    

1.3. Adhesion models 

The van der Waals force between two parallel flat surfaces, separated by a distance D, is 

given by [8]: 

fvdw= 𝐴
6𝜋𝐷3

             (1)  

where A is the Hamaker constant whose value is normally in the range of 10-19 to 10-20, 

depending on the material properties [8]. van der Waals  forces are usually effective up 

to a separation distance of 50nm [9]. 

More useful models, suitable for biological attachments are provided by Johnson, 

Kendal and Roberts (JKR) and Bradley, which are outlined by Zhao et al.  in [17]. 

According to Bradley [10], the adhesion force between two rigid (incompressible) 

spheres, of radii R1 and R2, in contact is given by 

    Pc = 2πRWa              (2)  

Where R = R1R2/(R1 + R2) and Wa = γ1 + γ2 – γ12 is the Dupre adhesion or work of 

adhesion, in which γ1, γ2 and γ12 are the surface energy of the two spheres and their 

interface respectively.  
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Johnson, Kendal and Roberts modified the classic Hertz contact theory [11] by taking 

into account the surface energies and adhesion and provided an expression for the 

adhesion of two elastic bodies in contact [12]: 

    Pc = 3
2

 πRWa R              (3)  

The resultant radius of contact between the spheres is given by 

  a3 = 𝑅
𝐾

(𝑃 + 3𝑊𝑎𝜋𝑅 + �{6𝑊𝑎𝑅𝑃𝑐 + (3𝑊𝑎𝜋𝑅)2}            (4) 

The apparent conflict between equation (2) and (3) was later addressed by Tabor [12, 

13] who proposed a governing dimensionless parameter called the Tabor number (μ) 

which governs the transition from the Bradley model to JKR model [14]. The tabor 

number is given by [13] 

                     𝜇 = � 𝑅𝑊𝑎
2

𝐸𝑒𝑓𝑓2𝜀3
�
1
3�

                           (5) 

where Eeff is the equivalent Young’s modulus given by 1/Eeff = (1-ν1
2)/E1 + (1-ν2

2)/E2, ε is 

the inter-atomic spacing, E1,2 and ν1,2 are Young’s modulus and Poisson’s ratio of the 

two spheres, respectively. 

For μ < 1, elastic deformation is insignificant and the Bradley equation would provide a 

good approximation. For μ ≥ 3, the JKR theory is applicable [14]. In the intermediate 

region of elasticity, other theories called Derjaguin, Muller and Topolov (DMT) [15] 

theory or Maugis theory (also called Maugis-Dugdale theory) [16] are applicable 

depending on some elastic parameter outlined in the map of elastic behavior of bodies 

provided by Zhao et al. [17]. 

4 
 



 

While these classical theories provide good approximation for van der Waals adhesion 

between two spheres in contact, real biological and synthetic fibers display a variety of 

shapes and rarely resemble a spherical contact, rather a flat cylindrical punch would 

provide a better approximation. Spolenak et al. [18] theoretically investigated the effect 

of various contact shapes on the pull-off force for single contacts. For a rigid fibril with 

punch-shaped end in contact with an elastic flat surface, the pull-off force is given by 

[19] 

    Pc = �8πEeffR3Wa             (6) 

It must be noted that Equation (6) is only applicable for a stiff fiber in contact with an 

elastic flat surface and the contact radius a was assumed to be equal to the radius of the 

flat punch R. 

Kamperman et al. [20] deduced an equation for pull-off force for a compliant flat ended 

fiber in contact with a flat surface of a stiff material, based on the theoretical work of 

Gao et al. [21]. Gao assumed the presence of an annular crack at the edge, causing 

stress-concentration. The pull–off force is given as 

              Pc = �𝑎
𝑅
�
3
2 𝑆�8𝜋𝐸𝑒𝑓𝑓𝑊𝑎𝑅3             (7) 

Where S is a shape function depending on the ratio a/R, the adhesion strength thus 

depending on the annular crack size at the perimeter. However, a limitation of this 

model is that S would become infinity when (a/R) approaches unity. So this model is 

only valid as long as there is an annular crack at the edge.  

Peeling strength is another parameter used to demonstrate anisotropy of any adhesive. 

The model often used by the researchers to determine the peeling strength of dry 

adhesive strip is the Kendal peeling model [22] which is 
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  �𝐹
𝑏
�
2 1
2ℎ𝐸

+  �𝐹
𝑏
� (1 − 𝑐𝑜𝑠𝜃)−𝑊𝑎 = 0    (8) 

Where F is the peeling force, b is the width of the adhesive strip, h is the thickness of the 

strip, E is the elastic modulus, θ is the peeling angle and Wa is the work of adhesion. 

 

Figure 1.1: Schematic diagram of a peeling test 

 

In this variation of the peeling test, a known load is applied at the end of the strip 

attached to a flat surface. The surface is tilted slowly until the onset of peeling, at which 

the angle θ is recorded which is the peeling angle. The adhesion energy/work of 

adhesion Wa is then calculated using equation (8). For anisotropic adhesives, this energy 

would be different depending on which end of the strip is being peeled. 

 

1.4. Gecko feet hierarchy and its locomotion principle 

Geckos have a hierarchy of micro and nano structures on the adhesive pads of its toes 

[23], as shown in Figure 1.2. The bottom of the hierarchy consists of a dense array of 

F 

θ 
Fibrillar adhesive strip 
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slightly curved cylindrical shafts called seta, embedded in a smooth epidermal layer 

called lamella.  Each seta is approximately 5μm in diameter, 100μm tall and inclined at 

angle of 45° to the lamella surface. The gap between two neighboring seta is 

approximately 18μm [24]. The seta branches further into hundreds of nanoscale 

spatular stalks (Figure 1.2b), each terminating into multiple thin triangular pads (5-10 

nm thick, ~200 nm wide).   

 

Figure 1.2: (a) Hierarchy of gecko structure showing the meso-scale lamella, micro-scale 
setal array and nano-scale spatula. (Reprinted with permission [25]); (b) magnified view 
of the spatula. (Reprinted with permission [26]). 

 

Zhao et al. [27] described the adhesion mechanism of gecko in details. While moving, 

the gecko always places two diagonally opposite feet on a surface and lifts off the other 

two at the same time. The attached feet along with its radially positioned toes grips 

inward towards the body. This results in a frictional engagement of the seta towards its 

tilt direction, which in turn closes the crack between the nano-scale spatular pad and 

 
(b) (a) 
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the attaching surface. The seta angle drops below 30° during attachment. During 

detachment, the feet and its toes relax the grip followed by the rolling backward of the 

toes at a wide angle. The setal arrays slide opposite to the tilt direction, increasing the 

seta angle to more than the critical angle of 30° [28] causing the spatula stalk angle to 

increase. A crack opens up between the spatular pad and the attaching surface and 

rapidly propagates causing detachment of the spatular pad. 

 

Figure 1.3: Illustration of gecko locomotion. The figure on the top right shows how the 
toes roll backwards during detachment. (Reprinted with permission [27]) 

 

Experiments conducted by Zhao et al. [29]and Autumn et al. [30] also showed that the 

gecko setal arrays demonstrate anisotropic adhesion even without the peeling action of 

the toes. Strong adhesion and friction was observed when the setae were sheared in the 

“gripping” direction (towards the tilt) whereas negligible adhesion and low friction was 

observed when sheared in the “releasing” direction (away from the tilt).    
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1.5. Synthetic anisotropic adhesives  

Following the discovery that van der Waals is the primary force responsible for gecko 

adhesion [2], numerous researches were carried out across the world to create 

synthetic versions of the dry-adhesives, attempting to imitate one or more of the 

benchmark properties of gecko adhesion [1]. Anisotropy or directional adhesion being 

one of them, researchers employed various fabrication methods and materials to create 

fibers demonstrating anisotropic adhesion (Figure 1.4). Some fabricated angled fibers 

[24][31][32][35] and angled fibers with tilted caps [34] mimicking the angular 

orientation of a gecko seta. Others fabricated asymmetric fibers and/or tip, for example 

fibers with triangular tips [33], vertical semi-circular fibers [36], vertical fibers with offset 

caps [37][40], etc. Summary of some recent works on directional adhesives is presented 

in Table 1.1. Refer to the review of Sameoto and Menon [78] for details on additional 

works on isotropic/anisotropic dry adhesives.   

Moon et al. [38] (Figure 1.4j) fabricated tilted fibers by first producing vertical micro-

pillars of PDMS using photolithography and soft-lithography and then subjected the 

micro-pillars to Ar+ ion radiation from a side, i.e. the ion beams incident angle was 

parallel to the backing layer of the micro-pillars. Irradiating with ions from a side caused 

the exposed side of the micro-pillars to stiffen and shrink resulting in tilting of the pillars 

towards the radiation source. The tilted micro-pillars showed better normal adhesion 

with respect to the vertical ones and also demonstrated anisotropy. Friction force along 

the tilt direction was 3 times larger than that opposite to the tilt direction.      
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Table 1.1: Summary of recent works on directional dry adhesives. 

Shape of 
fibers 

Fabrication of 
template 

Material Remarks Reference 

Angled fibers 
with tip 

Angled 
photolithography, 
micromolding, 
dipping 

Polyurethane Adhesion increased with 
tip area. Larger the tip 
angle, larger the 
directionality  

[34] 

Triangular fibers 
with 
overhanging tips 

Photolithography, 
DRIE, anodic wafer 
bonding 

PDMS Peeling energy greater at 
tip edges compared to 
vertices 

[33] 

Angled 
nanofibers 

Plasma etching 
with faraday cage 

Polyurethane 
acrylate 

Shear adhesion strength 
towards the tilt is greater 
than shear adhesion 
strength away from the 
tilt  

[32] 

Angled 
nanofibers on 
top of vetical 
microfibers 

2-step UV-assisted 
capillary molding   

Polyurethane 
acrylate 

Sustained adhesion up to 
a roughness of 10 µm 
due to the hierarchy 

[32] 

Tilted 
hierarchical 
fibers  

Photolithography, 
shearing of 
partially cured 
negative mold 

Polyurethane Shear adhesion strength 
towards the tilt is greater 
than that away from the 
tilt 

[24] 

Angled fiber 
with an angled 
tip 

micromachining Polyurethane Normal adhesion 
proportional to shear 
when sheared towards 
the tilt. Zero adhesion 
when sheared opposite 
to the tilt 

[35] 

Offset caps on 
square fibers  

2-step 
photolithography 

PDMS Peeling strength from 
cap overhanging side 
greater than that from 
non-overhanging side 

[40] 

Semicircular 
fibers 

Bosch DRIE PDMS Shear adhesion towards 
curved surface is 3 to 5 
times greater than that 
towards flat surface 

[36] 

Angled 
nanotubes 

LPCVD, 
compression, 
shearing 

Multiwalled 
carbon 
nanotubes 

Friction/ Shear Adhesion 
towards tilt direction is 
40 % larger than that in 
the opposite direction 

[39] 

Angled fibers Photolithography, 
soft lithography, 
Ar+ ion radiation 

PDMS Friction force along tilt 
direction was 3 times 
larger than that in the 
opposite direction 

[38] 

 

        

10 
 



 

Figure 1.4:(a) Angled polypropylene microfibers (E~1.5GPa) produced by rolling action 
on vertical fibers. (Reprinted with permission [31]). (b) Angled nanofibers produced by 
casting polyurethane acrylate on silicon template. (Reprinted with permission 
[32]).(c)Micro-nano hierarchical structure produced using a 2-step UV assisted capillary 
molding. (Reprinted with permission [32]). (d) Tilted hierarchical polyurethane fibers 
formed by casting into PDMS negative. (Reprinted with permission [24]). (e) Triangular 
tip micro-pillars produced by casting PDMS on Si-Glass template. (Reprinted with 
permission [33]).  (f) Angled polyurethane fibers with tip, produced by casting and 
dipping technique. (Reprinted with permission [34]). (g)Directional polymer stalks 
formed by casting polyurethane onto hard wax. (Reprinted with permission [35]).   (h) 
Vertical semi-circular microfibers produced by casting PDMS on Silicon template. 
(Reprinted with permission [36]). (i) Fibers with offset rectangular caps produced by 
casting PDMS on photolithographically produced photoresist mold. (Reprinted with 
permission [37]). (j) Tilted Janus micro-pillars produced by subjecting vertical PDMS 
pillars to Ar+ ions. (Reprinted with permission [38]). (k) Inclined multiwalled carbon 
nanotubes produced by LPCVD followed by compression and sliding. (Reprinted with 
permission [39] ). 
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Murphy et al. [34] (Figure 1.4f) fabricated angled microfibers with varying overhanging 

tip angles using techniques such as angled photolithography, micromolding and dipping. 

A negative template was first created using angled photolithography. Subsequent 

polyurethane casting and curing produced the angled fibers. The fibers were then 

dipped in a thin film of polyurethane and pressed to a substrate to make the mushroom 

tips and cured with the load on. The angle of the mushroom tips, varied from 0° to 90° 

in their work, depending on the pressing force on the tilted fibers during curing. The 

overall shear adhesion strength of the fibers increased with larger tip area, whereas 

larger tip angles resulted in more anisotropy (i.e. larger difference in shear resistance 

between the gripping and releasing direction). 

Kwak et al. [33] (Figure 1.4e) demonstrated directional adhesion of triangular tip micro-

pillars which they fabricated by photolithography, deep reactive ion etching, anodic 

wafer bonding and replica molding with PDMS. They found that the adhesion energy 

varied at different peeling directions (ranging from 8.8 to 17.2 mJ/cm2), the stronger 

adhesion being when peeled at the side of the triangular tip as opposed to the vertex. 

The sharp corners of the triangular tip allows the formation of a crack very easily 

because of the point contact, whereas the edges of the triangle forms a line contact 

with the attaching surface and hence it is harder to initiate a crack  when peeled from 

the edge. The normal adhesion of the triangular tip fibers in the absence of shear was 

also claimed to be better as compared to angled fibers fabricated by some other groups. 

Jeong et al. [32] (Figure 1.4b) fabricated angled nanohairs with tip by employing a 

faraday cage within a plasma etching system. The faraday cage directed the ions in 

plasma etching at an angle, producing angled nano-holes on a silicon substrate and 
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subsequent casting with polyurethane acrylate (PUA) produced the angled nanohairs. 

The angled nanofibers showed increased shear adhesion strength (when sheared 

towards the direction of the inclined angle) as compared to the bare PUA and also to the 

vertical nanohairs (21 N/cm2 vs 14.5 N/cm2 and 3.2 N/cm2). They also fabricated micro-

nano hierarchical structure using a 2-step UV-assisted capillary molding technique. Even 

though the adhesion against a flat surface actually decreased (~9 N/cm2 as opposed to 

21 N/cm2), hierarchical structures maintained the adhesion against a rough surface of 

up to 10 μm after which the adhesion dropped dramatically (at 20 μm roughness). 

Jin et al. [24] (Figure 1.4d) fabricated tilted adhesive fibers by using a shearing technique 

on partially cured PDMS mold. The primary mold, consisting of vertically aligned 

hierarchical fibers, was fabricated out of silicon using conventional photolithography. A 

negative replica was then made by casting PDMS onto the primary mold and demolding 

after partial curing. The PDMS replica was then sheared to create the inclined trenches 

and cured fully with the shear load on. Polyurethane was then cast and cured onto the 

negative mold to produce the tilted hierarchical fibers. The angle of inclination of the 

fibers was controlled by controlling the amount of shear applied to the partially cured 

PDMS mold. Adhesion testing showed that shearing the tilted fibers towards the tilt 

direction resulted in an increased normal and friction adhesion, as compared to those 

when sheared away from the tilt direction. The magnitude of the normal and shear 

adhesion increased with the decrease of the tilt angle (θ<90). 

Kim et al. [35] (Figure 1.4g) fabricated and applied some directional polymer stalks 

under the feet of a climbing robot (sticky bot). The master mold was fabricated using 

hard wax and the final adhesives were made by casting polyurethane on it. The stalks 
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were inclined at an angle of 20° to the vertical and terminating at tips at an angle of 45° 

to the vertical. These adhesive patches, when sheared towards the direction of 

inclination, demonstrated normal adhesion proportional to the shear, and no adhesion 

when sheared the opposite way. 

Sameoto et al. [40] (Figure 1.4i) fabricated offset rectangular caps on square fibers using 

2-step photolithography and subsequent PDMS casting. The anisotropic fibers had large 

cap overhang at one side and none on the opposite side. Peeling test results show that 

the peel strength was greater when peeled from the non-overhanging side and weaker 

when peeled from the side of large cap overhang. Also, the overall peel strength 

increased with increase in cap overhang.  

Tamelier et al. [36] (Figure 1.4h) reported the fabrication of anisotropic adhesive by 

simply creating vertically aligned semicircular fibers. The fabrication involved Bosch 

deep reactive ion etching process of silicon to make 19μm deep semicircular cross 

section trenches. The adhesive fibers were made by casting PDMS and basically had 

curved sidewall and a flat sidewall. Load-Drag-Pull tests on the fibers showed that the 

shear adhesion force of the fibers were approximately 3 to 5 times larger when the 

fibers were sheared towards the curved face as compared to shearing towards the flat 

face. Shearing towards the curved face would result in a larger contact area with the flat 

face as compared to the contact area with the curved face when sheared towards the 

flat face.  

Non-polymer materials like carbon nanotubes have also been used to produce gecko-

inspired adhesives. The vertically aligned carbon nanotubes showed high friction [39, 41, 

42], some even larger than that of gecko. Zhou et al. [39] fabricated arrays of tilted 
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multi-walled carbon nanotube which demonstrated anisotropic friction depending on 

the sliding direction (Figure 1.4k). Vertical multi-walled carbon nanotubes were first 

produced using low pressure chemical vapor deposition with iron catalyst. The vertical 

nanotubes were then subjected to compression and sliding at 120 °C, causing them to 

tilt to an angle of ~68°. The friction force of the angled arrays of nanotubes against a 

steel ball was up to 40 % larger when sheared towards the tilt direction as compared to 

that in the opposite direction. 

1.6. Applications of gecko-inspired synthetic adhesives: 

The gecko-inspired synthetic adhesives have seen most of its applications in climbing 

robots, inspired by the original purpose of the gecko footpad fibers, which is to provide 

locomotion to geckos. Climbing robots traditionally relied mainly on suction caps for 

climbing [43-45], while magnets were also employed in some cases [46][47]. Suction 

caps will restrict the pace of motion of the robots as it requires some time to create the 

vacuum needed for suction. In addition, the requirement of a pump onboard also 

restricts the locomotory capabilities of the robot, and the suction caps are also useless 

in vacuum environments. An alternative to the suction cups are the pressure sensitive 

adhesives (PSA) which has potential drawbacks as well. PSA can only be used a few 

times with no adhesion control and leaves residues on the surface. In space conditions, 

they often evaporate, get brittle and degrade [48]. 

Magnet-based robots can only be employed on metallic surfaces, thus limiting its 

usability.  On the other hand, the gecko-inspired, synthetic adhesives, being dependent 

mainly on van der Waals adhesion, would work fine on a range of materials, as well as in 

vacuum environments. There are several reports of isotropic/anisotropic dry adhesives 
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being used or proposed in robotic climbing applications [49-52]. Henrey et al. [53] 

developed legged sand robots with timing belts for space climbing applications, all of 

them utilizing PDMS adhesive fibers for climbing. Daltorio et al. [49] used micro-

structured PVS strips on the wheels of their climbing robots. With the addition of a long 

tail of approximately 25 cm, their robots could climb vertically on smooth glass with 

reasonable traction. One of the best performing climbing robots called “Stickybot” were 

developed by Kim et al. [35]. Stickybot employed wedge-shaped directional 

polyurethane stalks as the attachment structure on its foot. Hierarchical conformability 

of Stickybot as well as the directionality of the polymer stalks allowed it to climb a range 

of smooth vertical surfaces including glass, glossy ceramic tile, acrylic and polished 

granite at speeds up to 4cm/s. 

Another important application of gecko inspired adhesives is micromanipulation of 

small, flat objects like dies or silicon platelets. Menguc et al. [54] demonstrated how 

gecko-inspired angled PDMS micro-pillars can be used for manipulation of micrometer 

scale silicon micro-platelets as well as centimeter scale glass cover slips, with a pick to 

release adhesive force ratio of 39:1. Carlson et al. [55] demonstrated transfer printing of 

silicon platelets using PDMS stamps by using shear as a means of adhesion control 

during release. Kim et al. [56] used similar stamps except with four pyramidal ridges at 

the vertices to perform the transfer printing of silicon platelets. The maximum ratio of 

pick to release adhesive forces was 1000:1 in that case. However, the holding force 

while transferring the platelets was low and hence the stamp design was not 

appropriate for the transport of heavier platelets. Yang et al. [57] fabricated arrays of 

angled PDMS posts and demonstrated how they can potentially be used for continuous 

transfer of microscopic silicon platelets by attaching them to the surface of a roller. 
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Brendan Ferguson [58]  in his thesis demonstrated how mushroom shaped isotropic dry 

adhesive fibers made of polyurethane can be used for MEMS pick and place applications 

using a shearing technique for releasing. Jeong et al. [32] demonstrated the application 

of hierarchical slanted nano-hairs with directional adhesion in transferring a TFT-LCD 

glass (47.5 x 37.5 cm2). He utilized the frictional anisotropy of the polyurethane acrylate 

hierarchical fibers in performing the transfer.                   

Dry adhesives have also been investigated for use in grappling in space. Parness et al. 

[48] utilized arrays of wedge shaped PDMS fibers to design a grappling tool for space 

applications and tested the adhesives on a variety of relevant surfaces found in satellites 

and space assets in earth orbit like solar panels. The adhesives worked well on smooth 

surfaces and did not show any significant drop in performance at -80°C under vacuum. 

Another potential application of gecko adhesives is in the field of medical science. Kwak 

et al. [59] demonstrated the application of mushroom shaped PDMS micro-pillars as a 

medical patch. The adhesive strength of the patch, however, was less than half of that 

of the traditional acrylic patches and hence this technology requires further 

improvement prior to introduction in the market. 

 

1.7. Research objective 

As mentioned in the introduction and also in section 1.4, the attractive feature of gecko 

adhesion is not just the high normal adhesion strength but also the ability to quickly 

release with minimum effort, provided by the directionality of adhesion. The main 

objective of our research was to create a directional dry adhesive which could 

potentially be applied in a robotic pick-and-place system for MEMS device transfer. The 

research was intended for future application by Micralyne Inc., a MEMS foundry based 
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in Edmonton, Alberta. This research was an extension of work reported by Brendan 

Ferguson in his thesis [58] in which he fabricated and improved mushroom shaped dry 

adhesives and later applied them in a robotic pick and place system to transfer dies. He 

integrated parallel strips of mushroom shaped adhesives into the end effector and used 

a load-pull and drag-pull technique respectively for picking up and placement of 5 x 5 

mm2 silicon dies. Since isotropic adhesives were used for this purpose, it would require a 

reasonably large shear for disengagement after placing which might damage the fibers 

after a certain number of cycles. Anisotropic adhesives, on the other hand, would be 

much easier to release and disengagement would require considerably less shear 

loading of the fibers. Section 1.5 discusses the different approaches researchers have 

made so far to create synthetic directional adhesives. Though all of these synthetic 

adhesives showed great promise in terms of directionality, their normal adhesion 

strength in the absence of shear is either not reported in many cases or they are 

relatively poor as compared to a non-directional adhesive. Our primary aim in this 

research was to take advantage of the high adhesion strength demonstrated by 

mushroom shaped fibers and tailor the fiber caps to induce directionality. The normal 

adhesion strength of such fibers would ideally be high enough to pick up small dies with 

a small preload, sustain the load of the dies while transferring, and disengage with 

minimal shearing or peeling force. A new concept is proposed to induce anisotropy on 

otherwise isotropic mushroom shaped fibers by deliberately positioning a defect at an 

edge of the overhanging cap. Chapter 2 discusses in terms of linear beam theory how 

the introduction of a defect on the top surface of cylindrical fibers can alter the 

directionality of the fibers, a hypothesis which is confirmed by the finite element 

analysis and adhesion test results presented in chapter 4. Chapter 3 outlines two 
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different ways to fabricate a master mold to produce these directional adhesives, one 

yielding caps with different defect sizes and the other one intended for large scale 

production of fibers with single cap defect size. Chapter 3 also explains the 

instrumentation and mechanism for testing the directional and non-directional 

adhesives. It also includes the recipe to produce conductive dry adhesives from a 

composite of polyurethane and carbon black particles which is aimed for applications 

requiring anti-static polymers. Chapter 4 includes analysis and discussion of the 

adhesion test results of the thermoset polyurethane adhesives including the 

polyurethane-carbon black composite, relating them to the finite element analysis and 

analytical studies presented in chapter 2. Chapter 5 introduces thermoplastic 

elastomers as alternative to the commonly used thermoset polyurethane and PDMS to 

produce the adhesive fibers. PDMS, polyurethane and SEBS thermoplastic elastomers 

are characterized in terms of oligomer transfer. Chapter 5 also shows how the 

thermoplastic elastomers can be processed using thermo-compression molding to make 

the mushroom shaped adhesive fibers and compares the thermoplastic elastomer 

adhesives with their polyurethane counterpart in terms of adhesion. The thermo-

compression molding process can be easily modified and optimized for large scale 

manufacturing of dry adhesives which may not be economically feasible with the 

conventional casting method with thermoset polymers.  

Even though our adhesives were meant to be used in a pick and place system for MEMS 

dies, it could also be used in other applications such as robotic climbing, grasping and 

tissue adhesives, as mentioned in section 1.6, all of which could benefit from the shear-

dependent adhesion displayed by our adhesive fibers.  
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2. Anisotropic adhesion via cap 
defects1 

In this chapter, linear beam theory is used to illustrate the stress distribution on a 

cylindrical fiber tip in contact with a rigid surface and subjected to shearing. This chapter 

also explains how an infinitesimal crack at the tip edge might affect the adhesion of the 

fiber and induce anisotropy.  

 

2.1 Stress analysis of cylindrical fiber cap surface using linear beam theory 

It has been earlier demonstrated that the peeling strength of a mushroom shaped 

synthetic dry adhesive is significantly influenced by the amount of overhang of the cap 

[40].  This in turn led to the development of a directional adhesive variation solely 

through the use of an offset cap [37], rather than angled fibers.  While this solution 

could result in a highly directional adhesive, the fabrication challenge of aligning 

relatively transparent layers through a thick layer of photoresist lead to challenges in 

repeatability across a full wafer.  A different fabrication technique, which produced the 

critical cap feature first, and the underlying fiber naturally via UV exposure [60][61] was 

much more reliable and flexible with design parameters and this method would be 

adapted to produce directional dry adhesive fibers. In this work, we demonstrate how 

the act of deliberately introducing a defect on the overhanging portion of the 

mushroom shaped caps on dry adhesive fibers can produce anisotropic adhesion. The 

adhesion strength and the degree of directionality were found to depend on the size 

1 Sections of this chapter are published by the author in [65] and are reproduced with 
permission. 
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and location of the defect which acts as a crack initiator. Increasing the defect size 

decreased the overall adhesion whereas the directionality decreased when the defect 

was placed closer to the center of the cap, the region of high stress concentration. 

Earlier reports suggest that the mushroom shaped fibers are tolerant to tiny defects on 

the overhanging portion of the cap and are more likely to fail due to crack nucleation at 

the center of the cap and its subsequent propagation outwards [62]. But in this case the 

defect is large enough to overcome the compressive force acting on the overhanging 

portion of the cap during tensile loading of the fiber. Hence stress concentrates at the 

defect edges resulting in the crack nucleation and propagation towards the center of the 

cap surface, ultimately causing detachment, similar to the failure mechanism of 

cylindrical fibers without any overhanging cap [21][63][64]. 

The phenomena of shear loading of a dry adhesive fiber with an edge defect and the 

resultant stress distribution can be explained using linear beam theory. For the purpose 

of modeling, the adhesive fiber can be considered as a vertical cylindrical column fixed 

at the bottom. The column tip is assumed to be in perfect contact with another flat 

smooth surface except for an infinitesimal crack located on one edge.  It will be assumed 

that failure of the fiber will occur immediately if the crack experiences a tensile load, but 

will otherwise be maintaining contact with the flat surface.  Should a positive tensile 

load be applied to the fiber in this case, the crack will fail immediately, but the column 

can be loaded with a shear load and a counteracting bending moment to create an 

equilibrium condition as shown in Figure 2.1(c), in which the resultant slope angle at the 

column tip is zero (maintaining contact with the opposing surface and assuming the 

surface and fiber base can move relative to one another). 
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If θ1 and θ2 are the slope angle at the column created by shear load and bending 

moment respectively, then the resultant slope angle due to the counteracting effect of 

shear load and bending moment can be expressed as θ where  

                                                            θ = θ1 – θ2 = 0                                                                     

(9) 

 

 

Figure 2.1: Schematic diagrams showing the bending of a beam fixed at one end due to: 
(a) Shear load at tip; (b) Bending moment at tip and (c) Combination of shear load and 
bending moment at tip. The zoomed in top views shows infinitesimally small crack at the 
edge of the columns. The image is published by the author in [65] and is reprinted with 
permission. 

 

Substituting θ1 and θ2 with the respective equations [66]  as mentioned in  

Figure 2.1(a) and (b), 

𝑃𝐿2

2𝐸𝐼
 - 𝑀𝐿
𝐸𝐼

 = 0 

     𝑀 =  𝑃𝐿
2

           (10) 

where M is the bending moment, P is the shear load and I is the moment of Inertia of 

the beam. 

For the boundary condition mentioned above, the shear load can be expressed as [67] 

 
(c) (b) (a) 
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P = 12𝐸𝐼
𝐿3

 δ 

where δ is the slippage or displacement of the beam tip. 

With this, equation (10) can be rewritten as 

    𝑀 =  12𝐸𝐼𝛿
2𝐿2

 = 6𝐸𝐼𝛿
𝐿2

                                (11) 

Now, the stresses on the tip surface for the above mentioned boundary condition can 

be illustrated pictorially as shown in Figure 2.2. 

 

Figure 2.2: Vector diagrams indicating the development of resultant normal stress on 
top of the surface of a fiber due to the counteracting shear load and bending moment as 
indicated in Figure 2.1(c). The image is published by the author [65] and is reprinted 
with permission. 

 

The resultant stress on the column tip can be seen to have a gradient with minimum and 

maximum values at two extremities.  In the actual dry adhesive fiber, positioning the 

defect at the maximum stress region will result in rapid loss of adhesion by crack 

propagation.   

For the bending of a circular beam, the maximum stress can be expressed as [66] 

𝜎𝑚𝑎𝑥 = 𝑀𝑦𝑚𝑎𝑥
𝐼

 

where σmax  and ymax are the maximum normal stress and vertical tip displacement 

respectively. 
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Substituting ymax with d/2 and substituting M with the expression in equation (11)  

                                                         σmax = 6𝐸𝐼𝛿
𝐿2

 . 𝑑/2
𝐼

 = 3𝐸𝑑𝛿
𝐿2

                                                       (12) 

In order to have no tensile stress at one edge, where a minute crack is located 

𝜎𝑦 - 𝜎𝑚𝑎𝑥 ≤ 0 

Substituting σy with Fy/A, where Fy is the tensile force and A is the area of the cross-

section, 

                                                                      
𝐹𝑦
𝐴

 = 3𝐸𝑑𝛿
𝐿2

                                                                  (13)                                                        

Vertical displacement of the column tip can be expressed as [67] 

                                                                     𝑦 =  𝐹𝑦𝐿
𝐴𝐸

                                                    (14) 

Combining equation (13) and (14), the vertical displacement, y, can be re-expressed as  

                                                                 𝑦 =  3𝑑𝛿
𝐿

                                                                       (15) 

In this case, the pull-off direction to avoid loading the crack in tension (as defined by the 

ratio of tangential displacement to axial displacement) is only a function of the 

geometry of the fiber, and not its modulus.  As long as a compressive force is applied to 

the crack, the crack will not propagate and failure is delayed. A crack extending further 

from the edge of the fiber requires that a much larger shear displacement be applied or 

smaller elongation to maintain this compressive condition on the crack.  This illustrates 

the basic theory behind our mechanism to control adhesion strength, but in practice, we 

do not have small relative displacements, perfectly cylindrical columns or geometries 

that match Euler beam theory and the crack can maintain a finite tensile load before 
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failure.  For a perfect elastic cylinder in contact with a half space, the stress at pull-off 

before crack propagation at the edges is estimated to be [63]: 

                                                               𝜎 ≈ �8𝐸𝑒𝑓𝑓∆𝛾
𝜋𝑅

�
 1
2�

                                      (16) 

Where σ is the applied stress, Eeff = ((1-νf
2)/Ef+ (1-νs

2)/Es)-1 is the effective modulus, 

where Ef, Es, νf, and νs are the Young’s moduli and Poisson’s ratio of the fibers and 

substrate respectively and Δγ is the work of adhesion between the two surfaces.  In the 

case where the surface modulus is much higher than that of the fiber, Eff ≈ Ef/(1-νf
2).  In 

equation 16, R is modeled as if an infinitely large crack surrounds an area of contact of 

radius R which results in a stress singularity at the edge of the fiber and reduces 

adhesion from the theoretical maximum due to van der Waals forces.  The actual value 

for this adhesion stress before crack propagation will be different as shape factors, exact 

frictional conditions at the boundary and loading will all influence the stress 

concentrations in the fiber [32][64].  Additionally, this equation assumes that the 

applied stress is a constant value in tension, and through the addition of a bending 

moment and/or non-cylindrical fiber shapes, this assumption is no longer valid.   Once 

the minimum stress necessary to exceed the adhesion strength is reached anywhere on 

a fiber, the adhesion will be rapidly lost (assuming a constant load on the fiber tip rather 

than a constant displacement condition).   

In another recent work, Paretkar et al. investigated the buckling and unbuckling of 

cylindrical adhesive fibers [68]. For a buckled fiber of diameter d, subject to a tensile 

load T and attached to a substrate in a manner similar to what is shown in Figure 2.1(c), 

the stress intensity factor at an edge defect of length l is given by [68] 
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                             K = 1.12 𝑇
𝑑2
�𝑙
𝜋
�0.5 +  4𝛿

𝑑

sinh (√𝑇2 )

√𝑇 cosh�√𝑇2 �−2sinh (√𝑇2 )
�                                 (17) 

Where δ is the displacement or slippage of the fiber tip. From equation (17) we can 

deduce that the stress intensity factor (K) varies as the square root of crack length (l), 

provided that other parameters remain constant. However, this equation may not be 

applicable for mushroom shaped fibers as the stress distribution at the cap surface of a 

mushroom shaped fiber is not always uniform and the tensile load T would vary radially. 

In addition, the hour-glass shape of our fibers introduces more complexities and makes 

it difficult to predict its performance by means of analytical methods. Hence we must 

resort to finite element analysis for more accurate stress analysis of our fibers when 

subjected to specific loading conditions. 
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3. Methodologies, fabrication and 
testing2 

In this chapter, the fabrication technologies used to produce the adhesives in this work 

are described, as are the testing methodologies to determine adhesion characteristics.  

For the purposes of this work, non-directional adhesives were produced using the basic 

polymer fabrication process described in [58][60][69].  Anisotropic adhesives were 

produced using a modification to this basic process developed by the author, which 

allowed for many varieties of defects to be included on single mold designs. One 

anisotropic adhesive mold (labeled W1) was initially fabricated using the two-step 

photolithography process shown in Figure 3.1. The mold had three samples of 

hexagonal arrays of fibers with circular caps of 36μm diameter and different defect 

shapes (C1-C4, C5 and C6) and one reportable sample with square arrays of fibers with 

square caps of 24μm edge length (S1, S2). The second step of the photolithography 

(Figure 3.1b-c) would allow us to fabricate a predefined defect into the cap surface. 

Even though only one defect size was designed in the mask for each sample, it turned 

out that the acrylic mold, on which the SU8 caps were produced, warped slightly during 

the fabrication process, resulting in an axial run-out of the defects. This run-out error 

actually was beneficial for running experiments as it resulted in the formation of fiber 

caps with different defect locations across the width of the substrate. For the purpose of 

simplicity, the adhesive fibers with the same defect shape but different defect sizes are 

considered as different samples here even though they are originally from the same 

sample. The fabrication process is explained in details in the following paragraphs. 

2 Sections of this chapter are published in [65] and are reproduced from the original article. 
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3.1 Fabrication of W1 adhesives:  

 

Figure 3.1: Schematic illustration of the fabrication steps to produce the anisotropic 
adhesive 
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A 5” x 5” PMMA substrate (OPTIX) was cleaned by rinsing with isopropyl alcohol and de-

ionized water followed by drying with a nitrogen jet.   SU-8 2002 (Microchem) was spun 

on the PMMA substrate at 500 rpm for 5 seconds followed by 1000rpm for 40s to 

achieve a thickness of approximately 2.8 μm. The spin coating was followed by soft 

baking at 90°C for 3 minutes in an oven to remove solvents. Exposure to a 450 mJ/cm2 

dose of 365 nm UV was then carried out through a mask followed by post exposure 

baking at 90°C for 20 minutes in an oven. After the post exposure baking, the substrate 

was developed on a spinner by spinning at 3000 rpm for 40 seconds and rinsing with SU-

8 developer and isopropyl alcohol (IPA) consecutively 4 to 5 times while spinning. The 

SU-8 developer would remove the unexposed SU-8 while the IPA would remove the 

byproduct of the development reaction. . This produced arrays of SU-8 caps of circular 

and square shapes of 36 μm diameter and 24 μm edge length respectively (Figure 3.1a).  

A thin layer of HPR 504 (Fujifilm) was then spun on the substrate and baked at 90°C for 

3 minutes in an oven. The substrate was then exposed to 25 mJ/cm2 UV through a 

second mask to define the shape of the defects (Figure 3.1b) followed by developing in 

Microposit 354 developer (Shipley, MA) for approximately 30 seconds (Figure 3.1c). 

Reactive ion etching was carried out for 3 minutes with the following settings: 100 sccm 

of O2 and 5 sccm of CF4, 150 W RF power and 125 millitorr chamber pressure, to etch 

down a defect of approximately 800 nm in the SU-8 layer. The remaining HPR 504 was 

stripped off by blanket exposing to UV and soaking in MF-319 developer (Figure 3.1d). 

The substrate was then exposed to 126 J/cm2 of un-collimated 254 nm deep UV (DUV). 

The SU-8 caps block the DUV while the exposed acrylic regions would have their 

molecular weight lowered [70], resulting in the formation of PMMA fibers with 

overhanging caps upon developing in SU-8 developer (Figure 3.1e).  
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TC-5030 (BJB Enterprises) silicone rubber was cast onto the PMMA/SU-8 master mold 

and cured to make a negative replica (Figure 3.1f), followed by casting ST-1060 

polyurethane (BJB Enterprises) on the silicone mold (Figure 3.1g) and curing. The 

polyurethane is then demolded, which is the final adhesive sample (Figure 3.1h). As 

mentioned before, the slight warping of the PMMA substrate resulted in the formation 

of fiber caps with different defect sizes. The samples from W1 mold are shown in Figure 

3.2.  

Figure 3.2: SEM images of the eight anisotropic adhesive samples of W1 mold consisting 
of fibers with circular and square caps and different defect shapes or sizes. C1 – C4 and 
S1 - S2 has bar shaped defects. C5 and C6 has square and toroid shaped defects 
respectively. Inset shows the microscopic top views. The last two images show the array 
of C3 and S1 fibers from the side. The image is published by the author in [65] and is 
reprinted with permission. 
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Table 3.1: Dimensions of the different anisotropic adhesive versions of W1 mold as 
obtained from the SEM images and Labview Vision software. The table is published by 
the author in [65] and is reprinted with permission. 

 

 

 

 

 

2.2 Fabrication of W2 adhesives: 

 

 

 

3.2 Fabrication of W2 adhesives: 

A second mold (labeled W2) was fabricated using the same recipe but with a new set of 

masks in order to investigate the findings from W1 in more detail.  Mold W2 consisted 

primarily of five samples of circular cap fibers and one sample of square cap fibers. The 

circular cap fibers had 40μm diameter caps and the square cap fiber had caps of 40μm 

edge length. Amongst the five circular cap samples, four of them had a square array 

arrangement of fibers (C1x – C4x) and one had hexagonal arrangement with the same 

pitch (C5x). Details of different sub-samples from mold W2 are illustrated in Table 3.2 to 

Table 3.4 and Figure 3.3. Circular fibers with hexagonal arrangements (C5) were stubbier 

(~19 µm height and ~35 µm neck diameter) compared to those with square 

arrangements (C1, C3 C4) (20-23 µm height and 29-32 µm neck diameter). C2 fibers, 

even though subjected to the same exposure and development conditions as the rest, 

were even taller and more slender (~29 µm height and ~22 µm neck diameter), which 

Sample C1 C2 C3 C4 C5 C6 S1 S2 
Defect width, 

w (μm) 
3.7 1.7 9.5 9.6 9.1 10.8 4.5 2.6 

Defect location Edge Edges Edge Center Close to 
the edge 

Edge Edge Edge 

 

 

h ~ 22.8μm for C-series and ~17.1μm for S-series;  
t ~ 2.8μm; 
n ~ 27.6μm for C series and ~14.9μm for S-series; 
Defect height ~ 800 nm  
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could be a result of diffraction of DUV light caused by the dotted pillars on the defects. 

The square fibers were ~20 µm tall with ~30 µm neck diameter. Bigger caps and 

predominantly square arrays of fibers (in W2) were fabricated in the mold to allow for 

easier alignment, something which was significantly more difficult to do with small 

fibers and hexagonal arrays (in mold W1). The different defect shapes and sizes were 

tested to determine the best shape and size which would be small enough to produce 

anisotropic behavior but would not collapse and lose directionality under larger 

preloads, especially with softer materials.   

Table 3.2: Illustration of the defect size and position for C1 samples 

Sample name Sample picture Defect Size (μm) 
Primary Secondary 

 

 
 
 
 

C1 

C11 

 

No defect 

C12 

 

5.97 

C13 

 

3.5 

C14 

 

7.18  
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Table 3.3: Illustration of the defect size and position for C2 and C3 samples 

Sample name Sample Picture Defect Size 
Original New 

 

 
 
 
 
 
 
 

C2 

C21 

 

11.13 

C22 

 

4.72 

C23 

 

6.98 

C24 

 

10.96μm 

 

 
 
 
 
 
 
 
 

C3 

C31 

 

6.19 

C32 

 

4.37 

C33 

 

2.81 

C34 

 

6.88 

C35 

 

No defect 
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Table 3.4: Illustration of the defect size and position for C4, C5 and S1 samples 

Sample name Sample picture Defect Size 

Original  New 

 

 
 

C4 

C41 

 

No defect 

C42 

 

10.02 

 

 
 
 
 
 
 
 
 

C5 

C51 

 

2.25 

C52 

 

3.77 

C53 

 

6.51 

C54 

 

6.86 

C55 

 

No defect 

 

 
 

S1 

S11 

 

7.09 

S12 

 

No defect 
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Figure 3.3: SEM images of the different adhesive samples from W2 mold demonstrating 
the three dimensional appearance of the fiber caps with deliberately produced defects. 

 

 

C14 C12 C13 

C21 C22 C23 

C31 C32 C34 

C52 C53 C54 

S11 C55 S12 

(a) 
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Figure 3.4: SEM images showing the relative fiber dimensions of the (a) square arrayed 
circular fibers, (b) hexagonal arrayed circular fibers and (c) square arrayed square fibers. 
Notice how the square arrayed circular fibers were relatively slender as compared to the 
other two arrangements even though all of them were subject to the same exposure 
doses and development time. The square array of circular caps during the DUV exposure 
step of fabrication would allow more light to pass between the caps as compared to the 
square array of square caps and the hexagonal array of circular caps, resulting in more 
undercut for the square arrayed fibers with circular caps. 

 

 

(b) 

(c) 
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3.3. Fabrication of Hot-embossed anisotropic adhesive: 

In order to avoid the run-off error caused by the substrate warping of PMMA, the large 

scale version of the anisotropic adhesive was fabricated using a hot-embossing 

technique as outlined in Figure 3.5 and elaborated as follows.  

A 4.5 μm thick layer of SU-8 2005 was spun on a 4 in2 clean borofloat glass substrate and 

prebaked at 90°C for 5 minutes, followed by exposure to 160 mJ/cm2 dose of 356nm UV 

through a mask to produce arrays of square and circular caps upon development in SU-8 

developer. The square and circular caps had 40 μm edge length and diameters 

respectively. A thin layer of HPR 504 was then spun on the SU-8 caps and exposed to 

32.7 mW/cm2 of 356 nm UV light through a second mask to define the defect shapes on 

the SU-8 caps, followed by development. Defects approximately 800nm deep were 

introduced on the caps in the form of indents by reactive ion etching for 3 min with the 

following settings: 100 sccm of O2 and 5 sccm of CF4, 150 W RF power and 125 millitorr 

chamber pressure. Any residual HPR 504 was removed by blanket exposing to UV and 

soaking in developer, leaving an array of SU-8 caps on the glass substrate with edge 

defects, which was the primary mold. No significant run-off error was observed, thanks 

to the rigidity and flatness of the glass substrate.  

A stamp was then created for the subsequent hot-embossing by silanizing the primary 

mold followed by PDMS (Sylgard 184, Dow Corning) casting and curing, the PDMS being 

produced by mixing the pre-polymer to catalyst in a 10:1 ratio. A teflon coated flat glass 

plate was used to make sure the PDMS stamp has uniform thickness.  

The PDMS stamp was used in a hot embosser (Jenoptik, HEX02) to emboss the cap 

structures on a 4.5 μm layer of uncross-linked SU-8 on PMMA substrate. In the hot-
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embosser chamber, the PMMA substrate with the un-crosslinked SU-8 was first heated 

to 65°C to soften the SU-8 and then the stamp was pressed for 5 minutes with 50kN 

force to emboss the stamp structures onto the softened SU-8. After the embossing, the 

substrate was cooled to room temperature and then blanket exposed to UV for cross-

linking followed by post-exposure baking  for 30 minutes at 90°C in a convection oven. 

This was followed by reactive ion etching for 15 minutes to etch down and leave only 

SU-8 caps on bare PMMA substrate. The etching parameters used in this case were as 

follows: 75 sccm of O2, 59.5 sccm of CF4, 150W RF power and 125 millitorr chamber 

pressure.  Unfortunately, the RIE used had a very high incidence of micro-masking [71], 

which increased the surface roughness of the SU-8 significantly compared with the 

lithographically defined caps.  The micro-masking seemed to have been inherent to the 

RIE as it was present for a variety of etched materials and parameters, although the 

effect was not prominent in the earlier RIE step (Figure 3.5d) likely because of its short 

duration.  

A negative mold was produced by casting TC 5030 silicone (BJB enterprise) which was 

later used to make the adhesive samples either by casting polyurethane or by using 

thermo-compression molding of thermoplastics, depending on the requirement. The 

thermo-compression molding technique is explained in section 5.3.     

 

 

 

38 
 



 

Figure 3.5: Schematics for the fabrication of the hot-embossed anisotropic adhesive 
mold. 

Produce arrays of SU-8 caps on glass 
substrate by standard photolithography 

Spin a layer of HPR 504 and expose to UV 
through a mask 

Develop to remove the photoresist from 
UV-exposed regions  

Reactive ion etch to make indents in 
exposed areas of the caps. Remove 
excess HPR 504. 

Expose to DUV and develop to make 
mushroom shaped fibers with 
overhanging defective caps 

Cast PDMS to make negative stamp. 

SU-8(Cross-linked) HPR 504(unexposed)  PMMA 

HPR 504(exposed) Borofloat Glass PDMS 

(a) 

(b) 

(c) 

(d) 

(e) 

(f) 

(g) 

(h) 

(i) 

Etch down by RIE to produce the 
defective caps on the PMMA substrate 

Use the PDMS stamp to hot-emboss the 
cap structures onto a layer of SU-8 on 
PMMA substrate
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Figure 3.6: SEM images showing the hot-embossed W3 anisotropic adhesive samples. 
The roughness of the cap surface is a result of the micro-masking effect during the last 
reactive ion etching step. 
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3.4. Fabrication of the carbon black composite by compression molding: 

 

 

Figure 3.7: Schematics showing the fabrication of the Carbon Black-Polyurethane 
composite 

 

 

 

  

 

 

  

 

Carbon Black-Polyurethane 
composite adhesive 

Carbon Black-
polyurethane 
composite 

Silicone mold 

Roller 
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Polymers, which are generally used to manufacture the dry adhesives, are poor 

conductors of electricity. This sometimes produces tribocharging, which is a phenomena 

of static charge build up or transfer due to contact or rubbing of two materials. The 

development of static charge is of concern in certain applications of dry adhesives, such 

as MEMS pick-and place [58] as sudden discharge could damage sensitive devices. To 

address this issue, carbon black fillers were added to polyurethane base to make a 

composite which is electrically conductive.  

Figure 3.7 shows the compression molding of Carbon Black-Polyurethane composite to 

make the composite adhesives. The composite was created by mixing ST-1060 antistatic 

polyurethane and the required amount of Carbon black particles (CABOT, Vulcan XC72R, 

particle size   5̴0 nm). The ST-1060 antistatic was prepared by mixing the pre-polymer to 

catalyst in a 2:1 ratio. The carbon black particles were weighed separately in a glove box 

and then added to the polyurethane in steps, followed by stirring by hand each time. To 

make the adhesive, a thick drop of uncured composite mixture was poured on a silicone 

mold, as shown in Figure 3.8. The mold was placed on a rigid plastic sheet and put inside 

a zip-lock bag and then passed through the rollers of a laminator to squeeze the 

composite material into the mold recesses. The gap between the rollers could be 

adjusted, depending on the required thickness of the backing layer. The composite 

adhesive was then cured for a day in room temperature followed by at least 8hrs at 

80°C in an oven. In order to demold the adhesives, pure ST-1060-antisatic was cast on 

top of the carbon black adhesive and then cured before demolding, which embedded 

the composite adhesive in it, as shown in Figure 3.9. 
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Figure 3.8: Uncured viscous composite molds before passing through the rollers 

 

 

 

Figure 3.9: Adhesives made out of composite materials. Picture on the left has the 
composite adhesive portion embedded in plain polyurethane. Picture on the right shows 
a composite adhesive sample attached to a rigid backing of acrylic. 

 

Five different samples of the carbon black composite were made with the carbon black 

weight percentages of 8, 10, 12, 14 and 16%. In addition to the adhesives, rectangular 

pucks were also prepared to measure the electrical resistivity of each of the samples.  
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3.5. Adhesion Testing: 

The normal adhesion force of the samples was determined by a load drag pull test (LDP) 

[30] [34] [36] using a custom test system described in detail in [37][61]. The testing 

process is shown schematically in Figure 3.10(a). The system, as shown in Figure 3.10(b), 

has a tension/compression load cell (GSO-25, Transducer Techniques) attached to a 

linear stage (Newport MFA-CC) and connected to a computer via a DAQ. A 6 mm 

diameter sapphire hemispherical indenter (Edmund Optics NT49-556) is attached to the  

sensing unit of the load cell. The operation and data acquisition of the testing system is  

carried out using custom software written in LabVIEW.  

 

Figure 3.10: (a) Schematic of the adhesion testing process showing (i) Preloading; 
(ii) Shear displacement in a direction perpendicular to the edge of the defect; and (iii) 
Pulling-off. (b) The adhesion testing system consisting of two linear stages for two-axis 
motion, a load cell and a hemispherical indenter. The picture on the right is a zoomed-in 
view showing the components of the testing system in details. The image is published by 
the author in [65] and is reprinted with permission.  
  

(b) 

(i) (ii) (iii) 

+x 

+y 

(a) 
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All velocities of the test system are kept constant at 5 µm/s, and the indenter is left in 

contact with the sample for 3 seconds prior to the application of shear displacement. 

Shear displacements of -25 μm, -18 μm, -11 μm, -5 μm, 0 μm, 5 μm, 10 μm, 15 μm, 20 

μm and 25 μm were applied (these were found to provide more information in the 

range of greatest shear sensitivity for most adhesives) for an average preload of 1 mN in 

separate trials. Images of the fibers in contact were recorded to estimate the contact 

area for these preloads.  A circular area of approximately 300 μm in diameter was found 

for a typical preload.  The average temperature and relative humidity in the lab during 

the trials was 20 °C and 43% respectively. 

In summary, this chapter discusses how an existing process to make isotropic adhesive 

fibers can be modified slightly to render the fibers anisotropic and the challenges 

associated with this process modification. Also shown in this chapter is the fabrication 

process to make conductive versions of the adhesives using carbon black-polyurethane 

composite. The instrumentation and methodology of adhesion testing is described, the 

result of which is presented in the next chapter. 
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4. Adhesion characteristics of the 
polyurethane anisotropic adhesives3 

In this chapter, the results of finite element analysis (FEA) on mushroom shaped 

isotropic/anisotropic fibers are presented to verify the analytical studies in chapter 2. 

Adhesion test results are also presented to investigate the hypothesis, presented in 

chapter 2, and the findings from the finite element modeling.   

The first sets of anisotropic adhesive were prepared using ST-1060 polyurethane from 

W1 mold, as outlined in section 3.1. Six adhesive samples with circular caps (36 μm 

diameter) (C1 –C6) and two adhesive samples with square caps (24 μm edge length) (S1, 

S2) were initially fabricated. As depicted in Figure 3.2, samples C1 to C4 had bar-like 

defects of different size and positions. Samples C5 and C6 had rectangular and toroid 

shaped defects respectively. S1 and S2 had bar-like defects of different sizes. Section 3.1 

discusses the normal adhesion test results of the W1 polyurethane adhesives in more 

detail.  

Based on the results of the W1 adhesives, a second mold, W2, was designed and 

fabricated to address the issue of defect size and shapes in more detail and also to allow 

for a larger scale production of the circular caps with bar-like defects. Refer to section 

3.2 for details on the geometry of W2 adhesive samples. Adhesion test results of W2 

polyurethane adhesives are presented in section 4.2.   

 

3 Sections of this chapter are published by the author in [65] and [127] and are reproduced from 
the original articles. 
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4.1. Finite element analysis of fibers with defective cap  

Finite element analysis was carried out using COMSOL 4.3 for a qualitative 

demonstration of the tensile stress on the fiber and cap when loaded in an axial 

direction and the redistribution of stress when the tensile load on the fiber is coupled 

with shear displacement of the cap. The mushroom shaped fiber model was based on 

SEM measurements of circular fiber fabricated for this work (C1 and C3 from W1 mold).  

The fibers are 25.6 μm tall with a 3μm cap overhang. The defect depth was 800 nm for 

all the three cases shown in Figure 4.1 while the defect width was 3.7 μm for Figure 

4.1(a) and Figure 4.1(c), and 9.5 μm for Figure 4.1(b). The cap surface was held in a fixed 

boundary condition while the displacements were applied to the bottom of the 100μm 

backing layer. The fibers in Figure 4.1(a) and Figure 4.1(b) were only subject to tensile 

load by means of a vertical displacement of 10 μm, whereas the fiber in Figure 4.1(c) 

was subjected to a 10 μm shear displacement away from the defect in addition to 10 μm 

vertically.   

Since  the polyurethane used for manufacturing the fibers is a hyper-elastic material, 

and to account for the possibility of large deformations as seen in previous reports [45], 

a hyper-elastic solid mechanics model is necessary to better approximate the stress 

conditions in the fiber. 

Consequently, the analysis was carried out using Mooney-Rivlin hyper-elastic model 

where the strain energy density function is a linear combination of two invariants of the 

left Cauchy-Green deformation tensor [72]. The strain energy density function for an 

incompressible Mooney-Rivlin material is given by [72] [73]: 

                                           U = C10 (Ī1 - 3) + C01 (Ī2 - 3)                                            (18)                                        
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Figure 4.1: Sectional views showing the distribution of First-Piola Kirchhoff stress normal 
to the cap for a fiber with defective cap in fixed contact with a flat substrate. The fibers 
are pulled 10 μm in the normal direction with the addition of 10 μm shear displacement 
for (c). (a) and (c) corresponds to C1 (Figure 3.2) with 3.7 μm defect width; (b) 
corresponds to C3 (Figure 3.2) with 9.5 μm defect width. It is obvious from figure (a) 
that the application of tensile load induces a stress concentration at the defect edge 
which is reduced when the cap is sheared away from the defect(c). Increasing the defect 
size to 9.5 μm builds up the stress at the defect edge by more than 50 %, as evident in 
(b). The image is published by the author in [65] and is reprinted with permission. 

 

where C10 and C01 are empirically determined material constants, reported to be 330 

kPa and 360 kPa respectively for ST-1060 polyurethane by Bschaden et al. [74], Ī1 and Ī2 

are the first and second invariants of the deviatoric component of the left Cauchy-Green 

(b) 

(a) 

(c) 
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deformation tensor respectively. Other hyper-elastic material models [73] can also be 

used if the necessary material constants are known.  

The finite element analysis shows that the tensile stress on these fibers is highest 

towards the center of the fiber when loaded axially (Figure 4.1a), but a non-overhanging 

edge can concentrate forces and initiate peeling.  This relatively non-uniform stress 

distribution in the top surface (even without considering the overhanging cap) is 

primarily a consequence of the low aspect ratio fiber (fiber height: diameter < 1), and 

the tapered hour-glass form of the supporting fiber. Probing the stress at the surface of 

C1, Figure 4.1(a) reveals that the stress at the edge of the defect is approximately 1.62 

MPa. At the same distance (~14 μm) on the opposite side of the cap, the stress was 

found to be approximately 308 kPa, which shows that the presence of the defect at the 

cap edge increased the stress level more than 500 % over the normal stress at the same 

radius. With a larger defect, the edge is closer to the high stress zone at the center. This 

increases the stress intensity at the defect edge of C3 as shown in Figure 4.1(b) with 3.1 

MPa vs. 554 kPa for 8.09 μm radius at a defect and non-defect respectively. When a 

shear displacement is applied on C1 away from the defect, the stress on the cap is 

redistributed and the central high stress zone shifts away from the defect, thus reducing 

the stress intensity at the defect edge, as shown in Figure 4.1(c) (1.26 MPa vs. 413 kPa). 

The ratio of stress at the defect edge to that at the other side of the cap decreased to 

approximately 305 % for this case. Similarly, if the shear displacement is in the opposite 

direction, the high stress zone would shift towards the defect, making the stress 

concentration at the edge more pronounced.  The practical implication is that for any 

given fracture strength or work of adhesion, the addition of an offset defect can result in 

significant adhesion anisotropy. 
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Stress singularities can be seen at the periphery of the cap because of the sticking 

friction [64][75][76](modeled as a fixed boundary) imposed on the cap surface, which 

can also be seen in the finite element analysis of mushroom shaped fibers by 

Spuskanyuk et al. [64] . These singularities are probably not present in reality as the cap 

surface is free to slide against the conforming surface and/or allowed to expand or 

shrink as a result of the tensile and shear load on the fiber. The finite element modeling 

is only meant to provide a general qualitative understanding of the stress distribution on 

the fiber and cap as a result of the loading. 
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4.2 Adhesion test result of W1 polyurethane adhesives: 

 

Figure 4.2: Plots of normal adhesion force against shear displacement for adhesive 
fibers with: (a) Square and circular caps with different defect shapes; (b) Circular caps 
with bar like defects of different sizes and locations; (c) Square caps with bar like defects 
of different sizes. C1 and S2, having small bar-like defects at the edge demonstrated the 
highest anisotropic adhesion. C6, with the torrid defect, demonstrated the least 
adhesion. The image is published by the author in [65] and is reprinted with permission. 
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Figure 4.2(a) is a comparison of plots of adhesion force against shear displacement of 

four different adhesive samples corresponding to four different cap-defect 

configurations as shown in the insets. The non-symmetrical nature of the graphs proves 

the fact that the presence of offset defects on the caps induces directionality of 

adhesion. The fibers with circular caps and bar like defects at an edge (C1) had the 

highest maximum normal adhesion force of the directional designs as compared to the 

others in these trials, trailed closely by the fibers with square caps with a similar small 

defect at an edge (S2). The superior adhesion performance of C1 and S2 as compared to 

C3, C5 and C6 can be attributed to the positioning and size of the defect. In both C1 and 

S2, the defect size was small and further away from the high stress zone (the red zone in 

Figure 4.1) as compared to those of C5 and C6 whose defects were much larger and 

closer to central high stress zone. The larger the defect size, the smaller the total 

contact area of the cap to the adhering substrate, and thus the adhesion force is lower. 

Furthermore, being closer to the high stress zone, the stress concentration at the defect 

edge grows more rapidly during pull-off, as a result of which the crack would form more 

readily, causing easier detachment. 

The adhesion force plot in Figure 4.2(b) and Figure 4.2(c) serves to verify this 

explanation, as it demonstrates the effect of size and location of the bar-like defects on 

circular and square caps respectively on the adhesion force of the fibers. The maximum 

adhesion force dropped from 16.4 mN in C1 to around 11.8 mN in C3 when the defect 

size was increased from 3.7 μm to 9.5 μm respectively. Similarly, the maximum adhesion 

force dropped from 15.3 mN in S2 to 10.5 mN in S1 when the defect size was increased 

from 2.6 μm to 4.5 μm. 
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Also, the plot in Figure 4.2(b) shows that the small symmetric defects on the 

overhanging portion of the caps of C2 results in isotropic adhesion, with a maximum 

adhesion force of 19.7 mN, exceeding that of our best performing anisotropic adhesive, 

C1. Being even further from the central high stress zone coupled with the tiny size of the 

defects, the compressive force at the overhanging portion of the cap as a consequence 

of the tensile loading of the fiber (Figure 4.1) was significant enough to prevent the 

cracks from these tiny defects from propagating, as suggested in earlier reports of 

Spuskanyuk et al. [64] and Carbone et al. [62] resulting in strong, isotropic adhesion. On 

the other hand, poor, isotropic adhesion was observed when a relatively large defect 

was placed at the center of the fibers, C4 (Figure 4.2b). The central region of the cap is 

the most sensitive to defects since it forms the region of high stress upon loading. With 

a non-defective cap of the mushroom shaped fibers, the crack usually nucleates at the 

center and propagates outwards [63]. The presence of a large defect at the center of the 

cap only exacerbates the adhesion loss, resulting in rapid crack formation and 

propagation until contact is lost.  Of note, when the maximum stress at the crack in 

Figure 4.1(a) and Figure 4.1(b) is compared to the normal adhesion force of C1 and C3 

respectively in the absence of shear, a similar ratio is obtained (1.62 MPa/3.1 MPa = 

0.52, 6 mN/11 mN = 0.54).  Thus, if the crack experiences half the stress for a given axial 

displacement, and if the work of adhesion between the surfaces is a constant, then the 

fiber should be able to support double the load before failure. This indicates that 

despite the unknown absolute work of adhesion between the polyurethane and the 

indenter tip, or the specific boundary conditions that include slip, the FEM model can 

predict relative performance of different designs fairly well. The performance of C3, C5 

and C6, which all have similar crack lengths (9.5, 9.1 and 10.8 μm respectively) have very 
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different normal adhesion forces at zero shear (~ 6, 9 and 5 mN respectively).  This 

difference is too large to account for by the simple equation of crack length dependence 

in equation (17), but can be partially addressed by the reduction of total cap area. 

Additionally, the perimeter of the defects may also have a strong influence on the 

likelihood of initial failure, as slight misalignment of shear direction could make a big 

difference in design C5 (with a notch defect), but C6 (with a toroid defect) would have 

early failures at a broader range of shear displacement directions.  If control over exact 

displacements is very good (in robotic pick and place for example), then defects similar 

to, but smaller than, C5 could be the best option to maximize the total anisotropy ratio. 

These results are consistent with the linear beam theory example, which predicts that 

progressively larger shear displacements would be needed to apply a compressive load 

on a crack that extends in further from the edge of the fiber and fibers with larger cracks 

will have lower adhesion for any given shear displacement.  In principle, theory shows 

that any defect of depth greater than 10 nm will exhibit negligible adhesion via van der 

Waals interactions and will act as a stress concentrator [77].  In practice however, we 

have found that if the defect is too shallow, larger preloads can force the recessed areas 

of the caps into contact with the other surface, and the anisotropic behavior is lost, 

making the performance of these materials less predictable.  This practical limitation 

was discovered in early trials with thinner caps, and is not reported extensively in this 

work, but does pose a practical limitation to this technique. For the 800 nm depths 

introduced here, the majority of fibers remain with the defect out of contact until finally 

fiber buckling occurred with increased preloads.   
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When the adhesives are tested, the results show very good uniformity and long term 

durability.  Tests on a single location of C1 adhesive were run 150 times with shear 

displacements of -18, 0 and 15 μm respectively for a total of 450 trials in a single 

location.  Negligible reduction in performance was observed, as shown in Figure 4.3. 

 

Figure 4.3:  Load-drag-pull maximum adhesion force measurements in a single location 
for C1 adhesive designs.  Drag distances are 15, 0 and -18 μm which correspond to 
maximum, neutral and minimum performance as seen in Figure 4.2. The image is 
published by the author in [65] and is reprinted with permission. 

 

The maximum normal adhesion force for the sample C1 was found to be approximately 

250 kPa (measured by the maximum adhesive force divided by the projected area of 

contact with the hemispherical indenter) with a preferential shear displacement. With 

the smallest adhesion force of approximately 5 kPa from the same sample, this gives an 

anisotropic adhesion ratio of around 50:1. 
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4.3 Adhesion test results of W2 adhesives: 

Inspired by these findings on W1 adhesives, a second adhesive mold, W2, was designed 

and fabricated in order to investigate the effect of defect sizes on the adhesion force 

and anisotropy in a broader capacity and also to compare the adhesion forces of fibers 

with different arrangements and cap shapes corresponding to different defect shapes. 

The maximum adhesion forces of the 22 adhesive sub-samples of W2 are compiled in 

Table 4.1. To facilitate the comparison, a bar graph is added (Figure 4.4) in which fibers 

with similar defect conditions are grouped together. 

Figure 4.5 and Figure 4.6 corroborate what we found earlier with the W1 adhesives, i.e. 

the larger the defect size, the weaker the adhesion. Interestingly, it can be seen from 

Figure 4.5(c) that the adhesion of C33 is almost isotropic with a defect size of 2.8 μm. 

The cap overhang being ~4.6 μm for the square arrayed circular fibers; we can deduce 

that the defect width has to be approximately equal or larger than the cap overhang in 

order to induce anisotropic adhesion, otherwise the resultant compressive load on the 

overhanging portion of the cap due to tensile load on the fiber would be enough to 

suppress the defect and prevent the crack from propagating. 
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Table 4.1: Comparison of the maximum adhesion force of the different adhesive sub-
samples with a nominal 1 mN preload 

Sample  Defect location 
C11 no defect - 18.4 

C12 5.97 edge 12.3 

C13 3.5 edge 16.0 

C14 7.18 middle 4.7 

  
C21 11.13 middle 4.5 

C22 4.72 edge 17.7 

C23 6.98 edge 13.9 

C24 10.96 edge 10.6 
   

C31 6.19 edge 13.8 

C32 4.374 edge 13.7 

C33 2.81 edge 19.1 

C34 6.88 middle 8.4 

C35 no defect - 18.8 
   

C41 no defect - 18.6 

C42 10.02 edge 12.8 
   

C51 2.25 edge 16.9 

C52 3.77 edge 15.2 

C53 6.51 edge 12.9 

C54 6.86 middle 7.9 

C55 no defect - 17.9 
   

S1 A1 7.09 edge 8.6 
S1 A9 no defect - 17.2 

 

 

 

Large edge defect No defect Large central defect 

Small edge defect
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Figure 4.4: Bar graph comparing the maximum adhesion forces of fibers as mentioned in 
Table 5. Bars corresponding to fibers with similar defect sizes are grouped together. The 
coloring scheme is the same as in Table 4.1. Each sample was tested 9 times  and the 
mean and standard deviation was calculated and plotted. 
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Figure 4.5: Plots of normal adhesion force vs shear displacement for samples with (a) 
bar-like defects; (b) bar with dimple defects and (c) rectangular defects. Inset shows 
defect shapes and relative size differences for each of the samples corresponding to the 
graphs 

 

(a) 

(b) 

(c) 
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Figure 4.6: Plots of normal adhesion force vs shear displacement for samples with (a) 
finger-patterned defects; (b) rectangular defects and (c) bar-like defects. Inset shows 
defect shapes and relative size differences for each of the samples corresponding to the 
graphs. Please note that the C5 samples had hexagonal arrays of fibers with rectangular 
cap defects which is not to be confused with C3 samples which had square arrays of 
fibers with similar cap defects. 

 

  

(a) 

(b) 

(c) 
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Figure 4.7: Comparison of adhesion forces for samples with (a) no cap defects; and (b) 
central cap defects. 

 

 

  

 

 

 

(a) 

(b)

61 
 



 

Figure 4.8: Comparison of adhesion forces for samples with (a) small defects of similar 
widths and (b) large defects of similar widths. 

 

The non-defective fibers, shown in Figure 4.7(a), demonstrated that the adhesives 

performed similarly, even though the fibers in C55 and S12 are lower in aspect ratio than 

the rest, with C55 being lowest aspect ratio. Even though the center to center distance 

between the adjacent fiber caps for all the three configurations (square array of circular 

fibers, hexagonal array of circular fibers and square array of square fibers) are same (50 

pass through between the caps during the fabrication step in Figure 3.1(e) as compared 

(a) 

(b) 
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to the square array arrangement of circular caps because of the relatively denser 

arrangement of the hexagonal pack.       

 

 

Figure 4.9: Comparison of the three fiber/cap arrangements showing the relative 
spacing between the caps. The square array of the circular caps apparently has the most 
spacing between the caps, resulting in more undercuts for the square arrayed circular 
fibers from uncollimated exposure as compared to the other two arrangements. 

 

Comparing the adhesion of the mushroom fibers with central defects, as shown in 

Figure 4.7(b), we can see that the adhesion is stronger with spot rectangular defects at 

the center (C34 and C54) as compared to the bar-like defects which run across the cap 

surface (C21 and C14). This can be attributed to the larger contact area between the cap 

and the attaching surface for the rectangular defects as compared to the bar-like 

defects, resulting in relatively prolonged adhesion before the crack finally initiates at the 

center and propagates to cause detachment. However, despite the bar-defect being 

approximately 3 times the size as the rectangular one, its strength is only halved. 

Figure 4.8(a) and (b) compares the adhesion force of fibers with small and relatively 

large cap defects respectively. For the small defect group, the defect width spans from 

around 3.5 μm to around 4.7 μm. These defect sizes were enough to induce anisotropy 

in all the samples, demonstrated by the asymmetric nature of the graphs. Quite 

interestingly, the fibers with bar-like defects with dimples (C22) looks like it 
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outperformed the ones without dimples (C13) but variability was so high that this may 

not be a real effect. The maximum normal adhesion force of C22 was 17.75 mN at a 

shear displacement of 15 μm which is very close to the maximum normal adhesion force 

of similar fibers without any defect (~ 18.4 mN at zero shear displacement for C11). The 

dimples in C22 and C23 were originally designed to prevent the recessed surface from 

contacting the attaching surface at larger preload, thus retaining anisotropy. But it 

somehow improved the overall adhesion as well. The bar-like defects with no dimples 

performed best amongst the remaining samples.  

The fibers with larger dimpled bar defects (C23) demonstrated better adhesion amongst 

its peers as well, shown in Figure 4.8(b) and Figure 4.4. With the exception of fibers with 

square caps (S11), other samples with similar defect size but different defect shapes 

showed comparable adhesion in this case.  

4.4 Adhesion tests at higher preloads: 

A series of tests were conducted on C13 samples with similar test parameters but at 

progressively higher preloads to determine if the fibers retained anisotropy in adhesion 

at larger preloads. The results, plotted in Figure 4.10, demonstrate that the fibers 

adhesion do retain directionality at larger preloads which indicates that the defect 

depth of 800 nm was large enough to ensure no-contact between the recessed surface 

of the cap and the attaching surface. 
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Figure 4.10: Adhesion test results of C13 polyurethane samples at larger preloads 

 

Based on the results presented, several key findings can be summarized: 

• Adhesion anisotropy for mushroom shaped fibers can be achieved through the 

use of offset defects that concentrate stress on one side of the fibers 

• Bigger defect lengths (towards fiber center) produce lower adhesion in the 

absence of shear 

• Larger defect perimeters for similar crack lengths result in lower adhesion forces 

• Notch type defects may be better than toroidal defects for larger adhesion 

forces, but are likely more sensitive to peeling/shear directions. 

• High aspect ratio fibers will need larger displacements but lower forces to 

achieve best adhesion in the presence of shear with this fabrication technique. 

• The exact location and size of the defect has huge impact on the performance of 

adhesive designs, so alignment and ease of manufacturing is extremely 

important. 
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 Relative performance of fiber designs can be roughly predicted by the relative 

stress at the defect edge for similar materials and loading conditions. 

 

4.5 Adhesion Force of the Hot-embossed W3 adhesives 

 

Figure 4.11: Normal adhesion force vs shear displacement plot for the polyurethane W3 
adhesives 

 

Figure 4.11 shows the adhesion force against various shear displacements for the hot-

embossed anisotropic adhesive mold replicated in polyurethane. It also compares the 

adhesion force with the photolithographically produced fibers with similar defect type 

and size, i.e. C12 of W2 mold (5.97 μm for C12 vs 5.88 μm for W3). For fibers with very 

rough caps, as shown in Figure 3.6, the adhesion force values are unexpectedly good 

with comparable adhesion at zero shear. This indicates that the concept of hot 

embossing to make the large scale versions of the adhesives is still very promising, 

although some modifications to the procedure is necessary in order to avoid the 

roughening of the cap surface. If the roughening can be eliminated, the adhesion force 

would almost certainly go up to match the values corresponding to C12, shown in this 
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figure and also in Table 4.1. As such, the basic concept of an all-embossed mold may be 

developed in the future to scale up the size of anisotropic molds while maintaining 

consistent adhesive performance. 

4.6 Carbon Black-polyurethane composite adhesives. 

Carbon black-polyurethane composite adhesives were prepared by adding a specific 

amount of carbon black to the antistatic ST-1060 polyurethane in steps followed by 

thorough mixing by hand. Carbon blacks with 4 %, 8 %, 10 %, 12 %, 14 % and 16 % by 

weight had been added to separate ST-1060 antistatic samples. Adhesive samples were 

made using the compression molding technique described in Section 3.4 and 

demonstrated in Figure 3.7. Some pucks were also made from the composite using a 

squeegee technique in order to test the conductivity of the samples. The resistance of 

the pucks was measured using a 2-point probe resistance meter (Model 152P-2P, Trek 

Inc.). Figure 4.12 shows a plot of the log mean resistance against the carbon black 

concentrations demonstrating the roughly linear relations between the logarithmic 

values of the mean resistance of the pucks and the carbon black concentrations. In 

other words, increasing the carbon black concentration increased the conductivity of 

the samples exponentially for the concentration range tested. However, the standard 

deviation for the resistance data was also very high, resulting from the poor dispersion 

of carbon black particles due to hand mixing. Use of a proper mixing tool such as a 3-roll 

mill is highly recommended for future sample preparation.   

 

67 
 



 

 

Figure 4.12: Graph showing the log mean resistance values for different carbon black 
concentrations. 

 

 

 

Figure 4.13: Comparison of adhesion forces of carbon black samples made out of CII 
mold [58]. The isotropic (non-defective) fibers are ~25 μm tall, ~24μm cap diameter 
with ~3 μm overhang and ~2μm cap thickness.  

  

Figure 4.13 compares the normal adhesion forces of the different carbon black-

polyurethane composite samples at different preloads. It appears that the mean normal 

adhesion force increased slightly with the increase in carbon black concentration up to 

12 % by weight of carbon black and then the adhesion dropped with further increase of 
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carbon black content. Since the addition of carbon black particles increases the stiffness 

of the fibers, which itself is a factor on which the adhesion depends, this result suggests 

that the stiffness of the particular type of fibers reach an optimum level with respect to 

adhesion at 12 % by weight of carbon black.  

Figure 4.14 shows the adhesion force plot of an anisotropic carbon black composite 

with 16 % CB of C13 type. Even though the adhesion force is approximately 25 % less for 

the carbon black composite, it still demonstrated similar anisotropy. Perhaps with a 

softer polymer matrix, the adhesion force might increase to the level of ST-1060 

polyurethane.   

 

 

Figure 4.14: Comparison of adhesion between 16 % carbon black-polyurethane 
composite adhesives and pure polyurethane adhesives made from C13 sample of W2 
mold. 

To conclude, adhesion test results are presented and analyzed for samples produced by 

conventional photolithography as well as with hot-embossing. The adhesion test results 
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confirm our general predictions from the finite element analysis about the performance 

of the directional and non-directional fibers. In both cases, the introduction of a 

deliberate defect to one side of the fiber resulted in predictably directional adhesion 

force.  The embossing trials were complicated by the much rougher top surface of the 

caps, but maintained directionality through the original designed defect.  Improvements 

to hot-embossing techniques should produce reliable and uniform directional adhesives 

for large scale pee tests.  In addition, a recipe for the fabrication of polyurethane- 

carbon black composite fibers is outlined for anti-static applications such as MEMS pick 

and place. 12 % carbon black by weight apparently yielded better results in terms of 

conductivity and adhesion strength of fibers. 
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5. Thermoplastic elastomer as the 
structural material for dry 
adhesives4  

Traditionally, synthetic dry adhesives are mainly made out of polyurethane or PDMS 

[78] mainly because of their softness (43-Shore A for PDMS and 60 Shore A for 

polyurethane) providing good compliance for the fibers, and good replication fidelity. In 

addition, polyurethane has a high tensile strength (~6 MPa [79]) and good tearing 

strength (~21 kN/m [80]) making the fibers reasonably resistant to tearing.  This chapter 

discusses the prospect of these materials in terms of oligomer transfer. Additionally, 

SEBS thermoplastic elastomer is introduced for the first time as a structural material for 

dry adhesives and it is demonstrated to be capable of similar performance to ST-1060 

while being less likely to transfer oligomers to other surfaces. A preliminary examination 

of the effect of oligomer transfer on wire-bonding yields is also investigated in this 

chapter.  

5.1 Background 

Contamination of the surface of a MEMS device and microelectronic chips due to 

particle transfer is undesirable [81] as the particles might affect the operation of the 

circuitry of the microelectronic devices and might also interfere with the motion of the 

moving parts of a MEMS device. Careful study on the material transfer is therefore 

necessary whenever a process involves physical contact between a handling device and 

a MEMS die or microelectronic chip. During MEMS packaging in laboratories or small-

4 Sections of this chapter are published in [126] and [128] and are reproduced or adapted from 
the original articles. 
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scale prototyping, the devices are usually handled and transferred manually using 

tweezers, vacuum tips, etc. These devices can potentially be transferred during 

packaging using end effectors employing gecko inspired dry adhesive [58]  as well as 

using micro-transfer printing[54, 82-84], both of which largely employ polymers to make 

the attaching devices or stamps. Although polymers such as polypropylene [31], 

polyvinylsiloxane [49] and poly(urethane acrylate) [32] have been used before to make 

the dry adhesives,  polyurethane and PDMS remained the material of choice for these 

adhesives because of their performance [34][40][52][61][85-92] and relative ease of 

manufacturing using soft lithographic techniques [93]. 

The pick and place process would involve the dry adhesive coated end-effector to be in 

contact with a portion of the die for a certain period of time as a result of which there 

might be some transfer of oligomers (low molecular weight compounds consisting of a 

few monomer units) from the polymer adhesive to the die. Also, manufacturing of these 

adhesives often involves the casting of the adhesive material (polyurethane, for 

instance) on a secondary negative mold made of silicone, for example [60][94], which 

opens up the possibility of some oligomer transfer from the silicone mold into the 

polyurethane adhesive and eventually into the contacting die.  

Transfer of oligomers due to contact is thought to take place because of molecular 

interactions, electrostatic forces, etc. [81] and might depend on factors such as contact 

time, contact pressure, curing and or pretreatment of the stamp, etc. Yang et al. [95] 

reported that the oligomer transfer during micro-contact printing depends on surface 

energy of the contacting surface as well, with more tendencies to transfer to hydrophilic 

surfaces as compared to hydrophobic ones. Wigenus et al. reported that the transfer of 
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PDMS oligomers increased with the increase of contact time [96]. Similar results were 

obtained by Yunus et al. [97] although in both of these works, the upper limit of contact 

time reported was ≥ 1000 min which is much larger than the usual contact time involved 

in pick-and-place applications(a few seconds). The amount of oligomers transferred did 

not vary too much within a minute period in either of these reports, which is the upper 

limit of contact time in our work, as outlined in Table 5.1.  

This work investigates the oligomer transfer due to contact from PDMS, polyurethane 

rubber and SEBS thermoplastic elastomer (Styrene-Ethylene/Butylene-Styrene) puck 

onto the surfaces of gold-coated silicon dies. Additionally, any transfer of oligomer from 

the intermediate PDMS mold to the final polyurethane or SEBS sample upon casting is 

also investigated.  

Transfer of low molecular weight PDMS fragments during contact has been widely 

reported, mostly in the case of micro-contact printing where PDMS was used as the 

stamp material [95][97-106]. Nandini et al. [107] investigated the contamination of 

silicon using certain other polymer materials (UHMWPE, Teflon, KEL-F, PMMA, Nylon 66, 

PEEK). However, there is little study, if any, involving the transfer of oligomers from 

polyurethane stamps, which is also a commonly used material for the dry adhesives. 

Trimbach et al. claimed in their article [108] that Kraton SEBS does not transfer 

oligomers during micro-contact printing unlike their PDMS counterparts, but they did 

not present any experimental evidence to back their claim. Hence this study is 

conducted to investigate the transfer from polyurethane, Kraton and PDMS in order to 

determine the suitability of these materials for dry adhesives in terms of surface 

contamination, which might be critical for pick and place applications. The SEBS Kraton 
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was investigated because of its potential as an alternative to the thermosetting PDMS 

and polyurethane which, despite having good mechanical properties, has the 

disadvantage of long processing times, high base material cost. On the other hand, the 

SEBS thermoplastic elastomers can be processed very rapidly using thermo-compression 

molding, are cheaper and scalable, all of which is favorable for large scale 

manufacturing.   

Previous studies to investigate the surface contamination from contact used 

processes/tools like X-ray Photoelectron Spectroscopy XPS [98][101][103][109], Infrared 

reflection-absorption spectroscopy (IRAS) [102], Time-of-flight Secondary Ion Mass 

Spectroscopy (ToF-SIMS) [100][110], Fourier Transform Infrared Spectroscopy FT-IR 

[98][109], Atomic Force Microscopy AFM [96][98][111], optical micrographs [107], and 

Scanning Electron Micrographs SEM [107]. In this work we used high resolution XPS 

analysis to investigate the transfer of the materials from the puck to the gold-coated 

silicon die. We also investigated any successive transfer of PDMS oligomers via an 

intermediate means (polyurethane or Kraton SEBS in this case). 

Figure 5.1 shows the molecular structure of the three polymer materials that we tested 

for oligomer transfer. The silicon dies were coated with 50 nm gold layer in order to 

make the test surface free of silicon atoms, which would interfere in the identification of 

PDMS oligomers. Since nitrogen atoms are present in the polyurethane structure but 

not SEBS or PDMS, N 1s electrons were used as the identification element of 

polyurethane. Kraton SEBS has only hydrogen and carbon in its molecular structure 

(Figure 5.1c), so C 1s electrons could be used to identify the presence of Kraton, as XPS 

is not suitable for identification of hydrogen electrons. Since there is a possibility of 
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adsorption of hydrocarbon from the atmosphere by the die, and thus affecting the XPS 

analysis of SEBS-contact samples, the results were compared with that of a control die 

which was kept in a similar condition as the other dies except it did not undergo any 

contact with any of the polymers. Si 2s electrons were used to identify the presence of 

PDMS oligomers. 

 

Figure 5.1: Molecular structures of (a) Polyurethane; (b) PDMS and (c) Poly(styrene-
ethylene/butylene-styrene) (SEBS). The image is published by the author in [128] and is 
reprinted with permission. 

 

5.2. Surface analysis using X-  

X-ray photoelectron spectroscopy (XPS), also known as electron spectroscopy for 

chemical analysis (ESCA) is the most widely used surface characterization method [112]. 

Other commonly used surface analysis techniques are Auger Electron Spectroscopy 

(a) 

(b) 

(c) 

)
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(AES), Secondary Ion Mass Spectroscopy (SIMS), Infrared Spectroscopy, Atomic Force 

Microscopy (AFM), Scanning Electron Microscopy (SEM), etc.  The primary components 

of an XPS system are the vacuum system, X-ray source, electron energy analyzer, and 

the data analysis system, shown in Figure 5.2. 

In XPS, the target material surface is irradiated with an X-ray beam. The high energy 

photons from the X-ray beam interact with the core orbital electrons at the surface of 

the exposed material, exciting the electrons and eventually leading to their emissions. 

Provided the threshold frequency of photoemission is exceeded, the number of 

electrons emitted is proportional to the intensity of illumination. The emitted 

photoelectrons are guided by an electron lens into a hemispherical energy analyzer. An 

electrostatic field in the hemispherical analyzer causes the photoelectrons to deflect. 

The deflection of the electrons depends on their energies and only those with a certain 

range of energies passes successfully from the entrance to the exit of the analyzer. The 

magnitude of this electron energy range depends on pass energy, the size of the 

entrance slits and the angle with which the electrons enter the analyzer. This range is 

usually ~10 % of the pass energy [113]. A multichannel detector plate then counts the 

number of electrons leaving the analyzer at each energy level. 
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Figure 5.2: Schematic diagram of an X-ray photoelectron spectrometer showing its key 
components. 
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The binding energies of each electron, EB, is given by  

EB = hν – KE    (18)  

Where h = 6.626 x 10-34 J s [114] is the Planck’s constant and ν is the frequency of the X-

ray. The product hν is the energy of the X-ray source and KE is the kinetic energy of the 

photoelectron measured by the multichannel detector. The binding energy is a function 

of the type of atom and its environment. Determining the value of the binding energy 

thus gives us information about the photo-emitting atom. The computer processor 

acquires the data from the XPS and displays the spectrum consisting of peaks 

corresponding to the different types of element present in the outer 10nm of the 

sample surface. The area under the peaks gives us an estimation of the amount of each 

element present. The percentage of each element can be determined by measuring the 

area under the peak and correcting them for instrumental factors.  

The atomic concentration, ni of and element I is given by  

𝑛𝑖 =  𝐼𝑖𝑗 𝑆𝑖⁄
∑𝐼𝑖 𝑆𝑖⁄      (19) 

   

Where Iij is the peak area of the peak j from element i, Si is the relative sensitivity factor 

(RSF) of the core level j of element i. 

 Charge neutralizer is sometimes used while analyzing samples which are poor 

conductors of electricity. To avoid the build-up of positive charge due to emission of 

photoelectrons, the sample is flooded with low energy (<20eV) electrons.  
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5.2.1. XPS parameters used in the surface contamination tests: 

The XPS measurements were performed on ULTRA XPS spectrometer (Kratos Analytical) 

at the Alberta Centre for Surface Engineering and Science (ACSES), University of Alberta. 

The base pressure in the analytical chamber was lower than 3 x 10-8 Pa. Monochromatic 

Al Kα  source  (hν  = 1486.6 eV) was used at a power of 210 W. The analysis spot was 

400 x 700 um. The resolution of the instrument is 0.55 eV for Ag 3d and 0.70 eV for Au 

4f peaks.  

The survey scans were collected for binding energy spanning from 1100 eV to 0 with 

analyzer pass energy of 160 eV and a step of 0.4 eV. For the high-resolution spectra the 

pass-energy was 20 eV with a step of 0.1 eV. Charge neutralization was not required.  

Vision-2 instrument software was applied to process the data. All spectra were 

calibrated for C1s binding energy position at 284.8 eV. 

5.2.2. Sample preparation 

SEBS and polyurethane pucks were made by casting on separate silanized borofloat 

glass substrates as well as on separate plain PDMS surfaces followed by curing or drying, 

mimicking a common practice of casting a polymer on a negative PDMS template to 

produce micro-structured adhesive fibers. The PDMS pucks were produced by casting 

on two separate silanized borofloat glass substrate followed by degassing and curing at 

80°C in an oven for two hours. A few circular dots of PDMS were also produced in a 

separate section of one of the substrate.      

 An SEBS solution was previously prepared by adding 5 g of solid Kraton G1657 pellets 

(Kraton Performance Polymers Inc.) to 75 ml of hexane followed by stirring on a 
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magnetic stirrer. The SEBS solution was cast multiple times on the PDMS surface, in the 

form of arrays of dots (~10 mm diameter), to produce a layer of a few hundred 

micrometers thick after the hexane evaporated.  This eliminated the majority of the 

dust that would otherwise be present on the pellets of neat resin and was otherwise not 

feasible to remove. The polyurethane puck was made of ST-1060 (BJB Enterprises), a 

thermoset elastomer commonly used to produce dry adhesives [34][61][115][116] 

which was prepared by mixing the two components to the manufacturers 

recommended ratio followed by degassing, and casting on the second PDMS puck, also 

in the form of arrays of dots, followed by curing at room temperature for at least 48 hrs.  

Several gold-coated silicon dies were cleaned by dipping into a piranha solution (3 part 

H2SO4 (96 %) and 1 part H2O2 (30 %)) for 15 minutes followed by rinsing with DI water 

and drying with nitrogen. The PDMS, polyurethane and SEBS pucks were then brought 

separately into contact with the surface of gold-coated silicon dies for durations of 5, 15 

and 60 seconds as outlined in Table 5.1. All the samples were prepared within an hour 

of the cleaning in a cleanroom environment and left sealed in containers before 

mounting on the XPS stage.  For applications like MEMS pick-and-place, these adhesives 

would be expected to be in contact for relatively short times and therefore these 

contact periods were felt to be representative of our expected applications. 
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Table 5.1: Material, conditions and durations of contact of the polymer pucks with the 
dies. The table is published by the author in [128] and is reproduced with permission. 

 Sample no. Contact material/condition Contact time(s) 
1 Control wafer (no contact) 0 

 
Case 1 

2 Plain Polyurethane 5 
3 Plain Polyurethane 15 
4 Plain Polyurethane 60 

 
Case 2 

5 Polyurethane cast on PDMS 5 
6 Polyurethane cast on PDMS 15 
7 Polyurethane cast  on PDMS 60 

 
Case 3 

8 Plain Kraton G1657 5 
9 Plain Kraton G1657 15 

10 Plain Kraton G1657 60 
 

Case 4 
11 Kraton G1657 cast on PDMS 5 
12 Kraton G1657 cast on PDMS 15 
13 Kraton G1657 cast on PDMS 60 

Case 5 14 Plain PDMS 5 
 

5.2.3 XPS Results: 

Preliminary data analysis and atomic compositions were calculated using Casa XPS 

Software. The compositions were calculated using Scofield sensitivity factors. The high 

resolution XPS spectrum data points were then exported into Microsoft Excel 2010 and 

the graphs are plotted as shown in Figure 5.3 to Figure 5.6. 

Table 5.2: Binding energies and relative sensitivity factors of the relevant electrons 
[117]. The table is published by the author in [128] and is reproduced with permission. 

Element Binding Energy (eV) Relative sensitivity factors 

Si 2s 149 0.955 

C 1s 284 1.00 

N 1s 399 1.8 

O 1s 532 2.93 

Au 4f 7/2 83 9.58 
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Figure 5.3: High resolution XPS spectra comparing control sample with (a) case 1 
samples showing N 1s peaks; (b) case 3 samples showing C 1s peaks. Some of the 
spectrums are deliberately offset in the y-axis for clarity. 
 

 

 

(a) 

(b) 
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Figure 5.4: High resolution XPS spectra comparing control sample with (a) case 2 
samples showing N 1s peaks; (b) case 2 samples showing Si 2s peaks. Some of the 
spectrums are deliberately offset in the y-direction for clarity. 

(a) 

(b) 

83 
 



 

Figure 5.5: High resolution XPS spectra comparing control sample with (a) case 4 
samples showing C 1s peaks; (b) case 4 samples showing Si 2s peaks. Some of the 
spectrums are deliberately offset in the y-direction for clarity. 

 

 

 

(a) 

(b) 
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Figure 5.6: High resolution XPS spectra for comparing the control sample with case 5 
sample showing Si 2s peaks. 

 

The binding energies of the relevant photoelectrons are given in Table 5.2. From Figure 

5.3(a), which compares the N 1s spectra of case 1 samples with that of the control 

sample, we can see that the peaks at 399 eV for the case 1 samples are a little more 

pronounced than that corresponding to the control sample, suggesting that the case 1 

samples have a higher N 1s content. This is verified by the atomic composition 

calculation in Table 5.3, where N 1s concentration was found to have increased slightly 

from 0.5% in control sample to 1.6%, 1.3% and 1.8% in samples 2, 3 and 4 respectively. 

The decrease of the background Au 4f % from the control sample to the case 1 samples 

and a simultaneous increase in N1s content is suggestive of a possible polyurethane 

oligomer transfer from the puck to the die surface during contact. A similar trend of 

increase in N 1s concentration and decrease in Au 4f concentration can be observed for 

case 2 samples, corroborating our findings above. 
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Table 5.3: Atomic composition calculated from high resolution XPS spectrum. The table 
is published by the author in [128] and is reproduced with permission. 

Case Sample 
Atomic Composition (%) 

N 1s C 1s O 1s Si 2s Au 4f 
Control 1 0.5 23.8 5.2 ~0.0 70.5 

  2 1.6 23.1 4.6 ~0.0 70.7 
1 3 1.3 24.8 6.5 ~0.0 67.4 
  4 1.8 24.0 6.1 ~0.1 68.1 
  5 2.5 24.1 4.4 0.6 68.4 
2 6 1.8 25.6 5.8 2.0 64.8 
  7 2.2 24.9 7.1 1.5 64.3 
  8 ~0.0 25.4 5.0 ~0.0 69.6 
3 9 0.1 25.0 4.0 ~0.0 70.9 
  10 ~0.0 25.3 2.7 ~0.0 71.9 
4 11 0.6 25.0 4.7 2.6 67.2 
  12 0.7 23.6 5.5 3.0 67.2 
  13 0.7 26.8 4.7 1.0 66.8 
5 14 0.4 24.9 7.0 3.2 64.5 

 

Interestingly, there is a slight increase in Si 2s concentration for sample 6 and 7 as 

compared to negligible amount in control sample, as shown in Table 5.3, suggesting that 

some oligomers might have made its way from the PDMS mold to the dies via the 

polyurethane puck. The slight bulging of the spectrum at 153 eV in Figure 5.4(b) for case 

2 samples supports the suggestion. This cross contamination of PDMS from an original 

mold will also be a possible concern for any adhesives manufactured with soft-

lithography techniques, but would potentially be solvable via some surface cleaning of 

adhesives prior to use. In these measurements, sources of error can include variations in 

transfer across a single sample and the introduction of operator judgment in measuring 

the peaks, along with inherent noise within the signal.  The composition percentages 

can generally be considered accurate within 10 %. 
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Regarding the case 3 SEBS samples, it can be seen that the O 1s concentration dropped 

amid a slight increase of C1s concentration, which suggests that there might be some 

SEBS oligomer transfer as well, which consists of only carbon and hydrogen.  If the 

original carbon and oxygen content is primarily adsorbed CO2 then it is possible that 

some of this is displaced by the SEBS, although the gold concentration remains so close 

to the original control sample that it is possible that there is negligible transfer. Similar 

to Figure 5.4(b), the Si 2s peaks for samples 11, 12 and 13 in Figure 5.5(b) also shows 

that some PDMS oligomers might have made its way into the die via the intermediate 

SEBS puck. The increase in Si 2s atomic concentration for samples 11 and 12 in Table 3 

corroborates this observation.   

Referring to Figure 5.6 and atomic composition values in Table 5.3, we can see that 

there is an obvious Si 2s peak in the XPS spectra for sample 14. The concentration of Si 

2s increased from negligible amount in the control sample to 3.2 % in sample 14, 

indicating possible oligomer transfers from PDMS puck to the gold-coated die surface, 

as are expected without significant modification to the silicone [18][19]. 

In all the cases, there is little evidence of significant variation in the amount of material 

transferred at different contact duration which agrees with previous reports [17][28] 

where the amount of oligomer transfer increased significantly only at large duration of 

contact (>>1 min) and not within a minute period which was the range of duration of 

contact in our work.   Given the general levels of composition and adsorbed carbon on 

even the control sample, it is apparent that the amount of material transferred from the 

SEBS onto the gold surfaces is very small and if it is in its pure form without any surface 

contamination from PDMS, easily appears to have the least rate of transfer of the 
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materials tested.  Multiple contacts of the SEBS sample with a clean surface should 

mostly deplete this supply of surface oligomers and reduce the possibility of transfer 

with future use.  From this we can conclude that SEBS thermoplastic elastomers would 

be an acceptable choice as a low or minimally contaminating thermoplastic candidate in 

comparison to curable polyurethane or silicone rubbers. 

5.3 Wire-bonding test: 

One of the potential effects of oligomer transfer onto the dies is that they might disrupt 

the wire bonding process if present in sufficient quantities. To investigate this issue, a 

PDMS puck, which was found to be the worst in terms of oligomer transfer in the 

section 5.2, was left into contact with a clean gold coated silicon die for 1 minute (longer 

than the contact period for case 5 in Table 5.1) and the die was subjected to wire 

bonding trials, as shown in Figure 5.7. 

 

Figure 5.7: Gold coated silicon die with 26 wire bonds. The bare ball joints with no wires 
were due to tip blockage which is due to the aging tip and not a bond failure. 
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600 W power and 300 millisecond bond time was used for the trials. These parameters 

could be optimized based on the bond pad and wire material if necessary for better 

yields.   

26 trials of wire bonding were conducted on the die and there was no apparent bond 

failure. A few visible gold balls on the die with no wires were a result of tip failure 

(blockage due to repeated bonding), and not a bonding issue. Even if those are 

considered as bonding failures, the success rate is around 81 % which is very promising. 

This implies that even the amount of oligomer transfer from PDMS is not large enough 

to cause any apparent wire bonding issue.  However, because there was no other 

infrastructure on campus to detect other modes of bond failure (specifically shear force 

or normal force pull-off trials), it should be further pursued with better equipped 

packaging companies with standard wirebonding equipment and previously optimized 

equipment and parameters to conclusively demonstrate reliability.  If that can be done 

for the PDMS adhesive material, then it is unlikely that any of the other polymers used 

in this work will be a significant source of wirebonding failures. 

 

5.4. Fabrication of SEBS thermoplastic elastomer adhesive samples by thermo-

compression molding 

Although the material transfer of SEBS was found to be very small, it would still not be 

an acceptable material for use if it didn’t have comparable adhesion properties (such as 

adhesion strength, long term durability and directionality) to those of the thermoset 

rubbers with identical microstructures.  Of great importance to application in MEMS 

pick and place is high normal adhesion strength when pulled directly off of a substrate 
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(to remove MEMS die or devices from tape or substrates), and the ability to 

demonstrate directional behavior (for easy release) when structured with a particular 

defect to make them more vulnerable to peeling when loaded with a shear force.  The 

manufacturing and testing of these particular adhesive variations is described below. 

 

 

Figure 5.8: Schematic diagram showing the fabrication of thermoplastic elastomer (TPE) 
adhesives by thermo-compression molding. (a)-(b) SEBS pellets are melted together 
under light pressure to form a melt, (c) a silicone rubber mold is placed on the melt a 
pressed down slowly until the desired force is applied, (d) after approximately 30 
seconds to fill the mold, the silicone, SEBS and glass slide are removed from the hotplate 
and cooled before the silicone is demolded, (e) macro scale view of an SEBS adhesive 
sample, (f) microscopic image showing arrays of anisotropic adhesive fibers made of 
SEBS. The image is published by the author in [128] and is reproduced by permission.    

 

Isotropic and anisotropic adhesive samples were fabricated out of Kraton SEBS by 

thermo-compression molding, shown in Figure 5.8, and their performance is compared 

with a polyurethane version manufactured from ST-1060.  In this case, another version 
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of Kraton SEBS (G1645) was used that had a lower shore A hardness (~Shore A 35). The 

softer G1645 was qualitatively stickier than G1657 even in its unstructured form, but it 

did require more force or time to flow into molds at elevated temperatures as indicated 

by the lower melt-flow rate in Table 5.4.  Such factors are ultimately necessary to 

consider in the trade-off between easy manufacturability and final adhesive 

performance because fibers with undesired defects will be much worse even if 

structural properties are more attractive. While other Kraton varieties were tested, not 

all were sufficiently flow-able at the temperatures and forces used to manufacture the 

adhesives in this work and are not reported here. 

A  negative template, made by casting silicone (TC-5030, BJB Enterprises) on a rigid mold 

in a process described elsewhere [65], was used as the master here. The template 

consists of the negative of both isotropic and anisotropic mushroom shaped fibers. The 

polyurethane versions of the adhesive fibers were manufactured by mixing ST-1060 

polyurethane pre-polymer (BJB Enterprises, CA, USA) with the catalyst on a 100:55 ratio 

and casting on the silicone mold followed by degassing, curing at room temperature for 

at least 8 hours and post-cure baking for another 8 hours at 80 °C in an oven. The 

thermoplastic elastomer versions were made by a hot embossing/thermo-compression 

molding process, shown in Figure 5.8. Kraton G1657 and G1645 were obtained from 

Kraton Performance Polymers Inc. (Texas, USA). The relevant material properties are 

outlined in Table 5.4.  Some recently reported work [118] suggests that viscoelastic 

components of material properties strongly influence adhesion behavior if a material is 

tested at a temperature at close proximity to its glass transition temperature Tg.    There 

is no reported glass transition temperature for ST-1060 in the literature that we can 

find, but in the case of SEBS, the lower of the two distinct Tg values is that of the 
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ethylene-butylene and is typically listed as approximately -42 °C on company datasheets 

[119] or even lower in specific instances [120].  Our measurements occurred at 22 ± 1 °C 

and would likely be outside the temperature range found to be significant in the work of 

Lakhera et al. [118]. 

Table 5.4: Select material properties of ST-1060 polyurethane [80], Kraton G1645 [121], 
and Kraton G1657 [122]. The table is published by the author in [128] and is reproduced 
with permission. 

Properties ST-1060 Kraton G1657 Kraton G1645 
Melt flow at 230 °C (g/10 min) N/A 22 2-4.5 

Hardness, Shore A 60 47 35 
Tensile Strength (psi) 900 3400 1500 

Elongation at Break (%) 590 750 >600 
Modulus of elasticity at 300 % (psi) 560 350 N/A 

Glass transition temperature, Tg N/A ~-42 °C [119] N/A 
 

The Kraton G1657 and G1645 come in the form of pellets, slightly dusted to prevent 

sticking. A number of pellets were placed together on a microscope glass slide (Figure 

5.8a) on a hot plate at 200 °C and squeezed to form a single melt (Figure 5.8b). The 

silicone master was placed on top of the melt at the desired location. This separate 

silicone mold was never used for polyurethane to prevent any undesirable 

contamination or toxic breakdown of polyurethanes. On top of the master and aligned 

with the Kraton SEBS melt, another pre-heated glass slide was placed and a cylindrical 

iron mass (~5 kg) was used as a load to squeeze the melt into the mold to form the 

mushroom shaped fibers (Figure 5.8c). The load was left on for a minute to allow for 

complete filling and removed afterwards. The glass/Kraton/silicone was then removed 

from the hotplate and placed on a metal surface at room temperature to cool down. 

The silicone master was then peeled off the Kraton SEBS, leaving the thermoplastic 
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adhesives on the bottom glass slide.  The Kraton SEBS backing layer had low adhesion to 

the glass and could also be peeled off if desired (Figure 5.8d). 

The fibers fabricated here were mushroom shaped with circular caps of 40 µm diameter 

and 2.8 µm thickness. The cap overhang was ~3.2 µm and the fibers were around 20 µm 

tall. Both isotropic and anisotropic mushroom shaped fibers were made using 

polyurethane and two versions of Kraton SEBS thermoplastic elastomers. The 

anisotropic fibers were produced based on a concept and technique described in [65], 

i.e. placement of a defect deliberately at the edge of the cap surface makes the 

adhesion of the fibers directional. Two different defect shapes, rectangular (C31, Figure 

3.3) and bar-like (C12, Figure 3.3), are investigated in this report. In addition, caps with 

central defects (C14 and C34, Figure 3.3), which is the worst case scenario for mushroom 

shaped fibers [75], were also fabricated to compare the vulnerability to defects for each 

materials. The defects were 800 nm deep for all cases, ~ 6 µm wide for C2 and C4 and ~7 

µm wide for C3 and C5. Due to SEM imaging difficulties of the Kraton SEBS polymers 

directly (due to the overhanging caps curling up after gold deposition from the stress 

mismatch), the images in Figure 3.3 are of polystyrene replicas of the fibers, produced 

using identical times, temperatures and weights as the Kraton SEBS samples.  Optical 

images revealed no significant dimensional differences between these and the Kraton 

SEBS versions, so these are used to demonstrate the basic fiber shapes. 
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5.5. Performance comparison between Kraton SEBS and polyurethane adhesives: 

C1 and C3 adhesive samples were made out of both Kraton G1645 and G1657 and tested 

using the same parameters as described in Section 3.5 and compared with the ST-1060 

polyurethane versions in Figure 5.9 to Figure 5.11.   

 

 

Figure 5.9: Normal adhesion force against shear displacement compared between (a) 
C11 and (b) C12 samples made with different materials: Kraton G1657, Kraton G1645 and 
ST-1060 polyurethane. 

(b) 

(a) 
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Figure 5.10: Normal adhesion force against shear displacement compared between (a) 
C13 and (b) C14 samples made with different materials: Kraton G1657, Kraton G1645 and 
ST-1060 polyurethane. 

(a) 

(b) 
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Figure 5.11: Normal adhesion force against shear displacement compared between (a) 
C31 and (b) C32 samples made with different materials: Kraton G1657, Kraton G1645 and 
ST-1060 polyurethane. 

 

(a) 

(b) 
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Figure 5.12: Normal adhesion force against shear displacement compared between (a) 
C34 and (b) C35 samples made with different materials: Kraton G1657, Kraton G1645 and 
ST-1060 polyurethane. 

 

(a) 

(b) 
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Figure 5.13: Normal adhesion force vs. shear displacement of the hot-embossed W3 
adhesive prepared with different materials. 

 

From Figure 5.9(a) and Figure 5.12(b), it can be observed that Kraton G1645 isotropic 

adhesives performed better than that of Kraton G1657 or ST-1060 Polyurethane. 

Interestingly, the G1645 fibers did not show any significant decline in the adhesion up to 

a 15 μm shear displacement in either direction, which is not very common for isotropic 

adhesives, whereas Kraton G1657 and ST-1060 showed a more noticeable decline in 

adhesion when sheared to either side.  It is possible that the softer backing layer aided 

in reducing the shear sensitivity in this case because if it shifted over, there would be 

lower stress concentrations in the fibers themselves. In case of the directional fibers, for 

bar-like defects (C12 in Figure 5.9b and C13 in Figure 5.10a) and rectangular defects (C31 

in Figure 5.11d), ST-1060 fibers displayed the greatest maximum adhesion, trailed 

closely by the G1645 fibers. As expected, the caps with rectangular edge defects showed 

stronger adhesion than the caps with bar-like defects for all structural materials. The 

area of the non-contacting defect surface is less for the rectangular defects as compared 
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to the bar-like defects, resulting in more contact area and consequently stronger 

adhesion. Kraton G1657 fibers showed the least adhesion in both cases. 

The Kraton G1645 fibers seemed to be more susceptible to cap defects, shown by a 

greater decline in the maximum adhesion force in the presence of a defect (~80 % 

reduction in adhesion from C11 to C34, as compared to ~55 % reduction for ST-1060 and 

~50 % reduction for G1657).    

The adhesion results in Figure 5.13 comparing the hot-embossed W3 adhesives shows 

that the Kraton G1645 sticks almost the same amount as their ST-1060 counterparts, 

but with much greater anisotropy. These observations clearly demonstrate that Kraton 

G1645 is the material of choice here if thermoplastics are used for the mass 

manufacture of these adhesives. 

 

5.5.1. Durability comparison between Kraton and polyurethane samples 

One aspect of these materials that will be vital for understanding their long term 

performance is how much the adhesion may change over time.  Many other 

investigations into this phenomenon have shown that pristine samples will frequently 

lose a large portion of their initial adhesion force with repeated preloads [123-125].  

Many times, this is attributed to fiber collapse, fiber contamination (via dirt/dust) or 

oligomer transfer.  For our trials, fiber collapse is much less of an issue due to the low 

aspect ratio, dust is minimal in the test environment, and oligomers are unlikely to 

transfer given our results in section 5.2. 

The C2 versions of the Kraton SEBS and polyurethane adhesives were tested for 500 

cycles with three different shear displacements corresponding to minimum adhesion, 
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adhesion at zero shear, and maximum adhesion in order to determine and compare the 

useful life cycle of the adhesives.  Trials were cycled with 50 displacements at each 

shear distance (to produce a high, medium and low adhesion force) and repeated ten 

times.  These show that multiple displacements in a single direction can influence the 

subsequent behavior of trials in the opposite direction if enough elongation or plastic 

deformation occurs.  There was approximately 1 minute of time between each data 

point.  The results are plotted in Figure 5.14. The Kraton G1657 showed less stable 

adhesion behavior immediately after the shear displacements change direction.  In the 

case of the ST-1060 and the G1645, there is a noticeable repeating pattern every 50 

cycles in Figure 5.14 (a-c), which was the number the test system was setup to do 

before repeating.  The cause is likely some plastic deformation of the fibers in a specific 

direction, which then gets reversed over several cycles once the shear displacement is 

reversed.  Given that the adhesion tests were all designed to be the exact same location, 

then the likelihood of any particulate contamination, or tests on defective areas are 

mostly ruled out as the cause of the variable adhesion.  The G1657 adhesive shows the 

most variation across the trials, with first an increase and then a decrease in the 

strongest pull direction during the cyclic loading in Figure 5.14 (b). It was also the only 

sample that significantly changed adhesion in pure normal loads and in the weak 

direction, so the hypothesis on this one was that the position of the fibers may have 

been altered through more severe plastic deformation as the trials continued or altered 

material properties, resulting in very different adhesion values for all levels of shear 

displacement.  For all materials, if shearing in a single direction is consistent, 

performance rapidly reaches a plateau and we no longer see the cycle dependent 

performance.   Fortunately, as thermoplastics, G1657 and G1645 may be blended to 
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provide an excellent mix of material properties in future, or compounded with fillers to 

provide even better material performance.  Based on the raw resins however, the 

G1645 seems to be the superior choice for long term use. 

 

 
Figure 5.14:  Comparison of the durability of the Kraton and polyurethane adhesives of 
the C13 type:  (a)-(c) durability tests with 10 cycles of 50 high-medium-low adhesion 
trials.  The image is published by the author in [128] and is reproduced with permission. 

(a) 

(b) 

(c) 
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5.5.2: Real time test data: 

 

Figure 5.15: Preload (+ve force) and pull-off (-ve force) vs. time for single trials of 
directional adhesives at a shear displacement of 10 m away from the defect. The image 
is published in [126] and is reprinted with permission. 

 

Figure 5.15 shows the consecutive preload and pull-off events for the polyurethane and 

Kraton adhesives at a shear displacement of 10 

“strong” direction). Despite yielding smaller maximum adhesion for a given pre-

load/drag distance, the thermoplastic elastomers would often show much greater 

tenacity for individual fibers than ST-1060, resulting in longer pull-off events with 

stepped detachments.  These effects were particularly more pronounced for the G1645 

samples, which were the softest material and more naturally “tacky”. The area under 

the pull-off graph, in Figure 5.15, for Kraton G1645 is much larger than that of ST-1060, 

which means that the adhesion energy or work of adhesion is higher, even though the 

maximum pull-off force is slightly lower for Kraton G1645 as compared to ST-1060.   

Kraton G1657 and G1645 has similar polystyrene content (12.3-14.3 % for G1657 [122] 

and 11.5-13.5 % for G1645 [121]), so the inherent surface energy should be similar for 
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both materials. Hence the large difference in adhesion performance could probably be 

attributed to the difference in viscoelastic properties. To test the difference in apparent 

work of adhesion between the two SEBS materials, a methodology similar to what 

presented in Lakhera et al. [118] is followed: Preload-Pull off tests are carried out on 

smooth, unstructured surfaces of both materials. The results, plotted in Figure 5.16, 

shows that both Kraton G1657 and G1645 show viscoelastic relaxing during the 3 

second hold time of the preload. According to Lakhera et al. [118], if viscoelastic effects 

are presented, the apparent of effective work of adhesion is given by: 

Wa, eff =             (20)         

 

Figure 5.16: Preload (+ve force) and pull-off (-ve force) vs. time graph from three 
consecutive adhesion test trials on smooth, unstructured SEBS (Kraton G1645 and 
G1657) samples. Probe velocity was 5 m/s and the hold time at preload of 20 mN was 
3 s.  

where P is the experimental pull-off force and R* is the effective contact radius.  

Assuming the contact radius is the same during for both Kraton G1645 and G1657 trials, 

the ratio of effective work of adhesion between G1645 and G1657 samples is essentially 
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the ratio of experimental pull-off force, which means the effective work of adhesion of 

G1645 is approximately 2.5 times (~30/12) that of G1657.  

 

5.6 Conductive thermoplastic elastomers: 

Attempts have been made to fabricate the dry adhesives with conductive thermoplastic 

elastomers (Dryflex C3 6068, Elastope) using thermo-compression molding, as shown in 

Figure 5.17.  

 

 

Figure 5.17: Dryflex fibers showing incomplete cap filling and rough cap surfaces. The 
dryflex material has carbon black fillers in the thermoplastic elastomer matrix. 

 

Upon hot-embossing, the dryflex material left residues and it was very difficult to 

produce fibers with smooth surfaces, as shown in Figure 5.17. A mixture of Kraton 

G1657 and Dryflex C3 6068 produced better results in terms of fiber surface roughness, 
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as shown in Figure 5.18, but the uniformity in carbon black concentration was not good, 

shown by random white spots. A thermoplastic compounder is likely required to 

properly mix two thermoplastic elastomer variations in order to achieve uniformity in 

properties of the mixture product. 

 

Figure 5.18: Mushroom shaped fibers made from a mixture of Kraton G1657 and Dryflex 
C3 6068. The white spots are due to non-uniform concentration of carbon black 
particles in the mixture.  

 

To summarize, this chapter demonstrated the manufacturing of mushroom shaped 

adhesive fibers by thermo-compression molding using Kraton SEBS elastomers, a 

process which takes significantly less time compared to the conventional casting 

method using thermoset polymers. Surface contamination experiments using X-ray 

Photoelectron Spectroscopy reveals that Kraton G1657 elastomers transfer minimal 

amount of oligomers due to contact. Subsequent adhesion testing also shows that a 

softer version of Kraton (G1645) demonstrates adhesion similar to the polyurethane 

versions in case of anisotropic fibers and superior in the case of isotropic. With the 
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added advantage of significantly less base material cost and their non-toxic nature, the 

thermoplastic elastomers have the potential to be a viable alternative to the thermoset 

PDMS and polyurethane as an adhesive material. The Kraton SEBS elastomers could be 

blended with a conductive thermoplastic elastomer using a compounder to produce 

adhesive fibers with anti-static properties as desirable for large-scale MEMS pick and 

place, but the concept of simple thermo-compression molding has been demonstrated 

for multiple thermoplastic materials in this work. 
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Conclusion 
This thesis has focused on two major aspect of developing a controllable adhesive for 

MEMS pick and place; a simple mechanism by which to fabricate anisotropic dry 

adhesives through the use of cap defects, and the first investigation of an entirely new 

class of thermoplastic elastomers for their effectiveness as a structural layer for dry 

adhesives. For the first part of the thesis, linear beam theory is used for the first time to 

demonstrate how a defect on the cap surface could produce variable shear-dependent 

adhesion behavior of the fibers, thus resulting in anisotropy in adhesion. The normal 

adhesion strength of the fabricated directional adhesives was found to be lower than 

any non-defective designs, but, when loaded in shear, our best performing adhesives 

achieve similar maximum normal adhesion strengths to non-defective designs, while 

maintaining anisotropy. Because this method can be completed on a cap before the 

production of the rest of the fiber, it represents a significant improvement in the ease of 

manufacturing and produces significant normal adhesion strength even in the absence 

of shear loads. Having proven the concept of the deliberate defect, a hot embossing 

technique was devised for large-scale production of anisotropic adhesives which avoids 

substrate warping and run-off error issues prevalent with plastic substrates. This will 

ultimately permit large-scale manufacturing of well-defined anisotropic fibers, but will 

need further work in future to either eliminate micromasking effects, or preferably 

avoid RIE entirely through a combined embossing and photo curing process during cap 

definition. 

For the second part of the thesis, SEBS thermoplastic elastomers were introduced and 

investigated for the first time as a structural material for the mushroom shaped 
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adhesive fibers. A variation of SEBS thermoplastic elastomer along with PDMS and 

polyurethane was characterized in terms of oligomer transfer using X-ray Photoelectron 

Spectroscopy. For both polyurethane thermosetting rubbers and SEBS thermoplastic 

elastomers, this thesis presents the first investigation on relative oligomer transfer onto 

a representative bond pad material (gold). Both polyurethane and PDMS appear to 

transfer oligomers upon contact with a gold-coated surface, with PDMS transferring 

relatively more than the polyurethane. The SEBS thermoplastic elastomer version tested 

was found to be less likely to transfer its own oligomers compared to PDMS and 

polyurethane, and cross contamination with PDMS oligomers has been observed for the 

case of both polyurethane and the SEBS thermoplastic elastomer. However, even the 

relatively high contaminating PDMS did not seem to affect initial thermosonic ball 

bonding yields, thus rendering these materials suitable for integration of dry adhesives 

into MEMS pick and place systems. A simple and scalable thermo-compression molding 

system was used to fabricate mushroom shaped fibers directly from a silicone rubber 

mold in a few minutes, rather than hours. Two variations of thermoplastic elastomer dry 

adhesives were compared with a thermoset polyurethane counterpart, with one of 

them showing comparable or better performance in both isotropic and anisotropic 

performance. With the advantage of faster processing time, lower base material cost, 

insignificant oligomer transfer, and scalability, the thermo-compression molding of 

thermoplastic elastomers is a viable technique for the mass production of these 

mushroom shaped dry adhesives and a suitable alternative to the conventional soft 

lithographic techniques with thermoset elastomers.    

This work has resulted in contributions to two conference articles and two journal 

publications published or accepted for publication.  The adhesives themselves are 
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capable of being integrated with a variety of end effector tools, and earlier samples of 

non-directional designs have been provided to collaborators for use in silicon wafer 

handling.  In future, blending different thermoplastics together with fillers will ideally 

produce thermoplastic dry adhesives with strong adhesion, reliable manufacturing and 

more durable long term performance.  Once best material composition is determined, 

work can begin on large-scale manufacturing of these directional, gecko inspired 

adhesives. 

 

 

 

 

 

 

 

 

 

 

 

 

 

109 
 



 

Future Works 
Future works would include:  

• Modifying our adhesion test system to perform direct shear or friction 

measurement on the isotropic and anisotropic adhesives 

• Modify the hot-embossing technique for producing large scale anisotropic 

adhesive samples to mitigate the surface roughening issue 

• Use the ultrasonic bonder or an injection mold to facilitate the fabrication of 

thermoplastic elastomer adhesives on a larger size and in less time.  

• Characterize other variations of commercially available thermoplastic 

elastomers such as polyolefin blends (TPOs), elastomeric conductive 

composites, thermoplastic polyurethanes, etc. in producing the dry adhesives 

with a particular focus on long term durability and lower hysteresis in load-

unloading curves. 
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Appendix 
Macro code for the hot-embossing: 

SU-8_H4.mcr 
Close door( ) 
Open File Protocol (New, View, Print=0(0,1,2)) 
Open File Measure( ) 
Initialize Force Control (true/false=0) 
Heating (Top=65.0°C, Bottom=60.0°C) 
Close Chamber( ) 
Evacuate Chamber( ) 
Wait Time (Time = 30.00s)  
Position relative (Position= 20.00000mm, Velocity= 10.00000mm/min) 
Show Chart Window(Show/Hide =11/0) 
Touch Force (Force =100N) 
Temperature >=(Temperature= 60.0 deg, Channel=12) 
Temper(Top= 65.0 deg, Bottom= 65.0 deg) 
Force-Force controlled (Force=50N, Velocity= 0.50000mm/min) 
Wait Time (Time= 300.00s) 
Force-Force controlled (Force= 50N, Velocity= 0.50000mm/min) 
Wait Time (Time= 120.00s) 
Cooling (Top=30.0deg, Bottom= 30.0deg)   
Temperature <=(Temperature=40.0deg, Channel =12) 
Temper (Top= 30.0 deg, Bottom= 30.0 deg) 
Wait Time (Time=60.00s) 
Open Chamber fast( ) 
Close File Measure( ) 
Show Chart Window (Show/Hide= 01/0) 
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Step-by-Step Hot-embossing Technique:  
1) Spin SU-8 2005 at 3000 rpm on a 4 x 4 in2 clean borofloat glass substrate to 

produce a 4.5 µm thick layer.  
2) Prebake at 90 °C for 5 minutes in a convection oven followed by exposure to 

160 mJ/cm2 of UV through mask 1. 
3) Post-exposure bake at 90°C for 30 minutes. 
4) Spin develop with SU-8 developer  to produce arrays of circular and square caps.  
5) Spin a thin layer of HPR 504 at 500 rpm for 5 s followed by 3000 rpm for 40 s. 
6) Expose to ~30mJ/cm2 of UV through mask 2 and develop in 354 developer until 

it looks visibly developed to create a mask for subsequent RIE. 
7) Etch down a defect of around 800nm deep by RIE using the following 

parameters: 100 sccm of O2 and 5 sccm of CF4 (which is equivalent to 11.7 % 
flow rate in the µ-etch, nanoFab), 150 W (50 % in µ-etch, nanoFab) RF power 
and 125 millitorr chamber pressure. 

8) Remove the residual HPR 504 by blanket exposure to UV development in 354 
developer. This will create the positive mold for the stamp. 

9) Silanize the mold for 2 hours and make a negative template with PDMS. Use a 
rubber ring and teflon coated glass plate on top to ensure uniform thickness of 
the PDMS template. 

10) Spin a 4.5 µm layer of SU-8 on PMMA using the same parameters as outlined in 
step 1. 

11) Prebake to remove the solvents at 90 °C in a convection oven for 5 min.   
12) Put the PMMA substrate in the hot-embosser with the negative PDMS template 

on it. Make sure there is no trapped air in between them. 
13) Use the hot-embossing macro SU8_H4.mcr to emboss the structures. Change 

the embossing parameters if necessary. 
14) After the embossing is complete, blanket expose the embossed PMMA 

substrate to UV followed by baking at 90 °C for 30 minute. 
15) Reactive ion etch to remove excess SU-8 using the following parameters: 75 

sccm (75 %) of O2, 59.5 sccm (25 % of CF4), 150 W (50 %) RF power, 125 millitorr 
chamber pressure, 15 minute (optimum time is between 12-15 minute). 

16) Expose to DUV and develop in SU-8 developer for the required amount of time. 
The development time was  around 20 minute for W3 mold.    
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