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Abstract 

 

Bioinspired fibrillar structures have been promising 

for various disruptive adhesive applications. 

Especially micro/nanofibrillar structures on gecko 

toes can have strong and controllable adhesion and 

friction on a wide range of surfaces with residual-

free, repeatable, self-cleaning, and other unique 

features. Also, in some environmental conditions 

(e.g., relative humidity, temperature), their adhesion 

performance increases according to literature[1,2]. 

These findings can be integrated to design high-

performance synthetic structural adhesives such as 

composite-based synthetic gecko-inspired 

adhesives. Additionally, there are some debates and 

theories about the reason for the increase of gecko 

adhesion in different environmental conditions. The 

related theories can be examined by studying them 

systematically. This investigation requires live 

geckos’ and gecko-inspired synthetic adhesives’ 

performance comparison in various environmental 

conditions. These findings can explore why 
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adhesion increases and helps to design high-

performance synthetic structural adhesives. 

Moreover, gecko-inspired synthetic adhesives’ 

adhesion performance highly depends on their 

fabrication method. Due to fabrication limitations, the 

desired complex fibril designs sometimes cannot be 

fabricated. Advanced fabrication techniques can be 

integrated to minimize fabrication limitations and 

fabricate the desired designs almost freely. As a 

result, a two-photon-lithography-based three-

dimensional printing technique can be used with an 

elastomeric material to manufacture more advanced 

free-body design fibrils. After all these findings, we 

can try to explore the outperformance of optimal 

designs for gecko-inspired synthetic adhesives. 

Previously, synthetic dry fibrillar adhesives inspired 

by such biological fibrils have been optimized in 

different approaches to increase their performance. 

Previous fibril designs for shear optimization are 

limited by pre-defined standard shapes in a narrow 

range primarily based on human intuition, which 

restricts their maximum performance. In this aspect, 
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we can combine the Bayesian optimization and 

finite-element-method-based shear mechanics 

simulations to find shear-optimized fibril designs 

automatically. In addition, fabrication limitations can 

be integrated into the simulations to have more 

experimentally relevant results. The computationally 

discovered shear-optimized structures are 

fabricated, experimentally validated, and compared 

with the simulations. Both experimental and 

simulation results show that the shear-optimized 

fibrils perform better than the pre-defined standard 

fibril designs. This design optimization method can 

be used in future real-world shear-based gripping or 

non-slip surface applications, such as robotic pick-

and-place grippers, climbing robots, gloves, 

electronic devices, and medical and wearable 

devices. 
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Zusammenfassung 

 

Bioinspirierte fibrilläre Strukturen sind 

vielversprechend für verschiedene disruptive 

Klebstoffanwendungen. Insbesondere mikro-

/nanofibrilläre Strukturen auf Geckozehen können 

eine starke und kontrollierbare Haftung und Reibung 

auf einer Vielzahl von Oberflächen mit 

rückstandsfreien, wiederholbaren, 

selbstreinigenden und anderen einzigartigen 

Eigenschaften aufweisen. Außerdem erhöht sich 

laut Literatur[1,2] unter bestimmten 

Umgebungsbedingungen (z. B. relative 

Luftfeuchtigkeit, Temperatur) ihre Haftfähigkeit. 

Diese Erkenntnisse können in die Entwicklung 

leistungsstarker synthetischer Strukturklebstoffe 

einfließen, wie z. B. synthetische Klebstoffe auf 

Verbundstoffbasis, die von Geckos inspiriert sind. 

Darüber hinaus gibt es einige Debatten und 

Theorien über den Grund für den Anstieg der Gecko-

Haftung unter verschiedenen Umweltbedingungen. 

Die entsprechenden Theorien können durch 
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systemische Studien untersucht werden. Diese 

Studien erfordern einen Leistungsvergleich 

zwischen den Eigenschaften von lebenden Geckos 

und von Geckos inspirierten synthetischen 

Klebstoffen unter verschiedenen 

Umweltbedingungen. Diese Erkenntnisse können 

erforschen, warum die Adhäsion zunimmt und dazu 

beitragen, leistungsstarke synthetische 

Strukturklebstoffe zu entwickeln. Darüber hinaus 

hängt die Adhäsionsleistung von durch Geckos 

inspirierten synthetischen Klebstoffen stark von ihrer 

Herstellungsmethode ab. Aufgrund von 

Herstellungsbeschränkungen können die 

gewünschten komplexen Fibrillendesigns manchmal 

nicht hergestellt fabriziert werden. Die 

Herstellungsbeschränkungen können durch die 

Integration fortschrittlicher Fertigungstechniken 

minimiert werden und so zu einer nahezu freien 

Wahl des gewünschten Herstellungsdesigns führen. 

So kann eine auf Zwei-Photonen-Lithographie 

basierende dreidimensionale Drucktechnik mit 

einem elastomeren Material verwendet werden, um 
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fortschrittlichere Fibrillen im Freikörperdesign 

herzustellen. Basierend auf diesen Erkenntnissen 

können wir versuchen, optimale Designs für Gecko-

inspirierte synthetische Klebstoffe zu erforschen. 

Bisher wurden fibilläre Klebstoffe, die von solchen 

biologischen Fibrillen inspiriert sind und 

synthetische, feste Eigenschaften aufweisen, mit 

verschiedenen Ansätzen optimiert, um ihre Leistung 

zu erhöhen. Bisherige Fibrillendesigns für die 

Scheroptimierung sind durch vordefinierte 

Standardformen in einem engen Bereich begrenzt, 

der hauptsächlich auf menschlicher Intuition beruht, 

was ihre maximale Leistung einschränkt. In diesem 

Zusammenhang können wir die Bayes'sche 

Optimierung und auf der Finite-Elemente-Methode 

basierende Schermechaniksimulationen 

kombinieren, um automatisch scheroptimierte 

Fibrillendesigns zu finden. Darüber hinaus können 

Herstellungsbeschränkungen in die Simulationen 

integriert werden, um experimentell relevantere 

Ergebnisse zu erhalten. Die ermittelten 

scheroptimierten Strukturen werden hergestellt, 
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experimentell validiert und mit den Simulationen 

verglichen. Sowohl die experimentellen als auch die 

Simulationsergebnisse zeigen, dass die 

scheroptimierten Fibrillen besser funktionieren als 

die vordefinierten Standardfibrillen. Diese Design-

Optimierungsmethode kann in zukünftigen realen 

Anwendungen für scherbasiertes Greifen oder 

rutschfeste Oberflächen eingesetzt werden, wie z. B. 

bei robotischen Greifarmen, Kletterrobotern, 

Handschuhen, elektronischen Geräten sowie 

medizinischen und tragbaren Geräten. 

 

 

 



xiii 

Table of Contents 

 

Acknowledgments ........................................ i 

Abstract ........................................................ v 

Zusammenfassung ..................................... ix 

Table of Contents...................................... xiii 

List of Figures .......................................... xvii 

List of Symbols ......................................... xxi 

List of Abbreviations .............................. xxiii 

1 List of Publications .............................. 1 

1.1 Manuscripts Ready for Submission 

and Relevant to This Thesis ........................ 1 

1.2 Accepted Publications Relevant to 

This Thesis .................................................. 1 

1.3 Other Publications Not Relevant to 

This Thesis .................................................. 2 

1.4 Scientific Contributions .................... 5 

2 Introduction .......................................... 7 



xiv 

2.1 Gecko-inspired Synthetic Adhesives 

and Gecko-inspired Synthetic Composite 

Adhesives .................................................. 10 

2.2 Live Gecko and Gecko-inspired 

Synthetic Adhesives’ Shear Adhesion under 

Different Environmental Conditions ........... 11 

2.3 Three-dimensional (3D) Printing of 

Elastomeric Bioinspired Complex Adhesive 

Microstructures .......................................... 14 

2.4 Machine Learning-based and 

Experimentally Validated Shear Optimal Fibril 

Adhesives .................................................. 15 

3 Motivation and Main Findings........... 21 

4 Results and Discussion .................... 25 

4.1 Gecko-inspired Synthetic Adhesives 

and Gecko-inspired Synthetic Composite 

Adhesives .................................................. 27 

4.2 Live Gecko and Gecko-inspired 

Synthetic Adhesives’ Shear Adhesion under 

Different Environmental Conditions ........... 39 



xv 

4.3 3D Printing of Elastomeric Bioinspired 

Complex Adhesive Microstructures ….........

 46 

4.4 Machine Learning-based and 

Experimentally Validated Shear Optimal Fibril 

Adhesives .................................................. 49 

Appendix A. Bio-inspired Composite 

Microfibers for Strong and Reversible 

Adhesion on Smooth Surfaces ................. 71 

Appendix B. The Effect of Substrate 

Wettability and Modulus on Gecko and 

Gecko-inspired Synthetic Adhesion in 

Variable Temperature and Humidity….... . 81 

Appendix C. 3D Printing of Elastomeric 

Bioinspired Complex Adhesive 

Microstructures .......................................... 99 

Appendix D. Machine Learning-based and 

Experimentally Validated Shear Optimal 

Fibril Adhesives ....................................... 123 

References ............................................... 141 



xvi 

 



xvii 

List of Figures 

 

 

Figure 4.1. The fabrication process of the GSA (VS 

mushroom) ........................................................... 29 

 

Figure 4.2. The fabrication process of the gecko-

inspired synthetic composite adhesives ............... 31 

 

Figure 4.3. Normal adhesion measurements of 

microfibers with various tip geometries and the 

mushroom composite microfibrillar adhesives. ..... 33 

 

Figure 4.4. The height profiles and repeatability 

performances of mushroom composite microfibrillar 

adhesives. ............................................................ 36 

 

Figure 4.5. Smooth and rough contact surface 

normal adhesion performance of DP-composite 

mushroom and a flat control. ................................ 38 

 



xviii 

Figure 4.6. Tokay gecko and gecko-inspired 

synthetic adhesive shear adhesion in variable 

relative humidity on hydrophilic and hydrophobic 

glass. .................................................................... 42 

 

Figure 4.7. Tokay gecko and gecko-inspired 

synthetic adhesive shear adhesion in variable 

relative humidity and temperature. ....................... 45 

 

Figure 4.8. Direct 3D printing-based approach for 

fabricating elastomeric bioinspired complex 

adhesives. ............................................................ 46 

 

Figure 4.9. The SEM images of the fabricated 

elastomeric bioinspired complex adhesives. ........ 48 

 

Figure 4.10. Overall summary for investigating the 

Bayesian optimization-based shear-optimized 

microfibril designs................................................. 49 

 

Figure 4.11. The fabrication procedure and an 

example SEM image of the optimal fibrils. ........... 52 



xix 

 

Figure 4.12. Normal stress distribution under 

different shear strains for an 80 µm tip diameter and 

AR 0.4 ML-found optimal design. ......................... 62 

 

Figure 4.13. Shear stress distribution under different 

shear strains for an 80 µm tip diameter and AR 0.4 

ML-found optimal design. ..................................... 64 

 

Figure 4.14. SEM images of the fabricated ML-found 

optimal elastomeric fibril structures for different tip 

diameters and ARs. .............................................. 66 

 

Figure 4.15. Shear adhesion results in FEM 

simulations and experiments for a single fibril using 

standard shapes (flat punch, wedge-shaped 

mushroom) and ML-based shear optimal designs.

 ............................................................................. 69 

 



xx 

 



xxi 

List of Symbols 

 

⁰C  Degree Celsius 

nm  Nanometer 

µm  Micrometer 

mm  Millimeter 

N  Newton 

mN  Milinewton 

MPa  Megapascal 

kPa  Kilopascal 

Ra  Arithmetical Average Roughness 

Rz  Mean Peak-to-valley Roughness 

h  Hours 

min  Minutes 

s  Seconds 

 



xxii 

 



xxiii 

List of Abbreviations 

 

2D  Two-dimensional 

2PP  Two-photon-polymerization 

3D  Three-dimensional 

AR  Aspect Ratio 

BO  Bayesian Optimization 

DP  Double-printed 

FEM  Finite Element Method 

GP  Gaussian Process 

GSA  Gecko-inspired Synthetic Adhesive 

IPA  Isopropyl Alcohol 

ML  Machine Learning 

NA Numerical Aperture 

OTS-SAM Octadecyl Trichloro Silane Self-

assembled Monolayer 

PDMS  Poly Di Methyl Siloxane 

RH  Relative Humidity 

RT  Room Temperature 

SEM  Scanning Electron Microscope 

Si  Silicon 



xxiv 

S-PSA Silicone-based Pressure Sensitive 

Adhesive 

SP  Single-printed 

VS  Vinyl Siloxane 



1 

 

1 List of Publications 

 

1.1 Manuscripts Ready for Submission and 

Relevant to This Thesis 

 

1. Cem Balda Dayan, Donghoon Son, 
Amirreza Aghakhani, Yingdan Wu, Sinan 
Ozgun Demir, and Metin Sitti, Machine 
learning-based and experimentally 
validated shear optimal fibril adhesives. 
unpublished, 2023. 

 

1.2 Accepted Publications Relevant to This Thesis 

 

2. Cem Balda Dayan*, Sungwoo Chun*, 
Nagaraj Krishna-Subbaiah, Dirk-Michael 
Drotlef, Mukrime Birgul Akolpoglu, and 
Metin Sitti, 3D printing of elastomeric 
bioinspired complex adhesive 
microstructures. Advanced Materials, 
2021, doi: 10.1002/adma.202103826.

 

 

 

                                            
* Equally contributing co-first authors 



2 

 

3. Christopher T. Mitchell*, Cem Balda 
Dayan*, Dirk-Michael Drotlef, Metin Sitti, 
and Alyssa Y. Stark, The effect of substrate 
wettability and modulus on gecko and 
gecko-inspired synthetic adhesion in 
variable temperature and humidity. 
Scientific Reports, 2020, doi: 
10.1038/s41598-020-76484-6. 

 

4. Dirk-Michael Drotlef, Cem Balda Dayan, 
and Metin Sitti, Bio-inspired composite 
microfibers for strong and reversible 
adhesion on smooth surfaces. Integrative 
and Comparative Biology, 2019, doi: 
10.1093/icb/icz009. 

 

1.3 Other Publications Not Relevant to This Thesis 

 

5. Mehmet Efe Tiryaki, Fatih Dogangun, Cem 
Balda Dayan, Paul Wrede, and Metin Sitti, 
MRI-powered magnetic miniature capsule 
robot with HIFU-controlled on-demanding 
drug delivery. International Conference 
on Robotics and Automation (ICRA), 
2023. 

 

 

                                            
* Equally contributing co-first authors 



3 

 

 

6. Gul Dogan, Sinan Ozgun Demir, Rico 
Gutzler, Herbert Gruhn, Cem Balda 
Dayan, Umut Tuncay Sanli, Christian 
Silber, Utku Culha, Metin Sitti, Gisela 
Schutz, Corinne Grevent, and Kahraman 
Keskinbora, Bayesian machine learning for 
efficient minimization of defects in ALD 
passivation layers. ACS Applied 
Materials & Interfaces, 2021, doi: 
10.1021/acsami.1c14586. 

 

7. Anastasia Koivikko, Dirk-Michael Drotlef, 
Cem Balda Dayan, Veikko Sariola, and 
Metin Sitti, 3D-Printed pneumatically 
controlled soft suction cups for gripping 
fragile, small, and rough objects. 
Advanced Intelligent Systems, 2021, 
doi: 10.1002/aisy.202100034. 

 

 

 

 

 

 

 

 



4 

 

 

8. Julia Kröger, Alberto Jiménez‐Solano, 
Gökcen Savasci, Petra Rovó, Igor 
Moudrakovski, Kathrin Küster, Hendrik 
Schlomberg, Hugo A. Vignolo‐González, 
Viola Duppel, Lars Grunenberg, Cem 
Balda Dayan, Metin Sitti, Filip Podjaski, 
Christian Ochsenfeld, and Bettina V. 
Lotsch, Interfacial engineering for 
improved photocatalysis in a charge 
storing 2D carbon nitride: melamine 
functionalized poly(heptazine imide). 
Advanced Energy Materials, 2021, doi: 
10.1002/aenm.202003016. 

 

9. Ajay Vikram Singh*, Mohammad Hasan 
Dad Ansari*, Cem Balda Dayan, Joshua 
Giltinan, Shuo Wang, Yan Yu, Vimal 
Kishore, Peter Laux, Andreas Luch, and 
Metin Sitti, Multifunctional magnetic hairbot 
for untethered osteogenesis, ultrasound 
contrast imaging and drug delivery. 
Biomaterials, 2019, doi: 
10.1016/j.biomaterials.2019.119394. 

 

 

 

                                            
* Equally contributing co-first authors 



5 

 

1.4 Scientific Contributions 

 

This work enables the development of high-

performance gecko-inspired synthetic adhesives 

(GSAs) by combining a machine learning (ML) 

method, advanced manufacturing technique, and 

inspirations from nature. All these findings allow us 

to understand how GSAs’ performance can be 

improved. The results will be helpful for real-world 

gripping or non-slip surface applications, such as 

robotic pick-and-place grippers[3], climbing robots[4], 

gloves[5], electronic devices[6], and medical and 

wearable devices[7]. 

 

Chapter 2 presents the mentioned subjects and 

issues individually, from initial problems and 

approaches to finding solutions. Moreover, four 

scientific publications are merged as the motivation 

of this study in Chapter 3. The findings and results 

are presented and discussed in Chapter 4, providing 

a broad understanding of high-performance GSAs 

by combining bioinspired approaches with advanced 
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manufacturing methods, as well as getting help from 

ML-based techniques. 



7 

 

2 Introduction 

 

Several species in nature (e.g., geckos, tree frogs, 

octopuses, and ants) can stick diverse surfaces with 

the intrinsic micro/nanostructures found in their 

bodies. Among them, geckos have hairy structures 

on their toes to adhere to various surfaces. These 

hairy adhesive structures have some branches and 

hierarchical patterns called setae. The setae have 

highly complex fibril geometries, including spatula- 

and mushroom-shaped tip endings[8]. The adhesion 

mechanism of geckos is based on intermolecular 

interactions, such as van der Waals forces[9,10]. As a 

result, gecko adhesion is highly repeatable and 

controllable without remaining any residual on the 

contact surface after detachment[11]. Such fibrillary 

adhesives are also studied for self-cleaning[12–15], 

contact mechanics[16,17], liquid repellency[18,19], 

friction[20–22], and adhesion[23] under different 

environmental conditions. These benefits have 

influenced many studies to fabricate synthetic 

bioinspired fibrillary adhesives for various 
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applications[18,20,24]. In some circumstances, 

synthetic adhesives performed even better than their 

biological peers on smooth surfaces[25,26]. 

 

Previous studies reported different designs for 

high-performance normal or shear adhesion. Due to 

that, they used various kinds of designs, including 

gecko-inspired angled[20], composite[25], and 

hierarchical[24] structural shape adhesives. In 

addition, live gecko’s adhesion increases in some 

environmental conditions, and getting inspiration 

from these findings, composite adhesives have been 

developed[1,2], and to achieve high-performance 

GSAs, the development of composite adhesives is 

significantly crucial. 

 

The live geckos’ adhesion increases in specific 

environments. The adhesion increase of live geckos 

tried to be explained by two theories in the literature; 

material softening and capillary forces. Both theories 

should be examined systematically to understand 
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their contributions to live geckos’ and GSAs’ 

adhesion. 

 

GSA fabrication is mainly depending on 

molding techniques. The molding-based fabrication 

limitations highly affect GSAs’ shape complexity and 

performance. To overcome these limitations, 

advanced fabrication methods can be integrated to 

fabricate elastomeric complex GSAs with high 

performances. 

 

Moreover, all these investigations should be 

combined to obtain high-performance shear-optimal 

GSAs. For doing that, an ML method can also be 

integrated for such exploration to find the optimal 

structure. 

 

Considering all, the rest of this chapter is 

organized as follows. This thesis’s content is 

research on the designing and advanced 

manufacturing of bio-inspired shear-optimal 

microstructures using an ML method. The GSA and 
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gecko-inspired synthetic composite adhesives for 

normal adhesion are discussed in Section 2.1. After 

that, live gecko and GSA shear adhesion 

performances are explored under different 

temperatures and relative humidities (RHs) in 

Section 2.2. Then, an advanced fabrication method 

for elastomeric complex adhesive microstructures is 

discussed in Section 2.3. Finally, all these findings, 

knowledge, and explorations are combined to find 

ML-based and experimentally validated shear-

optimal fibril adhesives in Section 2.4. 

 

 

2.1 Gecko-inspired Synthetic Adhesives and 

Gecko-inspired Synthetic Composite 

Adhesives 

 

In the literature, some studies reported that setae 

soften in some environmental conditions (e.g., 

relative humidity (RH)), which can improve Geckos’ 

adhesion performance[1,2]. Getting inspiration from 

these findings, some researchers developed 
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composite microfibers with a continuous soft layer 

on the top of their tips (film-terminated fibers)[27], 

hard fiber core and soft shell[28], and microfibers with 

stiff fibers and soft tips[29,30]. Additionally, direct 

crosslinking of composite microfibers decorated with 

viscous tips on various surfaces can enhance 

adhesion[7]. However, reversible adhesion 

performance is still challenging in the literature for 

gecko-inspired synthetic composite adhesives. 

 

 

2.2 Live Gecko and Gecko-inspired Synthetic 

Adhesives’ Shear Adhesion under Different 

Environmental Conditions 

 

Despite significant interest in the morphology, 

evolutionary history, and biomechanical principles of 

the gecko adhesive system, there is still uncertainty 

about the principal mechanism of gecko adhesion. 

Specifically, the potential roles of capillary adhesion 

and material softening on gecko adhesive 

performance in humid environments have often 
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been debated[1,2,31–33]. The habitat diversity of 

geckos suggests that geckos must maintain 

adhesion in various conditions, including hot and 

humid tropical environments[34–38]; thus, 

understanding the exact adhesive mechanism of 

geckos is highly essential.  

 

Although a van der Waals-based adhesive 

system creates a robust and reversible adhesive 

force, common environmental factors may disrupt 

the functionality of the geckos’ adhesion. For 

example, thin water layers can reduce van der Waals 

forces to zero when separating the setae of the 

geckos from a substrate by as little as 20 nm[39]. In 

addition, geckos’ adhesion increases in rising RH 

conditions[1,31–33,40]. Two hypotheses have been 

proposed to explain the geckos’ adhesion in 

increased RH environments: capillary adhesion and 

material softening. Gecko adhesion increases as the 

substrate becomes more hydrophilic, supporting the 

capillary adhesion hypothesis that capillary bridges 

between gecko setae and the water-attracting 
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substrate enhance adhesion[31–33]. Likewise, at high 

RH (> 70% RH), the setal material (primarily keratin-

associated proteins and lipids[41–44]) softens, 

supporting the material softening hypothesis that 

soft setae increase the interfacial contact area and 

subsequently increase van der Waals forces[1,2]. The 

results of these studies are challenging to 

comprimise[40,45,46], and no one considers the 

possibility that both capillary adhesion and material 

softening can affect geckos’ adhesion. 

 

In addition to fluctuations in RH, other 

environmental factors may also alter gecko adhesive 

performance. Specifically, at low temperature 

(12 °C), gecko adhesion increases with increasing 

RH[40], supporting results from separated setae 

tested at room temperature[1,31]. However, at high 

temperature (32 °C), RH does not affect live gecko 

adhesion[40]. Nanoscale models attempted to explain 

the temperature effect on geckos’ adhesion, but 

ultimately the coupled impacts of RH and 



14 

 

temperature on geckos’ adhesion are still 

uninvestigated[46]. 

 

 

2.3 Three-dimensional (3D) Printing of Elastomeric 

Bioinspired Complex Adhesive Microstructures 

 

Bioinspired elastomeric structural adhesives can 

provide reversible and controllable adhesion on 

dry/wet and synthetic/biological surfaces for a broad 

range of commercial applications. However, the 

previously proposed fabrication techniques, such as 

molding, limit the shape complexity and performance 

of the structural adhesives. More sophisticated and 

complex designs should be used to increase the 

performance of the current GSAs. However, molding 

techniques are mainly used for current structural 

adhesive fabrication, and consideration of the 

demolding process is the main reason that limits the 

shape of the developed structures and the 

capabilities of GSA structures. 
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Changing the manufacturing method with an 

advanced fabrication process will significantly 

improve the complexities and capabilities of the 

current GSAs. That way, combining multiple bio-

inspirations with various functionalities and 

fabricating complex designs will be possible. 

 

 

2.4 Machine Learning-based and Experimentally 

Validated Shear Optimal Fibril Adhesives 

 

Many studies have investigated bioinspired non-

directional vertical fibrillar adhesives with various 

geometries and materials[8]. Most studies have 

focused on maximizing the adhesion of these 

synthetic fibrillar adhesives using both analytical and 

advanced computational methods as a function of 

fiber stem and tip ending shape, fiber placement in 

an array, spacing, and material properties. 

Mushroom/wedge-shaped[47], T-shaped[48–50], and 

3D-designed[51,52] fibrils have shown the most 

enhanced adhesion. However, no one has 
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investigated these fibrils regarding maximized shear 

properties using advanced computational methods. 

During shear, mushroom-shaped fibrils bend after a 

certain critical point and carry normal and shear 

stress on the tip of the fibril’s circumference, and, as 

a result, the actual contact area decreases. It causes 

a reduction in shear force. Therefore, to obtain high 

shear properties, the fibril structures should initially 

have high contact area and adhesion with the 

contact surface[53]. Thus, the 3D shape of the fibril 

stem and tip ending needs to be optimized for 

obtaining maximum shear.  

 

ML methods have been implemented in many 

different fields for optimizing the 3D design of 

structures in buildings[54], ships[55], aircraft[56], 

antennae[57], and materials[58,59]. Their computational 

power outperforms the conventional optimization 

methods and allows complicated problems to be 

improved[59]. In various application areas, ML 

methods effectively use the existing data to test new 

parameters that may produce novel results[59].  
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There are many examples of applying ML to 

optimize certain parameters. Most of these 

optimizations used neural networks or genetic 

algorithms. However, some approaches have 

significant disadvantages in requiring an extensive 

training data set with more computational time (e.g., 

genetic algorithm). There are more time-/data-

effective alternatives for ML-based design 

optimization, such as Bayesian optimization (BO). 

The BO method employs a probabilistic model such 

as Gaussian processes (GPs) for representing an 

unknown function[60]. In that function’s parameter 

space, this representation is updated sequentially by 

suggesting and testing new data points[61,62]. 

 

Configuration of BO can be changed between 

exploration of the unknown regions in the parameter 

space of the target function and concentration on a 

specified region of interest in the case of optimization 

tasks. In that sense, BO has a significant advantage 

compared to other optimization tools that require 

pre-defined models of the target processes. Finding 
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a solution with a few data points, needing a 

probabilistic model, and requiring a global 

optimization method makes the BO an effective 

alternative for optimization challenges[59]. 

 

Additionally, as shown in previous studies, ML 

can be implemented in fibril adhesive designs to 

maximize their adhesion[51,52]. However, no one has 

yet investigated shear-optimal 3D fibril designs using 

ML approaches. 

 

Besides that, previous studies used pre-

defined limited fibril shapes to investigate their shear 

performance. However, a more general and flexible 

approach is needed to reduce these limitations, 

which can be achieved by integrating free-body 

designs into our explorations for finding optimal fibril 

shapes with higher shear performances. Therefore, 

we propose an ML-based optimization method with 

finite element method (FEM)-based shear modeling 

to optimize the shear performance of 3D fibril 

designs. The 3D fibril designs are fabricated using 
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the two-photon-polymerization (2PP) technique to 

experimentally validate the results, where 2PP 

enables the manufacturing of free-body fibrils easier 

than previous fabrication methods. This method 

provides the advantage of searching a vast design 

space relatively faster than trial-error and other 

optimization methods[63]. In addition, the 

implemented BO framework is highly data-efficient, 

and the optimization framework requires 300 

iteration runs for each design to find the optimal fibril 

design. 

 

To conclude, the Bezier-curve-based free-

body-shape computational modeling gives high 

flexibility for investigating the optimal fibril design 

compared to standard pre-defined shapes. In each 

iteration, the shear results can be estimated with the 

FEM simulations, and the Bayesian optimizer can 

suggest the most feasible and optimal fibril design 

according to the FEM-based shear estimated 

results. The proposed framework can save 

reasonable time during shear-optimal fibril design 
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investigation. Finally, the optimal fibril shapes can be 

fabricated with 2PP and experimentally validated. 
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3 Motivation and Main Findings 

 

This chapter mentions motivation and open areas, 

including the papers I have authored and introduced 

in Chapter 2. These articles are accessible in 

Appendices A, B, C, and D. 

 

For investigating high-performance GSAs, a 

fibril design should be based on free designs instead 

of pre-defined shapes to eliminate structural 

limitations. Additionally, the investigation method 

should be a global optimization method to explore all 

possible solutions and should not be only optimal for 

a specific range. Also, FEM simulation can be 

integrated by considering experimental limitations 

and parameters to estimate the performance of the 

microstructures. 

 

To obtain that, first, the high-performance 

GSAs should be tried to be developed by inspiration 

from nature (e.g., geckos’ adhesion increases in 

some environmental conditions), such as gecko-
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inspired composite adhesive microstructures. 

Moreover, geckos’ and GSAs’ adhesion 

performance should be compared and explored to 

understand the effects of possible theories. These 

findings will help to understand the development of 

high-performance GSAs and furthermore, to realize 

the possible influential theories behind these 

approaches. 

 

After understanding the fundamentals, for 

designing and fabricating the free-body shear-

optimal fibrils (not only restricted by pre-defined 

shapes), the fibril body can be defined by a Bezier 

curve with a controllable and flexible design 

simultaneously. As a fabrication method, advanced 

manufacturing techniques, such as 2PP, can be 

implemented to eliminate or decrease the 

fabrication-based limitations that highly affect and 

determine the fibrils’ performance and design 

flexibility. Then, an ML method can be implemented 

for these investigations to explore the shear-optimal 

fibril designs effectively. The BO, an ML technique, 
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can be implemented as an efficient optimization 

method to investigate the desired shear-optimal 

structures for high performance. Additionally, FEM 

simulation can be integrated for estimating the shear 

performances of the generated fibril designs. Finally, 

all these findings are experimentally validated and 

compared with the well-known standard shapes in 

the literature. 
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4 Results and Discussion 

 

In this chapter, the papers I have authored have 

been summarized and discussed in terms of 

motivation, methodology, and findings. These 

published papers are available in Appendices A, B, 

C, and D. 

 

GSA (Vinyl Siloxane (VS) mushroom) and 

gecko-inspired synthetic composite adhesives’ 

fabrication methods, normal adhesion performance 

including a comparison between different tip 

designs, and adhesion comparison between smooth 

and rough contact surfaces are introduced and 

discussed in Section 4.1. 

 

Live gecko and GSA shear adhesion 

comparison under different environmental conditions 

are introduced and discussed in Section 4.2. 

 

An advanced fabrication technique is proposed 

for adhesive microstructures. This technique 
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enables fabricating of complex adhesive 

microstructures with almost no fabrication 

limitations. It is based on a 3D printing technique 

called 2PP and uses a custom-made elastomeric 

resin material. These are proposed and discussed in 

Section 4.3. 

 

Lastly, all these investigations, explorations, 

and advanced fabrication techniques have been 

combined to find ML-based shear optimal fibril 

adhesives. The found optimal structures have been 

compared with standard designs, and the results 

have been experimentally validated. These are 

introduced and discussed in Section 4.4. 
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4.1 Gecko-inspired Synthetic Adhesives and 

Gecko-inspired Synthetic Composite 

Adhesives 

 

This section is based on paper 4 in Chapter 1, Bio-

inspired composite microfibers for strong and 

reversible adhesion on smooth surfaces. 

 

For obtaining reversible and strong normal 

adhesion by gecko-inspired synthetic composite 

adhesives, microfibrillar patterns were composed of 

polydimethylsiloxane (PDMS) fibers decorated with 

VS mushroom-shaped tips, which were additionally 

coated with a highly soft and thin terminal layer of 

silicone-based pressure sensitive adhesive (S-PSA). 

 

For PDMS micropillar fabrication, they were 

produced by replicating SU-8 lithographic template. 

Sylgard 184 prepolymer and curing agent were 

mixed with a weight ratio of 10:1, then degassed and 

cast on the SU-8 mold. The prepared samples were 
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cured in a vacuum oven at 90 ⁰C for 1 hour and then 

demolded (Figure 4.1, Steps i–iv). 

 

For VS mushroom (GSA) fabrication, a thin and 

homogeneous layer of the VS precursor solution 

with 25–30 µm thickness was coated over a glass 

plate by a film applicator. After partial crosslinking of 

the VS layer for 30–45 seconds, the prepared PDMS 

micropillars were manually inked onto the thin layer 

and placed on a perfluorinated silicon wafer. Within 

a few minutes, the viscous VS was crosslinked, 

peeled off, and mushroom-shaped microfibers were 

obtained (Figure 4.1, Steps v–vii). 
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Figure 4.1. The fabrication process of the GSA 
(VS mushroom); fabrication of the PDMS microfiber 
film (Steps i–iv), inking and printing of microfibrillar 
patterns onto a silicon wafer (Steps v–vii), curing, 
and peeling-off (Step vii). This figure is modified from 
the literature [7]. 
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The fabrication of gecko-inspired synthetic 

composite adhesives was based on soft molding 

techniques. The S-PSA precursor solution was cast 

on glass, and then desired homogeneous film 

thickness (~25-30 µm) was achieved by a film 

applicator (Figure 4.2, Step 1). The S-PSA layer was 

partially crosslinked for 15-20 minutes (Figure 4.2, 

Step 2), then the PDMS microfibers with VS 

mushroom-shaped tips (GSA) were manually inked 

onto the thin layer of S-PSA (Figure 4.2, Step 3).  

 

For single-printed (SP) gecko-inspired 

synthetic composite adhesive mushroom fibers, VS 

mushroom structures coated with S-PSA were 

printed onto a perfluorinated silicon wafer and cured 

at room temperature for 12 hours (Figure 4.2, Step 

6). Then, the SP gecko-inspired synthetic composite 

adhesive mushroom fibers were peeled off (Figure 

4.2, Step 7). 

 

For double-printed (DP) gecko-inspired 

synthetic composite adhesive mushroom fibers, VS 
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mushroom structures coated with S-PSA were 

printed onto a perfluorinated silicon wafer for 5 

seconds (Figure 4.2, Step 4), peeled-off (Figure 4.2, 

Step 5), and printed on a pristine perfluorinated 

silicon wafer. The S-PSA was cured at room 

temperature for 12 hours (Figure 4.2, Step 6). Then, 

the DP gecko-inspired synthetic composite adhesive 

mushroom fibers were peeled off (Figure 4.2, Step 

7). 

 

 

Figure 4.2. The fabrication process of the gecko-
inspired synthetic composite adhesives; 
fabrication and pre-curing of the thin S-PSA film 
(Steps 1–2), inking and printing of microfibrillar 
patterns onto a silicon wafer (Steps 3–4), second 
printing process (double printed) on a pristine wafer, 
curing, and peeling (Steps 6–7). 
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To understand the effect of tip geometry on 

normal adhesion, PDMS micropillars with S-PSA 

decorated different tip shapes (spherical, 

mushroom, and film-terminated) were fabricated, 

including SP and DP gecko-inspired composite 

mushroom structures. Overall, DP gecko-inspired 

composite mushroom structures gave the highest 

normal adhesion compared to all other designs 

(Figure 4.3). The soft S-PSA layer was better 

supported by the stiffer mushroom tip (VS-included 

mushroom tip) than only S-PSA included tip designs 

(with no VS mushroom tip). This feature allowed 

homogenous fiber tips, helped keep the fibril’s tip 

shape, and resulted in high normal adhesion 

performance. 
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Figure 4.3. Normal adhesion measurements of 
microfibers with various tip geometries and the 
mushroom composite microfibrillar adhesives. 
a) Pull-off force of microfibers with different tip 
geometries and a flat S-PSA control, measured on a 
smooth substrate. b) Pull-off force of microfibers with 
S-PSA mushroom tips and SP and DP composite 
mushroom patterns, measured on a smooth 
substrate. 
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Compared to SP composite mushroom 

structures, DP composite mushroom structures had 

a thinner S-PSA layer on the fiber by removing the 

excess S-PSA layer during fabrication (Figure 4.4a). 

This property of the DP composite mushroom 

structures gave them high tip-shape stability and 

durability (Figure 4.3b, 4.4b). Additionally, on 

scanning electron microscope (SEM) images, DP 

composite mushroom structures had higher wedge 

angles (which means better tip sharpness) than SP 

composite mushroom structures. As a result, DP 

composite mushroom fibers had higher normal 

adhesion than SP composite mushroom fibers. This 

result agrees with the experimental and theoretical 

findings in the literature. The soft layer thickness 

affects normal adhesion performance[28,29,64]. 

 

The durability of DP and SP composite 

mushroom fibers was analyzed with cyclic normal 

adhesion experiments. DP composite mushroom 

fibers perform robust and high normal adhesion 

(Figure 4.4b). Rough surface adhesion experiments 



35 

 

were performed for DP composite mushroom fibrils 

and flat control, where the rough surface profile was 

measured with 3D laser scanning microscopy 

(Figure 4.5a). The results indicated that DP 

composite mushroom fibers perform better on rough 

surfaces than flat control (Figure 4.5b). 
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Figure 4.4. The height profiles and repeatability 
performances of mushroom composite 
microfibrillar adhesives. a) 3D laser-scanning 
microscope height profiles of mushroom patterns 
before (VS mushroom), after the SP or the DP 
process. b) Pull-off force of SP and DP composite 
mushroom fibers in a durability test over 25 adhesion 
cycles, compared with film-terminated microfibers. 
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These findings showed that the mushroom tips 

coated with S-PSA layers could enhance normal 

adhesion with optimal shape and improved load 

sharing. The high adhesive strength was reached 

after tailoring the tip geometry, tip composition, top 

layer thickness, and tip edge sharpness. 
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Figure 4.5. Smooth and rough contact surface 
normal adhesion performance of DP-composite 
mushroom and a flat control. a) Surface profile of 
the rough probe employed for adhesion 
characterizations with an arithmetical mean 
deviation (Ra) of 0,27 µm and mean peak-to-valley 
roughness (Rz) of 1.4 µm, obtained by 3D laser 
scanning microscopy. b) Pull-off force of DP 
composite fibers measured on smooth and rough 
surfaces, compared with a flat S-PSA control. 
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4.2 Live Gecko and Gecko-inspired Synthetic 

Adhesives’ Shear Adhesion under Different 

Environmental Conditions 

 

This section is based on paper 3 in Chapter 1, The 

effect of substrate wettability and modulus on gecko 

and gecko-inspired synthetic adhesion in variable 

temperature and humidity. 

 

After previous investigations, live Tokay 

geckos (Gekko geckos) and GSAs were used to 

compare their shear adhesion performances and 

understand the roles of the two theories: capillary 

adhesion and material softening effects on gecko 

adhesive performance under various environmental 

conditions, such as different RHs, different 

temperatures, and different contact surface 

wettabilities. The rest of the study did not include 

gecko-inspired composite mushroom fibers to 

eliminate material-wise external contributions such 

as viscoelastic effects. In this section 4.2, the rest of 

the survey continued only with monolithic structures 
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(single material structures, that means VS 

mushroom fibrils) to have a fair comparison with live 

geckos. 

 

Live geckos’ and GSAs’ shear adhesion were 

measured for different RHs (30%, 55%, 70%, 80%) 

and surface wettabilities (hydrophilic, hydrophobic). 

As a result, live geckos’ and GSAs’ adhesion 

increased on hydrophilic contact surfaces when the 

RH increased. This result is proof of capillary force 

contribution since capillary force can only happen 

between two hydrophilic surfaces. Then, the live 

gecko’s shear adhesion was slightly enhanced when 

the RH increased on hydrophobic surfaces 

(octadecyl trichlorosilane self-assembled monolayer 

(OTS-SAM) coated glass). This finding proves the 

material softening contribution on live geckos by 

eliminating capillary force contribution due to 

hydrophobic contact surface. As the material 

softening theory states, when material softens (in 

this case, gecko’s seta), the contact area increases; 

as a result, this improves the shear adhesion 
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performance of the live geckos. Additionally, no 

statistical difference was observed for GSA shear 

adhesion performances under different RHs on 

hydrophobic surfaces. This result showed the 

material-wise robustness of the GSA under different 

RHs. Thus, there were no material softening 

contribution for GSA adhesion under different RHs 

(Figure 4.6). 
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Figure 4.6. Tokay gecko and gecko-inspired 
synthetic adhesive shear adhesion in variable 
relative humidity on hydrophilic and 
hydrophobic glass. The shear adhesion of live 
geckos is measured as the maximum shear force 
resisted before sliding (N), and the shear adhesion 
of GSAs is calculated as the maximum shear force 
resisted while sliding per unit area (N/mm2) (mean ± 
s.e.m.). The means of treatment groups denoted 
with the same letter are not statistically different, 
according to Tukey post hoc pairwise statistical 
tests. The s.e.m. (standard error of the mean) is 
calculated simply by dividing the standard deviation 
by the sample size’s square root. 
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Then, live geckos’ and GSAs’ shear adhesion 

were measured for different temperatures (12 ⁰C and 

32 ⁰C) and RHs (30%, 55%, 70%, 80%). At low 

temperature (12 ⁰C), when RH increases, there is a 

high chance of condensation on the contact surface, 

which contributes to the capillary force for adhesion. 

At high temperature (32 ⁰C), when RH increases, 

there is a low chance of creating condensation on 

the contact surface, which eliminates the capillary 

force. Therefore, it makes the material softening 

contribution more detectable for adhesion. Live 

geckos’ and GSAs’ shear adhesion increased at low 

temperatures when the RH increased due to 

capillary force contribution. After that, live geckos’ 

adhesion increased at high temperatures when the 

RH was increased due to the material softening 

effect. As the material softening theory states, when 

material softens (in this case, gecko’s seta), the 

contact area increases; as a result, this improves the 

shear adhesion performance of the live geckos. On 

the other hand, there were no statistical differences 

in adhesion for GSA between different RHs at high 
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temperatures due to the material-wise robustness of 

the GSA. This result proved no material softening 

contribution to GSA adhesion (Figure 4.7). 

 

 

 

 

 

 

 



45 

 

 

Figure 4.7. Tokay gecko and gecko-inspired 
synthetic adhesive shear adhesion in variable 
relative humidity and temperature. The shear 
adhesion of live geckos is measured as the 
maximum shear force resisted before sliding (N), 
and the shear adhesion of GSAs is measured as the 
maximum shear force resisted while sliding per unit 
area (N/mm2) (mean ± s.e.m.). The means of 
treatment groups denoted with the same letter are 
not statistically different, according to Tukey post 
hoc pairwise statistical tests. The s.e.m. (standard 
error of the mean) is calculated simply by dividing 
the standard deviation by the sample size’s square 
root. 
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4.3 3D Printing of Elastomeric Bioinspired 

Complex Adhesive Microstructures 

 

This section is based on paper 2 in Chapter 1, 3D 

printing of elastomeric bioinspired complex adhesive 

microstructures. 

 

 

Figure 4.8. Direct 3D printing-based approach for 
fabricating elastomeric bioinspired complex 
adhesives. a) Schematics of the fabrication 
process. 2PP-based direct 3D printing of the 
structures using a custom elastomeric resin. b, c) 
Inspiration sources and designs of two hybrid 
bioinspired adhesives. b) Springtail- and gecko-
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inspired adhesive hybrid structures with side-surface 
liquid repellency. c) Octopus- and gecko-inspired 
adhesive hybrid structures with strong underwater 
and dry adhesion. 

 

 

The shape and performance of the existing 

adhesive microstructures highly depend on 

fabrication techniques such as molding. To 

overcome these limitations, a 3D elastomeric 

microstructure fabrication technique was 

implemented using 2PP-based 3D printing (Figure 

4.8a). This fabrication approach could produce many 

other 3D complex elastomeric structural adhesives 

for future real-world applications. To demonstrate 

this approach’s capability, two unsolved issues for 

gecko-inspired adhesives were focused on as 

challenging tasks. As the first challenging task, side-

surface liquid repellency, top-surface liquid 

repellency, and dry adhesion features were 

combined in the same design (Figure 4.8b). The 

underwater adhesion of gecko-inspired elastomeric 

structures was shown as a second challenging task 
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(Figure 4.8c). For the first challenge, springtail-

gecko-inspired, and for the second task, octopus-

gecko-inspired elastomeric adhesive 

microstructures were fabricated with the proposed 

approach (Figure 4.9). 

 

 

 

Figure 4.9. The SEM images of the fabricated 
elastomeric bioinspired complex adhesives. a) A 
full array of double re-entrant structures with side-
surface liquid repellency. b) A single and an array of 
octopus–gecko-inspired adhesive microstructures. 
c) Zoomed SEM images of the side and vertex 
structures of the springtail–gecko-inspired adhesive 
structure array. 
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4.4 Machine Learning-based and Experimentally 

Validated Shear Optimal Fibril Adhesives 

 

This section is based on paper 1 in Chapter 1, 

Machine learning-based and experimentally 

validated shear optimal fibril adhesives. 

 

 

Figure 4.10. Overall summary for investigating 
the Bayesian optimization-based shear-
optimized microfibril designs. a) Optimization 
framework for investigating the ML-based optimal 
microfibril designs. b) Starting from a random shape, 
the fibril design changes in each iteration until 
obtaining the maximum shear force. 
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After all previous investigations, explorations, 

and the development of advanced fabrication 

techniques for adhesive fibrils, we want to explore 

further more about their potential performance. The 

previous sections’ findings were necessary for 

fabricating, investigating, developing, pushing the 

limits, and improving the current performance of 

gecko-inspired adhesives. In this section, an ML 

method, FEM simulation, and Bezier curve-based 

free-form design approach were integrated into our 

exploration. Free-body design (Bezier curve-based 

design) was used instead of pre-defined shapes for 

a broad range of investigation of optimal structures. 

 

FEM-based shear simulation and the BO (an 

ML method) were integrated to investigate shear 

optimal fibril adhesives to find the optimal solution 

iteratively (Figure 4.10a). To design fibrils freely, the 

body shape of the fibrils was defined with a Bezier 

curve (Figure 4.10b). FEM simulation was used for 

shear force estimation, and the BO was used for 

investigating the optimal estimated design (Figure 
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4.10a). BO suggested design parameters (Bezier 

curve control points) to evaluate the estimated shear 

force for the simulation. This iterative process 

continued until the iteration limit (300 iterations) was 

achieved, which gave us, the optimal fibril design. 

The iteration limits have been decided based on 

saturation to the optimal value (Figure 4.10).  
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Figure 4.11. The fabrication procedure and an 
example SEM image of the optimal fibrils. a) 
Fabrication procedure of the optimal fibrils using the 
2PP technique using an elastomeric resin material. 
b) The SEM image of a sample fabricated optimal 
microfibril with an 80 µm tip diameter and 0.4 aspect 
ratio (AR). 
 
 

For simulations, commercial FEM software 

(COMSOL Multiphysics 5.6, COMSOL Inc.) was 

used. The simulations were implemented to estimate 

shear force for the standard (pre-defined) and 
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optimal fibril shapes. In simulations, the fibril base 

was fixed on the substrate, and the top part of the 

fibril tip end was in contact with the contact surface. 

At the beginning of the simulation, the contact 

surface iteratively translated and compressed the 

fibril on the y-axis until reaching ~600kPa. After that, 

the fibril substrate moved on the x-axis until the fibril 

tip stress reached the critical interfacial normal 

stress. The simulation ended after reaching critical 

interfacial normal stress, and the shear force was 

calculated. The shear force of the fibril design was 

calculated by integrating the shear stress on the fibril 

tip line, leading to unit force per length (N/m). After 

taking the line integral of the shear stress on the tip 

(results in “force divided by the length” unit because 

of two-dimensional (2D) simulation), the resulting 

unit force was divided by the measured tip diameter 

of the fibril to find shear stress. Then, the result was 

multiplied by the tip area of the fibril to find the total 

shear force. 
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Some material characterizations have been 

done experimentally for simulations. First, standard 

designs (flat-punch pillar and wedge mushroom) 

were fabricated by the 2PP method. As a resin 

material, commercially available IP-PDMS 

elastomeric resin was used. The SEM images were 

used for defining the geometrical fabrication 

limitations; the minimum tip-edge fillet radius. These 

fabrication limitations were also included in 

simulations. For the hyperelastic model in 

simulations, Mooney-Rivlin two parameters were 

used. The normal adhesion measurements were 

conducted to find the Mooney-Rivlin parameters. For 

finding the theoretical critical stress values, shear 

characterizations were realized for all standard fibrils 

(flat-punch pillar and wedge mushroom). The shear 

adhesion measurements were matched with the 

shear simulations for all standard shapes and 

categories (tip diameters and ARs) by minimizing the 

root-mean-squared relative error to find each AR’s 

theoretical critical stress. For each AR, there were 

different theoretical critical stresses. The critical 
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stress values for ARs 1, 0.6, and 0.4 were -264.0 

kPa, -14.5 kPa, and 362.9 kPa, respectively. 

 

The design of the fibrils includes fixed and 

optimizable parameters. The fixed parameters 

include the minimum edge fillet radius, tip diameter 

(for each category), AR (for each category), 

Mooney-Rivlin parameters, and theoretical critical 

stress (for each AR). The optimizable parameters 

include the 4th degree of Bezier-curve control points 

with three Bezier-curve control points and a fibril 

base diameter. Each simulation was 2D, including 

more than 10,000 free triangular elements as 

meshes. Significantly, the meshes were extremely 

fine toward the tip of the fibril to catch the theoretical 

critical stress for detachment precisely. 

 

The FEM simulation was built in 2D for all 

shapes. The contact surface was assumed as 

smooth and locally flat. The side profile of the 3D 

fibril was modeled using a Bezier curve. Three 

different ARs (1, 0.6, 0.4) and three different tip 
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diameters (40, 60, 80 µm) were considered to 

explore the fibril size effects. In addition, 2PP-based 

3D fibril fabrication limitation, such as the minimum 

achievable fillet radius of 2.7 µm at the tip of the 

fibrils, was integrated into the simulations. 

 

The shear performance of a fibril was simulated 

with its nonlinear deformation using the Mooney-

Rivlin hyperelastic model[65,66]. At the beginning of 

the simulations, all the fibrils were compressed with 

a locally flat probe with a constant preload pressure. 

After compression, the fibril base was moved to the 

right side with small step sizes to create shear on the 

fibril. After reaching the preload pressure and after 

the shear starts, the z-position is kept fixed during 

measurements. It means that the applied normal 

pressure was not kept constant after shearing 

started, so it was not controlled by any feedback 

mechanism to keep it at the same value during 

measurements. During the shear, if the interfacial 

theoretical critical stress value[67,68] was reached on 
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any fibril’s tip surface region, then the simulation 

assumed that the fibril detached from the surface. 

 

As an optimizer, the BO method was used and 

connected to the FEM simulation. One of the main 

advantages of this method was keeping the iteration 

number as low as possible. This optimization 

method could help decrease the number of 

simulation runs and increase our approach’s 

efficiency. The fixed parameters were the minimum 

fillet radius due to the fibril fabrication limitations, the 

fibril tip diameter, and the fibril height for 

corresponding categories. In each iteration, the 

optimization framework considered the Bezier-curve 

control points as optimizable variables and 

suggested the optimal design (Figure 4.10). Our 

method aimed to maximize the shear force. Here, all 

fibril designs were directly fabricated by a 2PP 

process with an elastomeric resin material (Figure 

4.11). Before starting the optimization process, the 

essential parameters were experimentally measured 

and included in the simulations, such as the 



58 

 

hyperelastic model parameters, the minimum fillet 

radius due to fabrication limitations, and the 

theoretical interfacial critical stress. 

 

The BO was implemented using a pre-built 

function called “bayesopt.m” on MATLAB (MATLAB 

R2018a, The MathWorks, Inc.). As an acquisition 

function, expected improvement was used. The 

number of iterations was set to 300. The Bayesian 

optimizer (implemented in MATLAB) was linked with 

COMSOL FEM simulation via LiveLink. In each 

iteration, the Bayesian optimizer’s suggested design 

was sent to FEM simulation. The FEM simulation ran 

and calculated the estimated shear force. Afterward, 

the estimated shear force was returned to the 

Bayesian optimizer to decide which design point 

should be evaluated next. All process took 

approximately 5 hours to find the optimal design for 

one specific tip diameter and AR. This framework 

was implemented on a desktop computer with an 

Intel Xeon CPU with 20 cores (E5-2680 v2, 2.80 
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GHz), 192 GB RAM, and an NVIDIA Quadro K5000 

graphics card. 

 

For each standard and optimal fibril design, the 

computer-aided design was implemented by 

Solidworks, and then a stereolithography file (.stl) 

was created. The generated files were uploaded into 

the Nanoscribe software (Photonic Professional 

GT2, Nanoscribe GmbH, Germany). The 2PP 

system was used in DiLL mode. In this mode, the 

elastomeric resin material (IP-PDMS, Nanoscribe 

GmbH, Germany) was placed between the substrate 

glass and the objective. As the objective lens, 25x, 

0.8 numerical aperture (NA) objective was used. 

After the printing of desired fibril structures, the post-

process was applied. The fabricated fibrils were 

immersed in a beaker containing isopropyl alcohol 

(IPA) for 15 min. Next, the samples were immersed 

in another beaker containing fresh IPA for 2 min. 

Young’s modulus of the material was 15.3 MPa. For 

material behavior on a small scale, a T-shape fibril’s 

stress-strain curve on a smooth spherical glass was 
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used for Mooney-Rivlin’s second-order model fitting. 

The computed Mooney-Rivlin second-order model 

fitting parameters were used in all simulations. 

These values were C10 = 1.01e+6 Pa and C01 = 

5.96e+5 Pa. 

 

A custom-made shear-adhesion setup was 

used for shear and normal force measurements. To 

visualize the measurements, a video camera 

(Grasshopper3, Point Grey Research Inc.) was 

mounted on an inverted optical microscope (Axio 

Observer A1, Zeiss). For z-direction and y-direction, 

a computer-controlled high-precision stage (LPS-65 

2”, Physik Instrumente GmbH & Co. KG) was 

attached to the microscope. Two load cells (y-axis: 

LSB200, 100g, JR S-Beam, FUTEK, and z-axis: 

GSO-25, Transducer Technique LLC) were mounted 

on the stage in an orientation to measure the forces 

on the y-axis and z-axis. The motion of the piezo 

stages was controlled, and a custom-made program 

processed the data acquisition by a LabVIEW 

(National Instruments, Austin, TX, USA). A smooth 
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spherical glass probe with a 10 mm diameter was 

used as a contact surface. The load-drag tests were 

done for shear. Before applying shear, the normal 

pressure (~600 kPa) was exerted on the fibril. After 

reaching the desired preload, 60 seconds of 

relaxation time waited. Tangential displacement was 

applied for 1 mm after relaxation time. During the 

measurements, all speeds (approaching speed on 

the z-axis, shear speed on the y-axis, and retraction 

speed on the z-axis) were set to 5 µm s-1. Each 

measurement was repeated five times. 
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Figure 4.12. Normal stress distribution under 
different shear strains for an 80 µm tip diameter 
and AR 0.4 ML-found optimal design. Normal 
stress distribution a) under 10% shear strain, b) 
under 20% shear strain, c) on a tip-contact surface 
interface for four different shear strains (5%, 10%, 
15%, 20%) for 80 µm tip diameter and AR 0.4 ML-
found optimal design are shown, respectively. 
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During shear, the interfacial stress of the 

optimal fibril showed that the stress distributions 

were changing along the fibril tip contact surface 

area (Figure 4.12, 4.13). The normal stress 

distribution of the fibril showed that the opposite side 

of the shear direction of the fibril edge’s interfacial 

stress distribution values increased during shear. 

After reaching the critical interfacial stress, the 

opposite side of the shear direction of the fibril 

edge’s interfacial stress distribution was assumed to 

be detached from the surface. As a result, the 

detachment started from the critical interfacial 

stress-reached part of the fibril and continued as a 

crack propagation to the other end of the fibril 

(Figures 4.12). During shear, the interfacial shear 

stress distribution of the fibril also changed. The 

shear stress values increased along the fibril 

interface during shear. Especially, both ends of the 

fibril’s interfacial stress values increased drastically 

(Figure 4.13). 
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Figure 4.13. Shear stress distribution under 
different shear strains for an 80 µm tip diameter 
and AR 0.4 ML-found optimal design. Shear 
stress distribution a) under 10% shear strain, b) 
under 20% shear strain, c) on a tip-contact surface 
interface for four different shear strains (5%, 10%, 
15%, 20%) for 80 µm tip diameter and AR 0.4 ML-
found optimal design are shown, respectively. 
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The optimized fibrils with various tip diameters 

and ARs were found with the proposed optimization 

framework. The fibrils’ three different tip diameters 

(40, 60, and 80 µm) were optimized for three 

different ARs (1, 0.6, and 0.4). All of the nine optimal 

fibril designs are shown in Figure 4.14. For high AR 

(AR equals to 1) fibril designs, the stiffness of the 

fibrils was tried to be increased by maximizing the 

Bezier curve control points to obtain higher shear 

force. 
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Figure 4.14. SEM images of the fabricated ML-
found optimal elastomeric fibril structures for 
different tip diameters and ARs. The tip diameter 
40 µm, 60 µm, and 80 µm designs are [a), b) and c)], 
[d), e) and f)], [g), h), and i)], respectively. The AR 
0.4, 0.6, and 1 designs are [a), d) and g)], [b), e) and 
h)], [c), f), and i)], respectively. All scale bars are 20 
µm. 

 

 

The shear performance of the fabricated 

optimal fibrils was characterized by a hemispherical-

smooth glass probe with a 10 mm diameter. Since 

the tip diameters of the fibrils were much smaller 

than the smooth glass probe, flat-flat contact 

geometry can be assumed between the fibrils and 
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the contact probe during measurements. All 40 µm 

tip diameter fibril designs were printed as a tripod 

with three structures for measurements. The rest of 

the tip diameter designs (60 and 80 µm) were 

fabricated as a single structure. Standard shapes 

(flat-punch and wedge-shaped mushroom fibrils) 

were also fabricated and considered as a control in 

this study. These structures were widely known and 

commonly used for high adhesion and shear in the 

literature. 

 

Shear performance comparison among all 

possible fibril designs was shown in Figure 4.15 with 

experimental and simulation results. In all cases, 

ML-based optimal fibril designs performed better 

than the standard shapes in simulations and 

experiments. Moreover, the simulation-based 

prediction of shear forces showed agreement with 

the experiments in all fibril designs and categories. 

The results show that if the fibril’s tip diameter 

increases, the fibril’s shear force increases for a 

single structure. This phenomenon also applies to 
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AR. If the AR decreases, the fibril’s shear force 

increases for a single fibril. This trend is related to 

the stiffness of the fibrils. If the stiffness of the fibril 

rises, then its shear performance also increases. 

However, there should be a limit to increasing the 

stiffness of the structures. If the stiffness of the made 

of material of the fibrils increases, then after a certain 

point, the conformal contact between the fibril tips 

and the contact surface worsens, which would 

reduce the shear performance. 
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Figure 4.15. Shear adhesion results in FEM 
simulations and experiments for a single fibril 
using standard shapes (flat punch, wedge-
shaped mushroom) and ML-based shear optimal 
designs. a) The FEM simulation results show that 
ML-based optimal designs have better shear 
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performance than the standard flat punch and 
wedge-shaped fibril designs. b) The experimental 
results agree with the FEM simulation results, 
proving that the ML-found designs give higher shear 
forces than the standard shapes in all cases. 
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Appendix A. Bio-inspired Composite Microfibers 

for Strong and Reversible Adhesion on Smooth 

Surfaces 

 

This appendix includes the following publication: 

 

1. Dirk-Michael Drotlef, Cem Balda Dayan, and 

Metin Sitti, Bio-inspired composite microfibers 

for strong and reversible adhesion on smooth 

surfaces. Integrative and Comparative 

Biology, 2019,  

doi: 10.1093/icb/icz009. 
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Appendix B. The Effect of Substrate Wettability 

and Modulus on Gecko and Gecko-inspired 

Synthetic Adhesion in Variable Temperature and 

Humidity 

 

This appendix includes the following publication: 

 

1. Christopher T. Mitchell*, Cem Balda Dayan*, 

Dirk-Michael Drotlef, Metin Sitti, and Alyssa 

Y. Stark, The effect of substrate wettability 

and modulus on gecko and gecko-inspired 

synthetic adhesion in variable temperature 

and humidity. Scientific Reports, 2020,  

doi: 10.1038/s41598-020-76484-6. 

 

 

 

 

                                            
* Equally contributing co-first authors 
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Appendix C. 3D Printing of Elastomeric 

Bioinspired Complex Adhesive Microstructures 

 

This appendix includes the following publication: 

 

1. Cem Balda Dayan*, Sungwoo Chun*, 

Nagaraj Krishna-Subbaiah, Dirk-Michael 

Drotlef, Mukrime Birgul Akolpoglu, and Metin 

Sitti, 3D printing of elastomeric bioinspired 

complex adhesive microstructures. Advanced 

Materials, 2021,  

doi: 10.1002/adma.202103826. 

 

 

                                            
* Equally contributing co-first authors 
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Appendix D. Machine Learning-based and 

Experimentally Validated Shear Optimal Fibril 

Adhesives 

 

This appendix includes the following publication: 

 

1. Cem Balda Dayan, Donghoon Son, Amirreza 

Aghakhani, Yingdan Wu, Sinan Ozgun Demir, 

and Metin Sitti, Machine learning-based and 

experimentally validated shear optimal fibril 

adhesives. unpublished, 2023. 
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