
 



  



 
 

 

 

 

DISSERTATION 
 

 

zur Erlangung des akademischen Grades einer  

Doktorin der Naturwissenschaften (Dr. rer. nat.) 

im Rahmen des Promotionsprogramms Polymer Science  

der Bayreuther Graduiertenschule für Mathematik und Naturwissenschaften 

(BayNAT)  

der Universität Bayreuth 

 

vorgelegt von 

 

Gissela Katherine Constante Ibarra 

geboren in Ambato, Ecuador 

 

Bayreuth 2025  

Tunable high aspect ratio lamellar 

surface driven by wetting dynamics 



 
 

  



 
 

This doctoral thesis was prepared at the department of  Biofabrication Group at the University 

of Bayreuth from November 2019 until August 2024 and was supervised by Prof. Dr. Leonid 

Ionov.  

 

This is a full reprint of the thesis submitted to obtain the academic degree of Doctor of Natural 

Sciences (Dr. rer. nat.) and approved by the Bayreuth Graduate School of Mathematical and 

Natural Sciences (BayNAT) of the University of Bayreuth. 

 

Form of the dissertation: cumulative thesis 

Date of submission: 14.08.2024 

Admission by the executive board: 11.09.2024 

Date of defence: 25.03.2025 

 

Acting director: Prof. Dr. Jürgen Köhler 

 

Doctoral committee: 

Prof. Dr. Leonid Ionov  (reviewer) 

Prof. Dr. Georg Papastavrou  (reviewer) 

Prof. Dr. Johannes Brendel  (chairman) 

Prof. Dr. Matteo Bianchini      

  



 
 

  



 
 

Table of Contents 

Summary ................................................................................................................................................ 1 

Zusammenfassung................................................................................................................................. 2 

1. Introduction ..................................................................................................................................... 5 

1.1. Bioinspiration and biomimicry ................................................................................................................. 5 

1.2. Wettability of surfaces ................................................................................................................................. 8 

1.2.1. Modification of wettability: surface chemistry and surface topography ................................ 9 

1.2.2. Basic theories of the mechanism of wetting ................................................................................. 11 

1.3. Elastocapillarity .......................................................................................................................................... 15 

1.3.1. Elastocapillarity applications ............................................................................................................ 17 

1.4. Smart surfaces: Tuning the wettability ................................................................................................ 18 

1.4.1. Smart materials ...................................................................................................................................... 20 

1.4.2. Shape memory polymers .................................................................................................................... 21 

1.4.3. Thermodynamics of shape memory effect (SME) ...................................................................... 23 

1.4.4. Thermoplastic polyurethane .............................................................................................................. 24 

1.5. Fabrication techniques for smart surfaces .......................................................................................... 25 

1.5.1. Melt electrowriting of SMPs ............................................................................................................. 27 

1.6. Conclusion .................................................................................................................................................... 29 

2. Aim ............................................................................................................................................... 31 

3. Synopsis ........................................................................................................................................ 32 

3.1. Smart Mechanically Tunable Surfaces With Shape Memory Behavior And Wetting-

Programmable Topography ..................................................................................................................................... 33 

3.2. Reversibly Photoswitchable High-Aspect Ratio Surfaces ............................................................. 35 

3.3. Switchable Elastocapillarity of High-Aspect-Ratio Topographically Structured Surfaces 37 

4. Conclusion .................................................................................................................................... 39 

5. Outlook ......................................................................................................................................... 40 

6. References ..................................................................................................................................... 41 

7. Publication list .............................................................................................................................. 48 

8. Individual contribution to publications and manuscripts .............................................................. 50 



 
 

9. Publications/Manuscripts .............................................................................................................. 52 

9.1. Publication 1 ............................................................................................................................ 52 

9.2. Publication 2 ............................................................................................................................ 70 

9.3. Publication 3 ............................................................................................................................ 86 

Acknowledgments ............................................................................................................................... 108 

(Eidesstattliche) Versicherungen und Erklärungen ...................................................................... 110 

 

 



1 

Summary 

Bioinspiration from nature's designs fosters innovations in technology and materials 

science. By mimicking nature's designs, mechanisms, and systems, science has found creative 

alternatives to today’s problems. This interdisciplinary approach not only advances technology 

but also promotes sustainable and efficient designs, where the interactions with the surfaces 

play an important role in the functionality of the organism or object. Understanding the 

interplay between surface topography and chemistry is essential in developing new surfaces 

and technologies, and by influencing the wetting state, one can achieve manipulation of 

droplets, or development of actuators. With the advent of smart materials, the potential 

applications for switchable surfaces in materials science have expanded. Smart materials can 

be used to fabricate surfaces that can switch their chemistry or physical properties to modify 

their wetting behavior. Understanding how water dynamics modify the topography of these 

smart surfaces will provide valuable insights for developing smart devices and microfluidic-

controlled systems. 

This research aims to develop high-aspect-ratio lamellar surfaces using shape memory 

polymers, elucidate the impact of water droplet dynamics on tunability, and explore potential 

applications in smart devices. The study combines simulation modeling, experimental 

fabrication, and analysis using melt-electrowriting to create and examine high-resolution 

surfaces. Key findings include the ability of thermoresponsive materials to change shape and 

wetting states, and their potential in microfluidic devices and smart valves. The high-aspect-

ratio lamellar surfaces composed of shape memory polymer exhibit significant deformation 

under water droplet dynamics. These high-aspect-ratio surfaces play a crucial role in the degree 

of deflection of the lamellae under external forces. For a better understanding of the tunable 

topography by wetting, this dissertation focuses on the interplay of mechanical properties, 

surface tension, and topographical surface characteristics. 

Publications stemming from this research demonstrate the creation of thermally 

controlled smart valves in microfluidic devices, light-induced deformation for precise fluid 

interaction control, and the role of elastocapillarity in smart surfaces. Overall, this work 

advances materials science by providing new insights into the fabrication and application of 

bioinspired surfaces, highlighting the significant potential of smart materials with shape-

changing capabilities for innovative technologies such as the fabrication of smart devices.  
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Zusammenfassung 

Die Bioinspiration durch das Design der Natur fördert Innovationen in der Technologie 

und Materialwissenschaft. Durch die Nachahmung der Designs, Mechanismen und Systeme 

der Natur hat die Wissenschaft kreative Alternativen für die Probleme von heute gefunden. 

Dieser interdisziplinäre Ansatz bringt nicht nur die Technik voran, sondern fördert auch 

nachhaltige und effiziente Designs, bei denen die Wechselwirkungen mit den Oberflächen eine 

wichtige Rolle für die Funktionalität des Organismus oder Objekts spielen. Das Verständnis 

des Zusammenspiels zwischen Oberflächentopographie und Chemie ist für die Entwicklung 

neuer Oberflächen und Technologien von entscheidender Bedeutung, da es den 

Benetzungszustand, die Manipulation von Tröpfchen oder die Entwicklung von Aktuatoren 

beeinflusst. Mit dem Aufkommen intelligenter Materialien haben sich die potenziellen 

Anwendungen für schaltbare Oberflächen in der Materialwissenschaft erweitert. Intelligente 

Materialien können zur Herstellung von Oberflächen verwendet werden, die ihre chemischen 

oder physikalischen Eigenschaften ändern können, um ihr Benetzungsverhalten zu 

modifizieren. Wenn man versteht, wie die Wasserdynamik die Topografie dieser intelligenten 

Oberflächen verändert, erhält man wertvolle Erkenntnisse für die Entwicklung intelligenter 

Geräte und mikrofluidisch gesteuerter Systeme. 

Ziel dieser Forschungsarbeit ist die Entwicklung lamellarer Oberflächen mit hohem 

Aspektverhältnis unter Verwendung von Formgedächtnispolymeren, die Klärung der 

Auswirkungen der Wassertropfendynamik auf die Abstimmbarkeit und die Erforschung 

möglicher Anwendungen in intelligenten Geräten. Die Studie kombiniert 

Simulationsmodellierung, experimentelle Herstellung und Analyse mittels 

Schmelzelektrolyse, um hochauflösende Oberflächen zu erzeugen und zu untersuchen. Zu den 

wichtigsten Ergebnissen gehören die Fähigkeit thermoresponsiver Materialien, ihre Form und 

ihren Benetzungszustand zu verändern, sowie ihr Potenzial für mikrofluidische Geräte und 

intelligente Ventile. Die lamellaren Oberflächen mit hohem Aspektverhältnis, die aus 

Formgedächtnispolymeren bestehen, weisen eine erhebliche Verformung unter der Dynamik 

von Wassertröpfchen auf. Diese Oberflächen mit hohem Aspektverhältnis spielen eine 

entscheidende Rolle für den Grad der Ablenkung der Lamellen durch äußere Kräfte. Um die 

durch Benetzung einstellbare Topographie besser zu verstehen, konzentriert sich diese 

Dissertation auf das Zusammenspiel von mechanischen Eigenschaften, Oberflächenspannung 

und topographischen Oberflächenmerkmalen. 
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Die aus dieser Forschung hervorgegangenen Veröffentlichungen zeigen die Schaffung 

thermisch gesteuerter intelligenter Ventile in mikrofluidischen Geräten, die lichtinduzierte 

Verformung zur präzisen Steuerung von Flüssigkeitsinteraktionen und die Rolle der 

Elastokapillarität in intelligenten Oberflächen. Insgesamt bringt diese Arbeit die 

Materialwissenschaft voran, indem sie neue Einblicke in die Herstellung und Anwendung von 

bioinspirierten Oberflächen liefert und das bedeutende Potenzial intelligenter Materialien mit 

formverändernden Fähigkeiten für innovative Technologien wie die Herstellung intelligenter 

Geräte hervorhebt. 
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1. Introduction 

 

1.1. Bioinspiration and biomimicry 

The process of evolution through natural selection has led to the development of 

organisms with modified structures, surfaces, and organs, aimed at optimizing functionality 

and increasing the survival rate and reproductive success of the species.1 The preservation of 

the species depends on their capacity to adapt to the changing environment like modification 

from leaves to spines of desertic plants to avoid dehydration. This is an example that involves 

structural adaptations.2 As well, organisms can go through behavioral adaptation2 for example 

the hibernation of animals in winter to save energy. Bioinspiration uses the “know-how” of 

biology and applies it to non-biological technologies for the development of new materials, 

devices, and structures by studying the processes that nature has created to optimize 

functionality.3  

There are multiple examples of bioinspired surfaces used in industry, medicine, and 

technology development, as depicted in Figure 1. One significant example of bioinspired 

surfaces is the lotus leaf, which has been widely studied for its self-cleaning properties.4-6 The 

poor wettability of the surface allows it to remove dust and impurities from the leaf. Taking a 

close sight of the surface, one can observe the presence of micro and nano bumps, which 

increases the roughness of the surface.6 This diminishes the spreading of the water drops on 

the surface due to its high surface energy, leading to the rolling of the water droplets.7 The 

characteristic hydrophobicity of the lotus leaf is also explained by its surface chemistry. 

Nanoscopic tubular wax crystals are found on the bumps with a density of 200 tubules per 10 

µm2. 8 Bioinspiration of lotus leaf led to the creation of materials with self-cleaning and anti-

biofouling properties that are commonly used for paint coatings for ships and walls as presented 

in Figure 1a. 

In robotic development, researchers investigate the structured surface of the gecko's feet 

to develop adaptative adhesion on soft grippers (Figure 1b).9  The presence of sticky setal 

arrays on toes is responsible for adhering to almost any surface. Each seta ends up in a spatula-

like structure at the end, which binds to other surfaces through Van der Waals forces. These 

forces are broken by bending. The enhanced adhesion was used as a soft gripping system that 

has the ability to manipulate objects with different shapes.9 Furthermore, this innovative 
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technology has been applied to develop gecko-like surfaces for robotic feet, enabling robots to 

walk on vertical surfaces.10  

Self-cleaning not only avoids the accumulation of unwanted materials on the surfaces but 

also allows for the air-retaining surface. The bioinspired self-cleaning surface of salvinia leaf 

was used in the development of coatings to reduce water drag on ships (Figure 1c).11, 12 The 

hydrophobic pillars with hydrophilic tips in the leaf surface help to retain air. The pillars that 

have a complex shape are coated with nanoscale wax crystals. The hydrophobic nature of the 

wax crystals prevents water from penetrating between the hairs. The top of the pillars contains 

hydrophilic molecules. The hydrophilic tips are in permanent contact with water, which pins 

the water at the air-water interface. Coating layers created with this surface were applied on 

the hull of ships. The Salvinia-effect coat increased the ship’s speed due to the water drag 

reduction and reduced the energetic costs.13  

Bioinspiration also was used to solve drought problems by collecting water from fog in 

desertic areas as the desert beetles do it (Figure 1d). A pattern of hydrophilic bumps and 

hydrophobic channels on the beetles’ shells helps to accumulate water molecules from the air 

moisture. After the accumulation, the beetle leans and water drips to its mouth.14 Water 

harvesting uses the same principle, the combination of hydrophilic areas to accumulate water 

from fog and hydrophobic sections for collection of water. Yu and collaborators created a 

patterned fabric with wettability gradient, mimicking the bumped surface of the Namib desert 

beetle to collect water from fog harvesting.15 The fog collector was made by netting 

superwettable and superhydrophobic yarn and depositing copper particles on top of the mesh. 

Copper particles increase the thermal conductivity of the mesh which enhanced the collection 

of water. Another interesting application to mimic beetle-patterned shells, a net made from 

polypropylene was used by the organization FogQuest to create fog collectors. The mesh is 

woven in a stretched triangular pattern enabling the accumulation and rapid run-off of the water 

into the collectors.16 This project has been implemented in various countries where water 

supply accessibility is either limited or not suitable for human consumption. It serves as a clear 

example of how bioinspiration has been utilized not only to develop new technologies but also 

to address social issues. 

In conclusion, the intricate surfaces and features of biological organisms remain a 

wellspring of inspiration driving advancements across diverse fields, spanning from robotics 

to biotechnology and medical devices. This enduring influence of nature on human innovation 
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underscores the importance of continued exploration into organisms for future breakthroughs. 

Bioinspiration stands out as a pivotal strategy in the quest for novel ideas, yet it presents 

significant challenges. Indeed, mimicking nature requires a profound understanding of its 

mechanisms—a pursuit currently at the forefront of materials science research. Central to this 

endeavor is unraveling the intricate interplay of chemistry and physics within biological 

systems, serving as a cornerstone for the development of innovative materials. 

 

Figure 1. Bioinspiration and biomimicry with the correspondence organisms. a) Self-cleaning 

painting17. [Reprinted with permission from 17. AAAS]. Lotus leaf18 and its micro and 

nanostructured surface.8 [Reproduced with permission from 8. Copyrights © 2011 Creative 

Commons] b) Bioinspired robotic gripping fingers 9 from Gekos’ feet.19 [Reproduced with 

permission from 19. Copyright © 2002, The National Academy of Sciences]. SEM image of the 

surface of the seta and spatula-like structure.20 [Reproduced with permission.20 Copyright © 

2010 WILEY‐VCH Verlag GmbH & Co. KGaA, Weinheim]. c) Salvinia effect used to coat 

ships for drag reduction12 [Reproduced with permission from 12. Copyrights © 2021WILEY‐

VCH GmbH] that contain the same microstructure surface21 [Reproduced with permission.21 

Copyright © 2010, WILEY‐VCH Verlag GmbH & Co. KGaA, Weinheim] as the salvinia 

leaf,22 [Reproduced with permission from 22. Copyright © 2003, Kurt Stueber] and d) 

harvesting of water from fog15 [Reproduced with permission from 15. Copyright © 2021, 
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Elsevier] as the Namib desert beetle23 [Foto: Martin Harvey, Alamy], which possess a bumped 

surface.24 [Reproduced with permission from 24. Copyright © 2001, Springer Nature Limited]. 

 

1.2. Wettability of surfaces  

The previous chapter explained the potential of bioinspiration in the development of new 

materials and surfaces. All the examples cited before share one common feature - the specificity 

of their wettability properties is strongly linked to some functionalities of the organism. 

Wettability is a physical property describing the ability of a surface to get wetted – hydrophilic 

– or not – hydrophobic – by the spreading or not of the liquid droplet.25 The description of the 

wettability is made through the analysis of the interaction between a fluid, typically water, and 

the surface. The interaction between the surface and the liquid droplet can be measured by the 

surface contact angle (θ), which is determined by the surface energy (γ) between the liquid (L) 

and the solid (S), liquid and gas (G) (air), and solid and gas,26 as shown in Figure 2. The contact 

angle is also measured as the angle formed between the right and left edge of the water droplet, 

using the solid surface as a baseline. When the contact angle is higher than 90°, the surface is 

known as hydrophobic, while contact angles lower than 90° present hydrophilic properties.  

 

Figure 2. Contact angle scheme of (a) hydrophobic, and (b) hydrophilic surfaces. 
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1.2.1. Modification of wettability: surface chemistry and surface topography 

The exceptional wetting properties of the organisms are explained by the synergy 

between the surface chemistry and surface topography. By creating a surface with a particular 

architecture, the interaction of the water with the solid surface can become weaker leading to 

the water drop to spherilize. Similarly, active chemical groups on the surface can induce or 

reduce wettability. 

 

Surface chemistry 

When considering the forces involved in wetting, one primarily looks at the interplay 

between cohesive forces within the liquid and adhesive forces between the liquid and the solid 

surface. The capacity of water to form hydrogen bonds with the surface allows the water to 

spread on the surface. Hydrophilic groups - such as hydroxyl groups (-OH) present in sugars 

and alcohols, carbonyl groups; (-C=O) in aldehydes and ketones; carboxyl groups (-COOH) in 

carboxylic acids; amino groups (-NH2) found in amino acids; and sulfhydryl groups (-SH) also 

known as thiol group, can establish hydrogen bonds with water molecules (Figure 3a). As a 

result, the water spreads on the surface leading to a contact angle close to zero, ending in 

complete wetting of the surface.27 

On the other hand, if water cannot form hydrogen bonds with the functional group 

moieties on the surface, the cohesion force between water molecules becomes stronger, 

preventing the liquid from spreading across the surface. Hydrophobic groups such as methyl 

groups (-CH2) and rings of hydrocarbons lack the ability to form hydrogen bonds (Figure 3b). 

Consequently, the surface energy of hydrophobic materials is relatively low, causing water 

droplets to bead up with high contact angle values. Natural hydrophobes like wax, oil, fats, and 

alkanes exhibit unique functional properties such as waterproofing, antifouling, corrosion 

resistance, and self-cleaning.28 
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Figure 3. Scheme of wetting behavior by changing the surface chemistry: a) when the surface 

has hydrophilic functional groups and b) hydrophobic groups. 

 

Surface topography 

Surface topography plays a significant role in determining the wetting behavior of a 

surface. The roughness or texture of a surface can influence the contact angle, in general, 

rougher surfaces tend to have higher contact angles compared to smoother surfaces. This means 

that liquids may bead up more on rough surfaces and spread out more on smooth surfaces. The 

exact effect depends on the specific topography of the surface, as observed in Figure 4. On a 

surface with a longitudinal orientation topography provides directional wetting (Figure 4a), or 

enhances the hydrophobicity (Figure 4b). Additionally, the roughness of the surface leads to 

an increase in the surface area, providing more opportunities for interactions between the liquid 

and the surface, including van der Waals forces and hydrogen bonding. These interactions can 

enhance wetting by promoting better adhesion of the liquid to the surface. This phenomenon 

occurs for surfaces that have small contact angles, whereas surfaces with large contact angles 

exhibit the opposite effect, rounded droplets, as observed in the lotus leaf effect.  

A combination of surface topography and surface chemistry produces surfaces with very 

large contact angles for hydrophobic materials or small contact angles to achieve complete 

wetting. Development and fabrication of such surfaces are constantly investigated, as well as 

the proper modeling to describe and predict the behavior of liquid droplets on the surface. 
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Figure 4. Scheme of wetting behavior by changing the topography of the surface: a) directional 

wetting by fabrication of parallel pattern, and b) bumpy surface to increase the contact angle 

of the droplet. 

 

1.2.2. Basic theories of the mechanism of wetting 

The mechanism of wetting involves several interrelated phenomena, including surface 

tension, adhesion, and cohesion. Surface tension is the force that causes molecules at the 

surface of a liquid to minimize their surface area, resulting in the formation of a cohesive film. 

When the liquid comes into contact with a solid surface, surface tension minimizes the contact 

area between the liquid and the solid. Adhesion is the attraction between molecules of different 

substances. When a liquid contacts a solid surface, adhesive forces between the liquid 

molecules and the solid surface pull the liquid toward the surface. Cohesion refers to the 

attraction between molecules of the same substance. Cohesive forces within the liquid cause it 

to resist deformation and maintain its integrity.29 

The interaction between a liquid droplet and a surface is intricately governed by the 

interplay of their respective surface energies. As discussed earlier, the contact angle of the 

liquid serves as a crucial indicator of the surface's wettability. Accurately estimating this 

contact angle is paramount for enhancing surface design and creation. This estimation hinges 

on Young's equation, which forms the basis for predicting the contact angle and thus enables 

precise manipulation of surface properties. 
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Contact angle: Young’s equation 

The wetting behavior is explained by Young’s model30 on a smooth solid surface (Figure 

2), and Wenzel’s model31 and Cassie-Baxter model32 describe the wetting on an 

inhomogeneous surface (Figure 5),. According to Young’s equation, the equilibrium contact 

angle is: 

𝑐𝑜𝑠𝜃 =
𝛾𝑆𝐺 − 𝛾𝑆𝐿

𝛾𝐿𝐺
 

Equation 1 

Where θ represents the contact angle, and γ is the surface tension. L, S, and G are liquid, 

solid, and gas, respectively.  

The contact angle (θ) is the angle formed between the tangent to the liquid surface at 

the point of contact and the solid surface (Figure 2). As explained before, a small contact angle 

indicates strong wetting. For complete wetting, the liquid completely spreads across the solid 

surface, forming a thin, continuous film. This occurs when the adhesive forces between the 

liquid and the solid are stronger than the cohesive forces within the liquid. Partial wetting 

occurs when the liquid partially spreads across the solid surface, forming droplets or a partial 

film. This occurs when the cohesive forces within the liquid are stronger than the adhesive 

forces between the liquid and the solid. Non-wetting surfaces occur when the liquid forms 

droplets on the solid surface and does not spread at all. In this case, the cohesive forces within 

the liquid are much stronger than the adhesive forces between the liquid and the solid.33 

 

Contact angle: Wenzel and Cassie-Baxter state 

For a better understanding of the interaction of the liquid-solid interface, is needed to 

consider the roughness of the surface. Under this statement, two states can be distinguished: 

the Wenzel state for weak hydrophobicity and the Cassie-Baxter state for strong 

hydrophobicity.34  

Wenzel’s equation:  𝑐𝑜𝑠𝜃𝑊 = 𝑟(𝛾𝑆𝐺 − 𝛾𝑆𝐿)/𝛾𝐿𝐺  

Equation 2 
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Cassie – Baxter equation: 𝑐𝑜𝑠𝜃𝐶𝐵 = 𝑓[(𝛾𝑆𝐺 − 𝛾𝑆𝐿)/𝛾𝐿𝐺] − (1 − 𝑓) 

Equation 3 

Where r represents the roughness ratio factor (𝑟 = 𝐴𝑟𝑜𝑢𝑔ℎ 𝐴𝑓𝑙𝑎𝑡⁄ ), r is always bigger 

than 1. Thus, as r increases, the total interface energy also increases, leading to an increment 

in the hydrophobicity on hydrophobic surfaces, or increasing the wettability on hydrophilic 

surfaces. 𝑓 is the fraction of the solid/liquid interface in the entire composite surface beneath 

the liquid. 

 

Figure 5. a) Wenzel model and b) Cassie-Baxter model on rough surfaces showing different 

states of wetting. 

 

Based on Equation 2, roughness can increase the contact angle when the surface is 

hydrophobic or reduce the contact angle when is hydrophilic. Both modifications can achieve 

wettability gradients without modifying the surface chemistry. In the Wenzel state (Figure 5a), 

the liquid on the surface enters the grooves, resulting in higher surface wettability due to the 

increase in contact area. In contrast, in the Cassie–Baxter state (Figure 5b), the air remains 

trapped in the grooves. This results in a higher contact angle compared to the contact angle on 

a flat surface:35 

 

Sliding contact angle 

Unlike the static contact angle, which is measured when the droplet is at rest, the sliding 

contact angle provides insights into the wetting behavior under dynamic conditions, such as 

when a droplet is moving or spreading on a surface. It takes into account the influence of factors 
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such as surface roughness,36, 37 surface energy,38 viscosity of the liquid,39, and velocity of the 

droplet.40 The sliding contact angle may change during the dynamic wetting process, 

influenced by these factors. A surface with lower energy tends to exhibit lower contact angle 

hysteresis, facilitating easier droplet movement. The contact angle hysteresis is the difference 

between the advancing contact angle and receding contact angle and provides information 

about the pinning or depinning behavior of the droplet on the solid surface. The advancing 

contact angle refers to the contact angle measured when the droplet is moving forward, while 

the receding contact angle is measured when the droplet is retracting or receding. (Figure 6)  

In a typical wetting experiment using the tilted plate method, a drop is placed onto a 

surface, which is then inclined until the drop begins to slide. When the droplets slide down on 

tilted surfaces, the driving motion force, in this case the external gravitational force Fg, 

(Equation 4) can be modified by changing the tilting angle α,41 to control the droplet velocity.42 

𝐹𝑔 = 𝑚𝑔 sin 𝛼 

Equation 4 

Where m is the mass of the water drop, g is the acceleration of gravity (9.81 m/s2). 

 

Figure 6. Sliding droplet at an inclined surface at α tilting angle. 
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1.3. Elastocapillarity 

The phenomenon of elastocapillarity is an interplay between elasticity and capillarity and 

occurs when the surface tension of a liquid interacts with the deformable properties of a solid 

material. The deformation of a soft solid can be expressed by the bending or collapsing of 

beams and films under the influence of capillary forces. The extent of deformation is 

determined by a complex interaction of factors, including the surface tension of the liquid, the 

mechanical properties of the solid material, and the geometric arrangement of the system.43  

When the walls – lamellae are rigid, the capillary height is determined by Jurin’s law.44 

This law balances the capillary forces and the weight of the liquid column: 

ℎ =
2𝛾 cos 𝜃

𝜌𝑔𝑑
 

Equation 5 

Where ℎ is the height of the rising liquid between the walls, 𝛾 and 𝜌 are the surface 

tension and density of the liquid, respectively; and 𝑑 is the distance between the walls. 

Nevertheless, when the walls are soft and flexible and are fixed in one end as in Figure 

7, the liquid brings the walls together. This reduces of distance and increases the capillary rise 

of the liquid.44 Elastocapillarity length (LEC) is the length of the walls above which capillary-

driven coalescence occurs and can be calculated as following:44  

𝐿𝐸𝐶 = √𝐵
𝛾⁄  

Equation 6 

Where 𝐵 is the bending stiffness and 𝛾 liquid surface tension. B of the material is 

derived from the Euler-Bernoulli Beam equation resulting in:45 

𝐵 = 𝐸𝑏3

12(1 − 𝑣2)⁄  

Equation 7 
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Where 𝐸 is Young’s modulus, b is the thickness of the sheet, and 𝑣 is the Poisson ratio 

of the material. Euler-Bernoulli Beam equation describes the bending deformation. It states 

that the bending curvature is proportional to the bending moment applied and inversely 

proportional to the flexural rigidity (EI), where E is the modulus of elasticity and I is the area 

moment of inertia. This equation makes the following assumptions: the material is 

homogeneous and isotropic, and neglects the deformation of the cross-section, because, in spite 

that the neutral axis of the beam is curved after deformation, the deformed angles are small.46 

When the walls are long enough (>LEC) and two of them have collapsed together (ℓ𝐵), 

there is left a gap separated by the distance d, named Ld. For walls with LEC lower than Ld, there 

is no bending or collapsing of the walls, avoiding stiction of them. Ld is estimated by: 

𝐿𝑑
4 = 9𝑑2𝐿𝐸𝐶

2 /2 

Equation 8 

This considers d<< Ld, gravity is neglected, and the adhesion is limited only to the 

bending energy. Under this statement, Ld is independent of the total length of the walls.47, 48 

 

Figure 7. Elastocapillary effect on bending beams that are clamped in one edge. 
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1.3.1. Elastocapillarity applications 

Understanding and manipulating elastocapillary coalescence can lead to the development 

of novel techniques and materials with tailored properties and functionalities. Elastocapillary 

coalescence has applications in various fields, including microfluidic device fabrication,49 

surface patterning,50 and the design of functional materials.51 By harnessing the interaction 

between liquid droplets and deformable surfaces, scientists can engineer materials with tailored 

wetting behaviors. This has implications for a wide range of applications, including self-

cleaning surfaces, anti-fog coatings, and adhesion control in biological systems. 

One key application of elastocapillarity is in the study and development of microfluidic 

devices. In Figure 8a-c, Lee and collaborators fabricated an open-microfluidic device with a 

particle docking system. The PDMS microplates can reversibly bend as a valve for trapping 

the particles.52 This technology is versatile for a wide range of applications, including 

multiplexed bioassays for drug screening and cytotoxicity assessments. The device utilizes 

spontaneous evaporation to drive particle coupling, improving process efficiency. 

Nevertheless, despite its advantages, the requirement for complex chip fabrications may limit 

its widespread adoption among end users. The relationship between the degree of evaporation 

and preconcentration efficiency requires further characterization in follow-up studies to fully 

understand and optimize the process. The driving force of the open-microfluidic device is the 

capillary force to open the docking system for particles, making it an easy and spontaneous 

way to control the device. 

Another interesting application is the self-organized bristles (Figure 8d-f). Pokroy and 

collaborators study and develop a theoretical model to characterize the geometry of bundles. 

The hierarchical assembly of the clusters is used for trapping particles and also adhesive 

properties.53 The assembling of the bundles is made by the bend of the fibers when come in 

contact with a liquid. This process showcases the potential for creating complex materials 

through simple physical principles. 

These interesting applications related to the elastocapillarity phenomenon show the 

potential of exploiting this effect to construct devices with remote control, or even in 

biotechnological applications for substances detection. Proper analysis and modeling are 

essential to apply this technology in future devices. 
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Figure 8. Elastocapillary effect on soft substrates for a-c) switchable elastocapillary functional 

valve on microfluidics,52 [Reproduced with permission from 52. Copyrights © 2022 Elsevier 

B.V. All rights reserved] and d-f) self-organized helical blisters for particle trapping.53 [From 

53 / Reprinted with permission from AAAS] 

 

1.4. Smart surfaces: Tuning the wettability 

Smart surfaces with tunable wettability hold immense promise across diverse 

applications. In industries like oil and gas, where efficient separation of oil and water is 

crucial,54 these surfaces offer enhanced performance and reduced environmental impact. In the 

biomedical field, they enable precise control over liquid interactions for applications like drug 

delivery, tissue engineering, and diagnostics. Additionally, in consumer electronics, smart 

surfaces can prevent water damage and improve the durability of devices. 

Traditionally, surfaces were perceived as passive with fixed properties, but the 

development of smart materials and nanotechnology has enabled the progress of surfaces that 

dynamically alter their wettability in response to external stimuli. This transformative 

capability not only opens new avenues for innovation but also addresses challenges in fields 

ranging from fluid dynamics to biomimicry. 
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The concept of tunable wettability refers to surfaces that can switch between hydrophobic 

and hydrophilic states or exhibit gradients of wettability across their surface. This tunability is 

achieved through various mechanisms, including changes in surface chemistry, morphology, 

and the application of external stimuli such as temperature, light, or electric fields. 

Some examples of the development of smart surfaces with diverse wetting are presented 

in Figure 9. For instance, Zhang and colleagues fabricated a flat and wrinkled surface grafted 

with a pH-responsive polymer (Figure 9a). It was observed that the wetting switchability range 

is higher for wrinkled surfaces going from total wetting (~10° CA) to a hydrophobic behavior 

(>120° CA).55 

Not only pH modification can lead to several states of wetting. Temperature-responsive 

surfaces are a major interest of scientists. One interesting approach is presented by Song and 

collaboration. They fabricated a surface with unidirectional motion of droplets that is 

conducted by switching of temperature (Figure 9b).56 The main component of the surface is 

the PNIPAAm, at 25°C the polymer is hydrophilic, allowing the spreading of the droplet, but 

when the temperature increases to 55°C, the PNIPAAm surface becomes hydrophobic, in this 

case, the droplet is pinned on the surface. By the switching of temperature, the droplet can 

increase and decrease its contact line which allows it to move along the surface in a controlled 

manner. As well, controlling the transportation of droplets is also achieved by creating a 

magnetically responsive surface as presented by Yang and colleagues (Figure 9c). A 

magnetically responsive superhydrophobic microfibrillar surface can switch the adhesion to 

pin and unpin the droplets  This surface can be used for programmable fluid collection and 

transport of smart microfluidic devices fabrication.57 
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Figure 9. Switchable wettability of smart surfaces driven by different stimuli, a) pH-responsive 

surface.55 [Reproduced with permission from 55. Copyright © 2020 Elsevier B.V. All rights 

reserved] b) Thermoresponsive topographical surface,56 and c) magnetic responsive fibrillar 

surface.57 [Reproduced with permission from 57. Copyrights © 2018 American Chemical 

Society]. 

 

1.4.1. Smart materials 

Fabrication of these smart surfaces with switchable wettability requires proper materials 

that can present different changes either in their chemistry or their physical properties. Smart 

materials or shape-changing materials are the ones that are able to transform their shape 

through the application of an external stimulus. The name smart is used because these materials 

have the ability to sense the environment and surroundings and respond to them.58 The 

advantage of using responsive materials is the capability to have external control. Several 

stimuli are used to possess total control of the object.  
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Smart materials can be classified as passive or active. Passive smart materials transfer a 

type of energy, for example, the optic fibers that transfer electromagnetic waves. Active 

materials are divided into two: (i) materials that do not change their properties after stimuli 

exposure, and (ii) materials that transform one type of energy into another. The materials that 

can transform energy into other types bring the attention of researchers because their actuation 

will depend on the applied stimulus. Between the properties that characterize the active 

materials, there are (i) transiency, (ii) immediacy, (iii) selectivity, (iv) shape-changing, and (v) 

self-healing.59  

Among the smart materials commonly used, one can find diverse types like piezoelectric 

materials that convert mechanical energy into electric energy or vice versa. Smart chromoactive 

materials change their color after stimuli exposure. Magnetorheological materials change their 

rheological properties when exposed to magnetic fields. Shape memory materials, which can 

change their shape and return to the original state when they are exposed to heat or other 

stimuli.59  

 

1.4.2. Shape memory polymers 

Shape memory polymers (SMPs) are polymer networks that can be fixed in a transitory 

state. SMPs are widely used due to their advantages as lightweight, versatility, customized, low 

cost, easy processing, and biocompatibility. SMPs commonly use heat as a stimulus for shape 

transformation, which is why they are known as thermoresponsive polymers. When the SMPs 

are heated over the transition point, they behave as elastomers and are soft. SMPs act like 

“regular” polymers in the frozen state, below the glass transition point,60 which means that in 

the frozen state, the polymer does not have special properties of SMPs, and maintains a fixed 

shape.  

Actuation of thermoresponsive polymers requires thermal energy to melt the crystalline 

sections of the polymer (Figure 10). The heating can be direct or indirect like photothermal 

heating. Direct heating causes the crystalline parts of the polymer to transform into amorphous 

polymer chains, allowing the mobility of the fibers. The temperature must be higher than the 

transition temperature (Ttrans). Ttrans depends on the polymer structure, Ttrans can be the glass 

transition temperature (Tg) for the amorphous polymers, or the melting point (Tm) for 
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semicrystalline polymers, copolymers, and crosslinked ones.61 (i) First one involves the 

mechanical deformation of the SMPs which are based on the transition form to rubber state, 

where the material is highly elastic and low stress can deform the shape (Figure 10a, b). When 

the temperature is lower than Ttrans, the polymer goes from a glassy state to a rubbery state. At 

the glassy state, Young’s modulus is higher, and the strength of the material is higher too, and 

after the addition of energy, the modulus decreases, facilitating the deformation of the material. 

(ii) The second one is the storage property of the programmed deformation (Figure 10c). 

Depending on the temperature of the material, the deformation can be “saved” or released. 

SMPs preserve the temporarily deformed shape in a stress-free state. (iii) The third point is the 

recovery state of the original shape after the elimination of the external stress and in the 

presence of the stimuli (Figure 10d). 62 

 

Figure 10. Shape memory thermoresponsive actuation of polymers: a) semicrystalline polymer 

can be deformed b) by melting the crystalline phase of the polymer chains by increasing the 

temperature over the transition temperature. By fast cooling, while applying the deformation 

stress, c) the polymer chains crystallize fixating the temporal shape. The recovery to the 

original state involves the melting of the temporary fixed crystalline phase to the amorphous 

phase to return to d) the original state and cooling of the material leads to the formation of 

crystalline parts (a). 
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1.4.3. Thermodynamics of shape memory effect (SME) 

The shape memory effect (SME) of polymers involves thermodynamical changes. SME 

comes from the ability to have different conformations of the polymer chains, which are 

reversible. The thermodynamic changes during each phase are described next: 

Deformation of the SME: the heating of amorphous polymers above their Tg increases 

the enthalpy, allowing the polymer chains to become more mobile. This leads to highly coiled 

amorphous polymer chains with high entropy, as described by Boltzmann’s equation: 

𝑆 = 𝑘 ln 𝑊 

Equation 9 

Where S is the entropy, k is the Boltzmann’s constant, and W is the number of 

accessible microstates of a system.  

Fixation of the SME: During the transition to a deformed state, the stress applied to the 

material leads to a decrease in the entropy of the system producing aligned and organized 

polymer chains. The deformation step requires an input of energy as mechanical work. The 

energy is absorbed by the material and stored in the polymer chains. The amount of energy 

absorbed during deformation depends on factors such as the applied stress, deformation rate, 

and polymer properties.  

Recovery of the SME: During the recovery of the original state of the polymer, the 

release of the applied stress and stored energy when the temperature is higher than Ttrans, 

produces that the polymer chains restore their random coil conformation. This process is 

accompanied by an increase in entropy, which leads to the recovery of the original shape of the 

material.63 The addition of energy by heating the deformed polymer above its Ttrans provides 

the necessary thermal energy to overcome the energy barrier (activation energy) and allow the 

polymer chains to relax back to their original configuration.64 
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1.4.4. Thermoplastic polyurethane 

Polyurethanes are versatile copolymers that are widely used for their abrasion and tear 

resistance, tensile and compression strength, and hardness, created in replacement of natural 

rubber. They are commonly used for coatings, construction foams as insulating material, 

packaging,65 and as well as biomedical materials in catheters, wound dressings, and short-term 

implants.66 

Polyurethanes are the result of the reaction of isocyanates and polyols. The reaction 

between the alcohol group (-OH) and the isocyanate (NCO) forms the urethane group (-NH-

CO-O-) also known as carbamate. These two segments define the final properties of the 

polyurethane allowing the manufacturer to customize the polyurethane to several applications. 

The soft segment (SS) composed of the polyol presents better mobility due to its long chain 

length. The polyol also provides flexibility to the polyurethane – longer chain length, higher 

flexibility. While the hard segment (HS) is formed by the linkage between the isocyanates and 

the chain extender. The isocyanates are short molecules that can organize in a crystal lattice, 

which makes the polyurethane hard and non-flexible.65 The glass transition (Tg) of SS usually 

is below room temperature and the Tg of HS is above the ambient temperature. The formation 

of H-bonds of the HS is the reason for the increase of energy in order to break those linkages, 

allowing the polyurethane to melt in comparison to other similar esters. The energy that the H-

bond has can be between 20-50 kJ/mol. The amine group (N-H) is the proton donor and the 

carbonyl group (C=O) acts as a proton acceptor. Another potential proton acceptor is the alkoxy 

oxygen (-O-) from the urethane bond.67  

Among the polyurethanes, elastomers exhibit high elasticity. Elastomers can be stretched 

to several times their original length without breaking. This is mainly explained by the long 

chain segment of the SS (polyol), while the HS brings more stability and strength to the material 

due to its performance as a physical crosslinking points. The physical crosslinking is formed 

by hydrogen bonding, polar interactions, or crystallization.68 This characteristic of the HS 

allows it to restore the shape and avoid permanent deformation, it can withstand moderate 

deformation under external load. The SS formed by long aliphatic polymer chains is able to 

stretch and uncoil providing high elasticity. Nevertheless, the physical crosslinking can present 

creep behavior, which can alter the shape recovery. In contrast, chemical crosslinking can lead 

to a high deformation degree because the molecular chains do not slip between each other.  



25 

In Figure 11, the synthesis route for poly(1,4-butylene adipate)-based polyurethane (PU-

PBA) is presented. For SS, polybutylene adipate (PBA) is used. PBA is also known as adipic 

acid-1,4-butanediol copolymer or poly(tetramethylene adipate). The HS is composed of 4,4’-

diphenylmethane diisocyanate also known as methylene diphenyl diisocyanate (MDI) and 

butane diol (BD) as chain extender. The crosslinking effect of the HS on the SS prevents the 

viscous flow above the PBA melting transition.69 The shape memory properties of the PU-PBA 

are based on the SS. The temperatures of crystallization and melting of PBA define the SME 

of the whole copolymer. 

 

Figure 11. Synthesis schema of poly(1,4-butylene adipate)-based polyurethane (PU-PBA) 

 

1.5. Fabrication techniques for smart surfaces 

Topographical design of the surface, desired functionality, and choice of material 

influence deeply in the selection of the fabrication method of such surfaces. Especially the 

fabrication of micro and nano-structured surfaces requires techniques with high resolution like 

photolithography and stereolithography. Additive manufacturing enables the direct printing of 
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functional materials onto substrates, allowing for rapid prototyping and customization of 

structured surfaces for diverse applications ranging from microfluidics to tissue engineering.  

Nevertheless a currently problematic is the limited amount of available materials that can 

be used in additive technologies. To overcome this issue, rapid prototyping is mostly used to 

create molds, that can be further used for casting other materials to produce the smart surfaces 

by replica-molding process. Overall, the integration of 3D printing with smart surfaces opens 

up a wide range of innovative applications across industries, driving advancements in 

functionality, customization, and sustainability. An investigation carried out by Wang and 

collaborators showed the fabrication of switchable hydrophobicity of a surface driven by a 

pneumatic system. Inflation and deflation of micro-air-sac network structure to produce 

different wetting states: rose-petal and lotus-effect (Figure 12a).70 Replica-molding process 

also is used in combination with thermoresponsive polymers, as in the research presented by 

Zhang, et al. A surface with both surface chemistry and surface topography was fabricated to 

have precise wetting and their gradients. The SMP was cast on a mold created by 

photolithography and then grafted with PNIPAAm71 (Figure 12b). 

 

Figure 12. Smart surfaces produced by replica molding technique. a) pneumatic mechanism 

for switchable wettability,70 [Reproduced with permission from 70. Copyright © 2018, The 

Authors. Licensed by CC-BY] and b) thermoresponsive surface by switching chemistry and 

topography.71 [Reproduced with permission from 71. Copyright © 2018 Wiley‐VCH Verlag 

GmbH & Co. KGaA, Weinheim] 

These approaches require multiple steps during processing and toxic chemicals for 

fabrication. 3D printing of thermoplastic for smart surface fabrication is an alternative for 

building structures with higher dimensions hundreds of micrometers up to millimeters and 
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more. The low resolution of this technology linked to the diameter size of the nozzles is a 

problem in constructing micro and nano-structured surfaces. A potential alternative is the 

combination of 3D printing with other technologies to reduce the diameter of fibers. Under this 

statement, electrospinning and melt-electrospinning allow the thinning of the fibers from 

micrometers to nanometer scale. The thinning happens due to the electrical forces between the 

needle and metallic collector, which pulls the fiber and stretches the polymer until deposition. 

The combination of electrospinning with additive manufacturing results in the emergence of a 

novel technology known as melt electrowriting. 

 

1.5.1. Melt electrowriting of SMPs 

Melt electrowriting (MEW) is an innovative additive manufacturing technique that 

enables the precise deposition of microscale fibers through the application of an electric field. 

This process has gained significant attention in the fields of tissue engineering,72-74 and 

advanced materials75, 76 science due to its ability to fabricate complex structures with tailored 

properties. 

MEW fundamentally is the combination of 3D printing and electrospinning process. 

The principle of MEW relies on the thinning of the fiber. The polymer or composite material 

is heated to its melting point and then dispensed through a fine metallic nozzle (Figure 13a). 

Simultaneously, an electric field is applied to the material, firstly causing the formation of a 

Taylor cone to reduce the diameter of the extruded fiber. The electrical field draws the fiber 

towards a grounded collector substrate. As the printhead moves along the surface, the fiber 

presents delayed deposition on the collector (Figure 13b). The material solidifies upon 

deposition. 3-dimensional structures are formed layer by layer with high precision and 

resolution. 
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Figure 13. Melt electrowriting technology a) adapted from a fused filament feeding printer, 

and b) Taylor cone formation for thinning the fiber by the effect of the electrical field  

Moreover, melt electrowriting offers versatility in terms of materials that can be used. 

A wide range of polymers, including biocompatible and biodegradable polymers such as 

polycaprolactone (PCL), poly(lactic-co-glycolic acid) (PLGA), and poly(ethylene glycol) 

(PEG), and even liquid crystal elastomers can be processed using this technique. Melt 

electrowriting represents a promising approach for the precise fabrication of micro-structured 

surfaces with a variety of materials.  
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1.6. Conclusion 

Bioinspiration draws upon nature's designs, mechanisms, and systems to inspire 

innovation in various fields. From mimicking the structure of a lotus leaf for water-repellent 

surfaces to modeling robotic movements after animal locomotion, nature is constantly 

providing creative solutions to all types of problems. Bioinspiration as an interdisciplinary 

approach not only has a great impact on technology development but also raises sustainable 

and efficient designs. After detailed investigations, now it is widely known that the wetting of 

surfaces is explained by the interplay of surface topography and chemistry. The increase of the 

roughness in the surface topography converts hydrophilic surfaces into more hydrophilic, and 

hydrophobic into superhydrophobic surfaces as in the lotus leaf. While the surface chemistry 

produces total spreading of the water drop or complete rolling due to the superhydrophobic 

effect.  

The development of new surfaces and technologies is dependent on the understanding 

of these surfaces. The estimation and prediction of the behavior of the droplets have been made 

through mathematical modeling between the interaction of droplet water and the solid surface 

like Young’s model for smooth surfaces, and Wenzel’s and Cassie-Baxter's model for rough 

surfaces. Starting from these equations, additional derivations can predict the wetting of the 

surface by obtaining the contact angle. The effect of water is not limited to the wetting state of 

the surface, but also to the folding of thin films into more complex structures by 

elastocapillarity forces.  

Nowadays, the introduction of smart materials has broadened the possible applications 

in the field of materials science for switchable surfaces. This shape-changing of the smart 

surfaces relies on materials capable of altering their chemistry or physical properties. The smart 

materials can alter their surface leading to a change in the wetting state. The control on the 

shape-changing surface allows the control over their wetting behavior. The fabrication method 

for smart topographical surfaces commonly used in investigation involves replica molding 

processes. The molds are generated through rapid prototyping, which makes replica molding a 

complicated method, time-consuming, and also involves toxic reagents. Fabrication of small 

structures is feasible due to its high-resolution printing capabilities. Typically, these surfaces 

have a low aspect ratio (max 2:1), and require manual deformation for actuation studies, where 

external force is applied to change the topography. 
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Conventional three-dimensional printers as filament-fused fabrication are advantageous 

in contrast to SLA printing, mainly due to the material availability. The object can be directly 

produced but their smallest dimensions are limited to the size of the inner diameter of the 

needles during extrusion, which affects the resolution of the printed objects. 3D printing of 

shape-changing materials is interesting due to their versatility and easy processing. 

Thermoresponsive surfaces can undergo reversible phase transitions, allowing them to deform 

and recover their original shape.  

An alternative fabrication approach that prevents the use of sacrificial materials and 

molds while maintaining high resolution for micrometric surfaces is melt-electrowriting 

technology. This method utilizes thermoplastics as the thermoresponsive polyurethanes that 

are extruded through a needle. Due to the electrical forces, the fiber diameter decreases 

significantly, resulting in the production of micrometric fibers. Through controlled deposition, 

a structured surface is formed. 

The investigation of wetting of high aspect ratio surfaces that present a shape-changing 

effect needs to be further investigated. The modification of the topography of the smart surfaces 

due to water dynamics will provide valuable information to understand the behavior of smart 

surfaces and the creation of smart devices and microfluidic-controlled devices.  

 

  



31 

2. Aim 

This thesis aims to investigate the behavior of structured shape-changing surfaces with 

a high aspect ratio in response to water dynamics. The high aspect ratio of the lamellar surface 

plays an important role in the degree of deflection of the lamellae under external forces. 

Lamellae that are both high and thin, with a low elastic modulus, are more prone to bending 

when a droplet increases or decreases in volume. In this research, the deflation and inflation of 

water droplets cause the lamellae to collapse or separate, respectively. By examining the 

mechanical properties of the material at various temperatures, one can manipulate the behavior 

of these structured surfaces. It is important to study the effect of each factor that interplays in 

the characterization of these switchable surfaces, separately and together: 

(i) the mechanical properties and actuation properties,  

(ii) surface tension,  

(iii) the topographical surface.  

To achieve this purpose, the subsequent objectives that involve the selection of 

material, fabrication methodology, and actuation tests are pursued during this investigation: 

Objective 1: The first objective addresses developing a fabrication methodology of 

high-aspect-ratio lamellar surfaces with shape-changing properties. To achieve this objective a 

shape memory polymer with low elastic modulus and 3D printing processable properties is 

needed. The polymer must flow on printing temperatures and must possess transition 

temperatures in normal conditions. The polymer must be processable by melt-electrowriting 

technique to produce micrometric fibers and provide proper stacking to construct a high aspect 

ratio lamellar surface. 

Objective 2: The second objective aims to elucidate the effect of water droplet dynamics 

(inflation and deflation) on the tunability of the topographical surface. This effect together with 

the response to the external stimuli can be used to control the deformation of surfaces.  

Objective 3: The third objective is related to the potential application of these structured 

surfaces for constructing smart devices utilizing shape-changing materials and surface 

manipulation techniques. 
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3. Synopsis 

In this dissertation, stimuli-responsive lamellar surfaces are used as a basis for 

deformation studies. This thesis focuses primarily on the modification of tunable topographical 

structures interaction of water droplets. This study investigates the possibility of modifying its 

topography by changing its mechanical properties. This information is deeply explained in 

three peer-reviewed publications, all of them as first author. Of these research articles, two are 

published (Publication 1, Publication 2) and one is submitted (Publication 3) (Langmuir). 

My investigation is based on the analysis of the effect of the mechanical and actuation 

properties of thermoresponsive polymer on the switching of surface topography upon the 

exhibition of external stimuli and stress. In this case, the structured surface is modified when 

the surface tension forces are much stronger than the elastic forces of the material. Surface 

tension forces are sufficient to deform the surface when the material has a low modulus. The 

switching of the material’s mechanical properties based on temperature is investigated in detail 

in the publications. In Publication 1, we investigated the effect of temperature: thermosetting 

polyurethane can change its modulus of elasticity at a given temperature, affecting the flexural 

behavior of long walls. In Publication 2, we advanced into the investigation of photothermal 

stimuli. This technique thermal and photothermal stimulation was used for the development of 

smart devices, like valves, that can shift the topography of the surface by the presence of water 

in the surface. Publication 3 provides an insight into cantilever-like lamellae, where only one 

section is fixed to a substrate, while the other section remains non-adhered. Overall, this 

research explores the effect of wettability on shape-changing lamellae surfaces with 

thermoresponsive properties, the analysis of the exerted forces on the surface, and its potential 

application for smart devices and self-folding structures.  
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3.1. Smart Mechanically Tunable Surfaces With Shape Memory Behavior And 

Wetting-Programmable Topography 

This study examines innovative fabrication and properties of high-aspect-ratio lamellar 

surfaces using shape-memory polymers. These polymers exhibit tunable mechanical 

properties, crucial for controlling the wetting behavior of the structured surfaces. In this study, 

we introduced, for the first time, the fabrication of lamellae with a very high aspect ratio, 

allowing for pronounced and controllable deformation of the surface structures by external 

stimuli like temperature. The shape-memory behavior of the polymer enables it to switch 

between soft and hard states depending on the temperature, significantly influencing the 

surface's wettability. When heated or cooled, the lamellae become more deformable, affecting 

how easily the surfaces can be wetted (Figure 14). This tunable wettability is important for 

applications requiring precise fluid interaction control. 

 

Figure 14. Actuation of the smart lamellar surface from a) bending of the lamellae by water 

drop, b) fixation of the deformed surface by lowering the temperature, and c) recovery of the 

original state of the surface. [Reprinted with permission from 77. Copyright © 2022, American 

Chemical Society] 

The thermoresponsive poly(1,4-butylene adipate)-based polyurethane (PU-PBA) was 

used for fabricating the high aspect ratio lamellae (Figure 15a and b). Through melt-

electrowriting, fibers were fabricated in the micrometer range (Figure 15c), and by stacking, 

the height of the lamellae was up to 50 times higher than its thickness (Figure 15b). The high 

aspect ratio in combination with the mechanical properties of the material is responsible for the 

bending of the walls. The elastic modulus of the polymer was measured at different 

temperatures (Figure 15d) when the soft segment was crystallized (4°C) and after its melting 

(40°C). It is noticeable that the elastic modulus decreases more than 5 times, converting the 
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lamellae to a soft state. The correlation between the temperature, mechanical properties, and 

wettability are analyzed in detail in this publication. 

 

Figure 15. a) Schema of the smart lamellar surfaces, b) Top and lateral view images of the 

fabricated structured, and c) the SEM of the stacked fibers. d) presents the elastic and loss 

modulus at different temperatures when the polymeric lamellae is exposed and not exposed to 

4 °C. [Reprinted with permission from 77. Copyright © 2022, American Chemical Society] 

 

The study emphasizes potential applications in microfluidic devices, highlighting that 

these smart surfaces can create thermally controlled smart valves. 
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3.2. Reversibly Photoswitchable High-Aspect Ratio Surfaces 

Traditional shape-memory polymers (SMPs) usually allow one-way shape 

transformation, requiring manual deformation to achieve a temporary shape. These polymers 

are generally thermoresponsive. The actuation of SMPs can be enhanced through localized 

heating. Light-responsive materials enable local heating, remote activation, and rapid 

switching via photothermal effects. This research article reports the fabrication of photothermal 

responsive high-aspect ratio surfaces with switchable topography of shape-memory polymers 

and deposition of light-to-heat converting black ink via dip coating (Figure 16a-d). The 

reversible nature of the deformation process ensures that the surfaces can be used repeatedly 

without significant degradation of their properties. 

The mechanical properties of the polymer changed significantly upon exposure to light 

(Figure 16e). The localized heating caused the soft segments (PBA) of the SMP to approach 

their melting temperature, leading to softening of the material. The transition from a rigid to a 

soft state was critical for enabling deformation by external forces, such as water droplets. Upon 

exposure to low temperatures, the lamellae remain hard and non-deformable by water droplets. 

Illumination raises the temperature close to the melting point of the polymer's soft segment, 

leading to softening and enabling local deformation by water droplets. Cooling fixes the 

deformed state, allowing reversible local deformation. 

 

Figure 16. a) Schema and b) optical image of the lamellar surface coated with black ink, c) 

and d) SEM imaging of the black coating and its thickness. e) Elastic modulus of the black 

lamella when exposed to laser for photothermal effect on coated and non-coated lamellae.78 
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[Reproduced with permission from 78. Copyright © 2023 The Authors. Small Structures 

published by Wiley‐VCH GmbH ]. 

In microfluidic devices, the light-induced deformation and subsequent recovery of the 

lamellae allowed for the creation of smart valves (Figure 17). These valves could open and 

close in response to light, controlling the flow and mixing of fluids with high precision.  

 

Figure 17. Bending of smart valves is controlled by local illumination, allowing the 

combination of fluids.78 [Reproduced with permission from 78. Copyright © 2023 The Authors. 

Small Structures published by Wiley‐VCH GmbH ]. 
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3.3. Switchable Elastocapillarity of High-Aspect-Ratio Topographically 

Structured Surfaces 

The paper explores elastocapillarity, the interaction between elasticity and capillarity, 

within the context of smart surfaces. This phenomenon is critical for various applications, 

including microfluidics, biotechnology, robotics, and medicine. The study focuses on the 

elastocapillarity of partially cantilever-like lamellae with switchable mechanical properties. 

Free-standing lamellae were fabricated using contrasting polymer coatings and their sliding 

behavior was analyzed.  

The study used a shape-memory poly(1,4-butylene adipate)-based polyurethane (PU-

PBA) for fabricating free-standing lamellae. Various polymer coatings, including poly-lactide 

(PLA) and polydimethylsiloxane (PDMS), were applied to control adhesion properties. The 

substrates were prepared through spin-coating and dip-coating techniques. Melt-electrowriting 

(MEW) was employed to fabricate the lamellae, and their mechanical properties were analyzed 

under different conditions. 

The sliding behavior of water droplets on the structured surfaces was influenced by the 

substrate properties (Figure 18). The water acted as a lubricant, reducing frictional forces and 

facilitating droplet movement. Deformation studies showed temperature-dependent behaviors, 

with pronounced bending observed at higher temperatures. Recovery of deformation 

highlighted the role of capillary forces and lateral adhesion. On PDMS surfaces, stronger 

friction forces hindered significant movement, emphasizing the importance of surface 

properties in determining elastocapillarity. The study highlights the significant role of capillary 

forces and lateral adhesion in the dynamic interactions on these surfaces, providing valuable 

insights for applications in soft robotics. 

 

 



38 

 

Figure 18. Collapsing of free-standing lamellae on substrates with different friction 

coefficient79. [Reprinted with permission from79 Constante, G.; Schönfeld, D.; Pretsch, T.; 

Milkin, P.; Sadilov, I.; Ionov, L. Langmuir 2025, ASAP. DOI: 10.1021/acs.langmuir.5c02002. 

Copyright © 2025, American Chemical Society] 
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4. Conclusion 

This investigation has demonstrated the significant impact of mechanical and actuation 

properties of thermoresponsive polymers on the switching of surface topography under external 

stimuli and stress. Smart topographically lamellar surfaces are characterized by the deflection 

of the lamellae when the material exhibits a low modulus. The influence of mechanical 

properties, as they change with temperature, has been meticulously analyzed across the 

presented publications. 

Publication 1 focused on the effect of temperature on thermoresponsive SMP. The study 

showed that modifying the modulus of the polymer by setting the temperature could control 

the bending curvature of long walls.  

Publication 2 advanced the investigation to photothermal stimuli. Light-responsive 

lamellae enabled precise, localized heating and subsequent control of surface bending. This 

method allowed for the development of smart devices such as valves that could shift the surface 

topography in response to the presence of water. 

Publication 3 explored cantilever-like lamellae with sections fixed to different 

substrates, analyzing the interaction between lamellae and substrates of varying hydrophilicity. 

The study emphasized the role of different moduli and surface interactions in determining 

elastocapillarity. The findings highlighted how capillary forces and lateral adhesion 

significantly influence the dynamic interactions and deformation behaviors of these surfaces. 

Overall, this body of research delves into the effect of wettability on shape-changing 

lamellae surfaces with thermoresponsive properties. It showcases their potential applications 

in smart devices and self-folding structures. The ability to switch between soft and hard states, 

coupled with shape memory effects, enables reversible and localized deformation. This 

versatility is crucial for practical implementations in microfluidics, soft robotics, and other 

advanced technological applications.  
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5. Outlook 

In future research, several key directions can be explored to further understand and 

enhance the tunable mechanical properties and applications of lamellar surfaces. Establishing 

collaborations to develop a mathematical model that accurately represents the tunable 

mechanical properties of the lamellar surface is essential. This model should consider key 

variables like the elastic modulus of the material, dimensions, and external forces. By doing 

so, the behavior of these surfaces can be predicted and optimized according to the application.  

To enhance the functionality of these lamellar surfaces, we can explore combining them 

with other materials to create two- or three-way shape memory polymers. This integration 

could provide multi-responsive properties, enabling the surfaces to switch between different 

states or shapes.  

Moreover, the transportation of single droplets along the surface through the movement 

of specific lamellae can be investigated, which expands the possible applications in 

microfluidics and lab-on-a-chip devices. Precise manipulation of fluids requires an 

understanding of the mechanisms for droplet movement.  

Addressing these areas will enhance the understanding and capabilities of smart 

lamellar surfaces, opening the door to innovative applications in various fields such as soft 

robotics, biotechnology, and advanced manufacturing. 
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