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Summary

Bioinspiration from nature's designs fosters innovations in technology and materials
science. By mimickingpature's designs, mechanisms, and systems, science has found creative
alternatives to todayo6s problems. This inter
but also promotes sustainable and efficient designs, where the interactions with thes surfac
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 technologiesand by influencing the wetting stat@ne can achievenanipulation of
droplets or development of actuators. With the advent of smart materials, the potential
applications for switchable surfaces in materials science have exp&madmaterialscan
be usedo fabricate surfaces that can swititfeir chemistry or physical propertigssmodify
their wetting behavior. Understanding how water dynamics modify the topography of these
smart surfaces will provide valuable insights for developing smart devices and micrefluidic

controlled systems.

This research aims to develop higépectratio lamellar surfaces using shape memory
polymers, elucidate the impact of water droplet dynamics on tunability, and explore potential
applications in smart devices. The study combis@saulation modeling, experimental
fabrication, and analysis using melectrowriting to create and examine higisolution
surfaces. Key findings include the ability of thermoresponsive materials to change shape and
wetting states, and their potential in microfigidievices and sart valves.The high-aspect
ratio lamellar surfacesomposedf shape memory polymer exhibit significant deformation
under water droplet dynamics. These kagipectratio surfaces play a crucial role in the degree
of deflection of the lamellae under external fordes: a better understanding of the tunable
topography by wetting, thidissertation 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, lightluced 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 fatmicatd application of
bioinspired surfaces, highlighting the significant potential of smart materials with-shape

changing capabilities for innovativechnologiesuchasthefabrication of smart devices



Zusammenfassung

Die Bioinspiration durch das Design der Natur férdert Innovationen in der Technologie
und Materialwissenschaft. Durch die Nachahmung der Designs, Mechanismen und Systeme
der Natur hat die Wissenschaft kreative Alternativen fur die Probleme von heute gefunden.
Dieser interdisziplinare Ansatz bringt nicht nur die Technik voran, sondern fordert auch
nachhaltige und effiziente Designs, bei denen die Wechselwirkungen mit den Oberflachen eine
wichtige Rolle fur die Funktionalitat des Organismus oder Objekts spieEsVerstandnis
des Zusammenspiels zwischen Oberflachentopographie und Chemie ist fur die Entwicklung
neuer Oberflachen und Technologien von entscheidender Bedeutung, da es den
Benetzungszustand, die Manipulation von Trépfchen oder die Entwicklung voatéidn
beeinflusst. Mit dem Aufkommen intelligenter Materialien haben sich die potenziellen
Anwendungen fur schaltbare Oberflachen in der Materialwissenschaft erweitert. Intelligente
Materialien konnen zur Herstellung von Oberflachen verwendet werdeihyeliehemischen
oder physikalischen Eigenschaften andern koénnen, um ihr Benetzungsverhalten zu
modifizieren. Wenn man versteht, wie die Wasserdynamik die Topografie dieser intelligenten
Oberflachen verandert, erhalt man wertvolle Erkenntnisse fur die &dtng intelligenter

Gerate und mikrofluidisch gesteuerter Systeme.

Ziel dieser Forschungsarbeit ist die Entwicklung lamellarer Oberflachen mit hohem
Aspektverhdltnis unter Verwendung von Formgedéachtnispolymeren, die Klarung der
Auswirkungen der Wassertropfendynamik auf die Abstimmbarkeit und die Erforschung
mdoglicher Anwadungen in intelligenten Geraten. Die Studie kombiniert
Simulationsmodellierung, experimentelle Herstellung und Analyse mittels
Schmelzelektrolyse, um hochauflésende Oberflachen zu erzeugen und zu untersuchen. Zu den
wichtigsten Ergebnissen gehdren die igké&it thermoresponsiver Materialien, ihre Form und
ihren Benetzungszustand zu verandern, sowie ihr Potenzial fir mikrofluidische Gerate und
intelligente Ventile. Die lamellaren Oberflachen mit hohem Aspektverhaltnis, die aus
Formgedachtnispolymeren besteh weisen eine erhebliche Verformung unter der Dynamik
von Wassertropfchen auf. Diese Oberflachen mit hohem Aspektverhaltnis spielen eine
entscheidende Rolle fir den Grad der Ablenkung der Lamellen durch auf3ere Krafte. Um die
durch Benetzung einstellbarBopographie besser zu verstehen, konzentriert sich diese
Dissertation auf das Zusammenspiel von mechanischen Eigenschaften, Oberflachenspannung

und topographischen Oberflachenmerkmalen.



Die aus dieser Forschung hervorgegangenen Verdéffentlichungen zeigen die Schaffung
thermisch gesteuerter intelligenter Ventile in mikrofluidischen Geraten, die lichtinduzierte
Verformung zur prazisen Steuerung von Flussigkeitsinteraktionen und die Rolle der
Elastokapillaritat in intelligenten Oberflachen. Insgesamt bringt diese Arbeit die
Materialwissenschaft voran, indem sie neue Einblicke in die Herstellung und Anwendung von
bioinspirierten Oberflachen liefert und das bedeutende Potenzial intelligentnidieh mit
formverandernden Fahigkeiten fur innovative Technologien wie die Herstellung intelligenter
Gerate hervorhebt.






1. Introduction

1.1. Bioinspirationand biomimicry

The process ofevolution through natural selectidmas led to the development of
organisms withmodified structures, surfacesnd organsaimed atoptimizing functionality
and increaisig the survival ratend reproductie successf the specie$.The preservation of
the specieslepend on theircapacityto adapt to thehanging environmerike modification
from leavesto spinef desertic plants to avodkehydration Thisis an exampléhat involves
structural adaptatiotfsAs well, aganisms can gditough behavioral adaptatfofor example
the hibernation of animals in winter to save enemioinspiration uses théknow-howo of
biology and applies ito nonbiological technologies for the development of new materials,
devices and structuresby studying the pocesss that naturehas created to optimize

functionality.®

There are multiple examples of bioinspired surfaces used in industry, medicine, and
technology development, as depictedFigure 1. One significant example of bioinspired
surfaces is the lotus leafhich has beewidely studied for itself-cleaningpropertiest® The
poor wettability of the surface allows it to remove dust and impufities theleaf. Taking a
close sight bthe surfacepne canobserve the presence of micro ameho bumpswhich
increases the roughnesstbé surfacé. This diminishesthe spreadingof the waterdropson
the surfacealue to its high surface energgading to theolling of the water droplet§The
characteristic hydrophobicity of the lotus leaf is also explained bguittace chemistry.
Nanoscopic tubular wax crystals are found on the bumithsa density o200 tubules per 10
um?. 8 Bioinspiration of lotus leaf led to thereation of materials with setfeaningand anti
biofouling propertiegshatarecommonly used for paint coatings &rips andvallsas presented

in Figure la.

In robotic developmentgsearchers investigatee structured surface tife geckds feet
to develop adaptative adhesion suft grippers(Figure 1b).° The presenceof sticky seta
arrayson toeds responsibldor adheringo almost any surfac&ach setands up iraspatula
like structure at the endvhich binds toothersurfaces through Van der Waals forcésese
forcesare broken by bending@he enhanceddhesion was used asoft gripping system that

has the ability to manipulatebjects withdifferent shape$ Furthermore this innovative



technology has been applisxddevelopgeckalike surfaces for robotiteet enablingrobotsto

walk on vertical surface'.

Self-cleaningnot only avoids the accumulation of unwanted materials on the subfaices
also allowsfor the airretainingsurface The hoinspired seHcleaning surface cfalvinia leaf
was usedn thedevelopment of coatings teduce water dragn ships Figure 1c).'* 2 The
hydrophobic pillars with hydrophilic tipis the leaf surfacehelp to retain airThe pillars that
have acomplex shaparecoated with hanoscale wax crystalfie hydrophobic nature of the
wax crystalgprevents water from penetrating between the hairstop of the pillars contains
hydrophilic molecules. The hydrophilic tipgre in permanent contact with watetich pins
the waterat the airwater interfaceCoatinglayerscreated with this surfaceereappliedon
the hull of ships The Salvinia-effect coatincreasd the shipd speeddue to the water drag
reductionand reduedthe energetic costs

Bioinspirationalso was used to solve drought problems by collecting virater fog in
desertic areas as thiesert beetledo it (Figure 1d). A pattern of hydrophilic bumps and
hydrophobic channel ssto@mectumulatewatereammleculesdram threlaie | | s
moisture. After the accumulatipthe beetle leans and water dri its moutht* Water
harvesting uses the same principhes combination of hydrophilic areas to accumulate water
from fog and hydrophobic sections for collectiohwater. Yu and collaborators created a
patterned fabric with wettability gradient, mimicking the bumped surface of the Namib desert
beetle to collect water from fog harvestifigThe fog collector was made byetting
supewettableand superhydrophobic yarn addpositingcopper particlesn top of the mesh
Copper patrticles increase the thermal conductivity of the mesh whi@ncedhe collection
of water. Another interesting applicatioro imimic beetlepatterned shed] a net made from
polypropylene was used by the organization FogQuest to create fog collectors. The mesh is
woven in astretchedriangular pattern enablinge accumulation andpid runoff of the water
into the collector$® 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 om lnumoaation



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 profandérstanding of its

mechanism& 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 devedopof innovative materials.

a) Self cleaning paint coating Lotus leaf

c)

Water drag reduction Salvinia leaf

b)

Robot's leg eckos feet
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d)

Water harvesting Beetle‘'s back
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Figure 1. Bioinspiration and biomimicry with the correspondence organisiySelf-cleaning

painting’. [Reprinted with permissiofrom . AAAS]. Lotus leaf® and its micro and

nanatructurel surface® [Reproduced with permission frofan Copyrights © 2011 Creative

Commons]b) Bioinspiredrobotic gripping fingers® from Gekos feet.® [Reproduced with
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ElsevierJastheNamibdesert beetfé [Foto: Martin HarveyAlamy], which possess a bumped

surface?* [Reproduced with permissidrom 24 Copyright © 2001, Springer Nature Limited]

1.2. Wettability of surfaces

The previous chaptexplained thgotentialof bioinspirationin thedevelopment of new
materials and surfacesll theexamples cited befoshare one common featurinespecificity
of their wettability propertig is strongly linked to some functionalities of tlmeganism.
Wettability is a physical propertyescribinghe ability of a surface to get wettédhydrophilic
i or noti hydrophobid by the spreading or not of the liquid dropfeThe description of the
wettability is made through the analysis of the interaction between atfipidally water and
thesurface. The interaction between the surface and the liquid droplet can be measured by the
sur f ace c¢ o mwhichdstdeteamngd by the(sdiface enefgsbgtween the liquidL)
and the solidS), liquid and ga$G) (air), and solid and g&8as shown ifFigure 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 asbaséne. Whenthe contact angle ikigher than 99 the surface is

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

liquid

v

6>90 <90
hydrophobic, poor wetting hydrophilic, good wetting

Figure 2. Contact angle scheme @) hydrophobig¢and(b) hydrophilic surfaces.



1.2.1.Modification of wettability: sirface chemistrand surface topography

The exceptionalwetting properties of the organismare explained by the synergy
between theurface chemistry and surface topogray creating a surface with a particular
architecture, the interaction of the water with the solid sufacebecomeveakerleading to
the water drop to spheriliz&imilarly, active chemical groups dhe surface can induce or

reduce wettability.

Surface chemistry

When considering the forces involved in wetting, @nienarily looks at the interplay
between cohesive forces within the liquid and adhesive forces between the liquid and the solid
surface. he capacity of water to forinydrogenbonds with the surface allovike waterto
spreadon the surfaceHydrophilic groups such asydroxyl groups {OH) present in sugars
and alcohols, carbonyl grougsC=0) in aldehydes and keta®)earboxyl groups-COOH)in
carboxylic acidsamino groups-NH2) found in amino acidsandsulfhydryl groups{SH) also
known as thiol group canestablishhydrogen bonds witlvater moleculegFigure 3a). As a
result, he water spreads on the surface leading tmpatact angleclose tozerq endingin

complete wetting of the surfaéé.

On the other hand, if water cannot fohmdrogenbonds with thefunctional group
moietieson the surface, the cohesion force between water moletidesmesstronger
preventing the liquid fronspreadingacrossthe surfaceHydrophobic groups such asethyl
groups {CH.) and rings of hydrocarbons lack the abilityféom hydrogerbonds (Figure 3b).
Consequently,he surfacesnergy ofhydrophobic materialss relatively low,causingwater
dropetsto bead up with highontact anglealues Natural hydrophobdske wax, oil, fats, and
alkanes exhibit unique functional properties such as waterproofing, antifouling, corrosion

resistance, and setfeaning?®



Figure 3. Scheme of wetting behavior by changing the surface chemagtmhen the surface

has hydrophilic functional groups abyihydrophobic 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 influencmsoti@ct anglein 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 sped@ipographyof the surfaceas observeth Figure 4. On a
surface with a longitudinal orientation topograngvidesdirectional wettingFigure 4a), or
enhancethe hydrophobicity Kigure 4b). Additionally, the roughness of the surface leads to
an increase in the surface gn@aviding 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 suflsisgghenomenon
occurs for surfaces thatVvesmall contact anglesvhereasurfaces with large contact angles

exhibit the opposite effectounded droplst as observed in the lotus leaf effect

A combinationof surface topography and surface chemistodpces surfaces with very
large contact angésfor hydrophobic materials or small contact asgle achieve complete
wetting. Development and fabrication of such surfaces are constantly investigated,as well

the proper modeling to describe and predict the behavior of liquid dsopl¢he surface.
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Figure 4. Scheme of wetting behavior by changing the topography of the suajatiesctional
wetting by fabrication of parallel pattern, anplbumpy surface to increase the contact angle
of the droplet.

1.2.2.Basic theoriesf themechanism of wetting

The mechanism of wetting involves several interrelated phenomena, including surface
tension, adhesion, and cohesi@urfacetension isthe force that causes molecules at the
surface of a liquid toninimize their surface area, resulting in the formation of a cohesive film.
Whentheliquid comes into contact with a solid surface, surface tension mirsrtheeontact
areabetween the liquid anithe solid. Adhesion is the attraction between molecules of different
substances. When a liquid contacts a solidaset 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 nmain its integrity?°

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. Acdyraggimating 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.

11



Contactangle Youngds equation

The wettingoehavioi s e x pl ai ne d YoyasnvootsolidsirfacéRiguiet e |
2), and We nz el 6 & anohoCahssiBaxter mode¥ describe the wettingon an
inhomogeneous surfa¢éigure 5),, Accor di ng t o Yhe egnildpidus comtgctt at i on

angle is:

Equation 1

Where d represents the cont &SandGaraligude, and

solid, andgas respectively.

The contact angl&) is the angle formed between the tangent to the liquid surface at
the point of contact and the solid surfg§€gure 2). As explained before, small contact angle
indicatesstrongwetting For complete wettinghe liquid completely spreads across the solid
surface, forming a thin, continuous film. Thascurs when the adhesive forces between the
liquid and the solid are stronger than the cohesive forces within the llartdal wetting
occurswhen 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 solMbnwetting surfacesoccurwhen the liquid forms
droplets on the solid surface and does not spread &t Hiis casethe cohesive forces within

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

Contact angle: Wenzel and CassiBaxter state

For a better understandingf the interaction othe 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 Cad3#xter state for strong
hydrophobicity*

Wenzel 6s equét+ont P

Equation 2

12



Cassig Baxter equation: ®é—+ "Qr r p "Q

Equation 3

Wherer represents the roughness ratio factor (0 j6 ), ris always bigger
than 1. Thus, asincreases, the total interface energy also incredsading toanincrement
in the hydrophobicityon hydrophobic surfaces, or increasing the wettability on hydrophilic
surfaces.Qis the fraction of the solid/liquid interface in the entire composite surface beneath

the liquid.

V4
air pockets

Figure 5. a) Wenzel model an8)) CassieBaxter model on rough surfaces showing different

states of wetting.

Based orEquation 2, roughness can increattee contact angle when the surface is
hydrophobic oreduce the contact angle wherhigdrophilic Both modificatiors can achieve
wettability gradients without modifying the surface chemidtrgheWenzel stat¢Figure 5a),
the liquid on the surface enters the grooves, resulting in higher surface wettability due to the
increase in contact areln contrast,n the CassieBaxter statgFigure 5b), the air remains
trapped in the groove¥his resultsn ahighercontact angle compared to the contact angle

a flat surface?®

Sliding contact angle

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

13



such as surface roughné&s’’ surface energyf viscosity of the liquid®, and velocity of the
droplet?® The sliding contact angle may change during the dynamic wetting process,
influenced by these factorA. surface with lower energy tends to exhibit lower contact angle
hysteresis, facilitating easier droplet movem@iiie contact angle hysteresis is thiéerence
between the advancing contact angle and receding contact appgovides information
about the pinning or depinning behavior of the droplet on the solid sufifaeeadvancing
contact angleefers to the contact angle measured when the droptetvshg forward while

the receding contact angle is measured when the droplet is retracting or re(¢edurg.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 siideen the droplets sledownon
tilted surfaces, the driving motioforce, in this case the externgtavitational forceFg,
(Equation4) can be modi fied b y'tocconaahtheidrogetvelbcid? t i |t i

O a"OEI
Equation 4

Where m is the mass of the water drop, g isatteeleration of gravity (9.81 ni)s

gas

Figure6.S1 i ding droplet at an inclined surface a
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1.3. Elastocapillarity

Thephenomenon aflastocapillarity is an interplay between elasticity and capillarity
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 expressethbyending or collapsing of
beamsand films under the influence dafapillary forces. Theextent of deformation is
determined by a complex intationof factors, including the surface tension of the liquid, the

mechanical properties of the solid material, and the geometric arrangement of the*$ystem.

Whenthewall§ | amel | ae are rigid, the capi® | ary
This law balances the capillary forces and the weight of the liquid column:
¢ AiT-6
" "QQ

Equation 5

WhereQis the height of theising liquid between the wallg, and” are the surface

tension and density of the liquid, respectively; &id the distance between the walls.

Nevertheless, when the walls are soft and flexalnlé are fixed in one end asHigure
7, the liquidbringsthe walls together. This redwef distanceandincreases the capillary rise
of the liquid?* Elastocapillarity lengthl(ec) is the length of thevalls above which capillary

driven coalescence occurs and can be calculated as follbtving:

C
(@l

Equation 6

Where 6 is the bending stiffness andliquid surface tensionB of the material is

derived from the EuleBernoulliBeam equationesulting in*

° pcp O

Equation 7

15



WhereOi s Y o u n g 0bss thethidknelssuokthe sheet, ani the Poisson ratio
of the materialEulerBernoulli Beamequationdescribs the bending deformation. It states
that the bending curvature is proportional to the bending moment appliedn\ardely
proportional to the flexural rigidityH]), whereE is the modulus of elasticity arlds thearea
moment of inertia. This equationmakes the followingassumptions the material is
homogeneous and isotropandneglectshedeformation of the crossection pecausgn spite

thatthe neutral axis of the beamcurved after deformation, the deformed angles are sffall.

When the walls are long enou@#lec) andtwo of themhave collapsed togetheiy),
there is left a gap separated by the distahnamed_q. For walls withLec lower thanLq, there

is no bending or collapsing of the walls, avoiding stiction of tHeyis estimated by:
0 Q0 T¢
Equation 8

This considersi<< Lg, gravity is neglected, and the adhesion is limited only to the

bending energy. Under this statements independent of the total length of the wéfIg®

Figure 7. Elastocapillary effect on bending beathat are clamped in one edge

16



1.3.1.Elastocapillarity applications

Understanding and manipulating elastocapiltarglescence can lead to the development
of novel techniques and materials with tailored properties and functiondhitéestocapillary
coalescence has applications in various fieldsluding microfluidic device fabricatio?
surface patterningf, and the design of functional materiagtsBy 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, arftog coatings, and adhesion control in biological systems.

One key application of elastocapiilgris in the stug and developmeraf microfluidic
devices. InFigure 8a-c, Lee and collaborators fabricated an opeierofluidic device with a
particle docking system. EhPDMS microplates cameversiby bend as a valve for trapping
the particle$? This technologyis versatile fora wide range of applications, including
multiplexed bioassay®r drug screening and cytotoxicity assessmenke 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 uséhe relationship between the degree of evaporation
and preconcentration efficiency requires further characterization in folfostudies to fully
understand and optimize the procédse driving force of the opemicrofluidic device is the
capillary force to open the docking system for particles, makkiag easyand spontaneous

way to control the device.

Another interesting applicatias theself-organized bristle¢Figure 8d-f). Pokroyand
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’® The assembling of the bundles is made by the bend of the fibers when come in
contact with aliquid. This process showcases the potential for creating complex materials

through simple physical principles.

These interesting applicationslated tothe elastocapillarityphenomenon show the
potential of exploiting this effect to construct devicegth remote control, or even in
biotechnological applications for substances detection. Proper analysis and madeling

essentiato apply this technologin future devices.
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c)
Valve widening

Figure 8. Elastocapillary effect osoft substrates f@-c) switchable elastocapillary functional
valve on microfluidic$? [Reproduced with permissidinom °2. Copyrights © 2022 Elsevier
B.V. All rights reservedhandd-f) self-organized helicablistersfor particle trapping? [From
53/ Repintedwith 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?*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 consuleeiranics, smart

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

Traditionally, surfaces were perceived as passive with fixed properties, but the
development oémart materials and nanotechnology has enableprtdggesf 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 wettabilitgfers tosurfaces 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 applicationf@xternal 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 instanceZhang and colleagues fabricated a flat and wrinkled surface grafted
with a pHresponsive polymdFigure 9a). It was observed that the wetting switchability range
is higher for wrinkled surfasgyoing from total wetting (~10° CA) to a hydrophobic behavior
(>120° CA)>®

Not only pH modification caleadto several states of wetting. Temperattggponsive
surfaces ar@ majorinterestof scientists. One interesting approach is presentesiong and
collaboration They fabricated asurface with unidirectional motion of droplets that is
conducted by switching of temperatfégure 9b).%® 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 surfa@y the switching otemperaturethe 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 droplassalso achieved by creating a
magnetically responsive surface as presented by Yang and colle@ggese 9c). A
magnetically responsive superhydrophotmicrofibrillar surfacecan switch the adhesion to
pin and unpin the droplet3his surface can be used fmmogrammable fluid collection and

transport osmartmicrofluidic devices fabricatio.>’
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Figure 9. Switchable wettability of smart surfaces driven by different stimyipH-responsive
surface>® [Reproduced with permissidinom °°. Copyright © 202(Elsevier B.V. All rights
reservell b) Thermoresponsive topographical surfatandc) magnetic responsive fibrillar
surface’” [Reproduced with permission frof. Copyrights © 2018 American Chemical
Society]

1.4.1.Smartmaterials

Fabrication of these smart surfaces with switchable wettability requires proper materials
that can present different changes eithah@ir chemistry ortheir physical propertiesSmart
materials orshapechanging materials arthe ones that arable to transform their shape
through the application of an external stimailThe namesmartis used becausedbematerials
have theability to sense the environment and surroundings and respotiteno® The
advantage of using responsive materials is the capability to have external.cBatreial

stimuli are used to possess total contfadhe object.
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Smart materials can be classified as passive or aPagsive smart materials transfer a
type of energy, for examplethe optic fibersthat transfer electromagnetic wavesctive
materials are divided fo two: (i) materials thatdo not change their properties after stimuli
exposureand (i) materialshat transform one type of energy into anotfigre materials that
can transform energy into other tgi®ing the attention of researchéecauseheir actuation
will depend on the applied stimuluBetweenthe propertiesthat characterize thactive
materials there are (i) transiency, (ilhmediacy, (iii) selectivity, (iv) shapehanging, and (v)
selthealing>®

Amongthe smart materials commonly used, one can find diverse types like piezoelectric
materials that convert mechanical energy into electric energgeversaSmart chromoactive
materialschangeheir color after stimuli exposure. Magnetorheological mateahé&ngeheir
rheologicalproperties when exposed to magnetic Bel8hape memory materials, which can
changetheir shape and return to the original state when they are exposed to heat or other

stimuli.>®

1.4.2.Shape memorpolymers

Shape memory polyme(SMPs)arepolymer networks that can be fixgdatransitory
state. SMPs amwidely used due ttheiradvantageas lightweight, versatility, customized, low
cost, easy processing, and biocompatibilgylPscommonlyuse heat aa stimulusfor shape
transformation, which is why thegre known as thermoresponsive polym&ven the SMPs
are heated over the transition point, they behave as elastomers and are soft. SMPs act like
fi r e g polymarsin thefrozen state, below the glass transition péinthich means that in
the frozen statghe polymer does not have special properties of SMPs, and maiatied

shape.

Actuation of thermoresponsive polymers requitesmal energyo melt the crystalline
sections of the polymefFigure 10). The heating can be direct or indirect like photothermal
heating.Direct heating causeke crystalline parts of the polymiertransforminto amorphous
polymer chains, allowing the mobility of the fibers. Tleenperaturemust be higher than the
transition temperature {n9. Trransdepends on the polymer structureanfcan be the glass

transition temperature Y for the amorphous polymers, or the melting point)(Tor
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semicrystalline polymers, copolymers, and crosslinked ®né.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 $higipe(10a, b). When

the temperature is lower thdians the polymer goes fromglassy state tarubbery state. At

thegl assy state, Youngdés modulus is higher, al
after the addition of energy, the modulus decreases, facilitating the deformation of the material.

(i) The #cond one is the storage property of the programmed deformé&igure 10c).

Depending orthet e mper ature of the materi al, the def
SMPs preserve the tempdlgrdeformed shape in a strefsse state(iii) T he tird point is the

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

presence of the stimulF{gure 10d). 62

Deformation

=
B3

Fixation

Recovery
T<T trans

e
GO . . ;
/\‘f\\ amorphous phase ‘ ‘ crystalline domains (O netpoints

Figure 10. Shape memorthermoresponsivactuation of polymers) semicrystalline polymer

can be deformed) by melting the crystalline phase of the polymer chains by increasing the
temperature over the transition temperature. By fast cqokihde 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 phathe gonorphous
phase to return td) the original state and cooling of the material leadshformation of

crystalline partga).
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1.4.3. Thermodynamics of shape memeafyect (SME)

The shape memory effect (SME) of polymers involves thermodynamical ch&MEs
comes from the abilityo have different conformations of the polymer chains, which are

reversible The thermodynamichangegluring each phassredescribedchext:

Deformation of the SMEheheating of amorphous polymeabove theiiTg increases
the enthalpyallowing the polymer chains to become more mobile. This leadghly coiled

amorphous polymer chaimgth high entropyas described b o | t z nequatiord s

Y A b
Equation 9

Where S is the entropy, k is theo | t z ntanstanpasd Wis the number of

accessible microstates of a system.

Fixation of the SMEDuring 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 chainsThe deformation step requires 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 SMBuring the recovery of the original state of the polymer, the
release of the applied streasd stored energwhen the temperature is higher thagund
produces thathe polymer chains restore their random coil conformatidms process is
accompanied by an increaseentropy which leads taherecovery of the original shape of the
material®® The addition of energy bydating the deformed polymer above itsnEprovides
the necessary thermal energy to overcome the energy l{aotisation energyand allow the
polymer chains to relax back to their original configuraftbn.
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1.4.4. Thermoplastic polyurethane

Polyurethanes are versatile copolymers that are widely usedeioabrasion and tear
resistance, tensilend compressiostrength,and hardnes<reated in replacement of natural
rubber They are commonly used for coatings, construction foamsnsulating material,
packagind? and as well as biomedical matesial catheters, wound dressings, and shenr

implants®®

Polyurethang are the resulbf the reaction of isocyanates and polydl$ie reaction
between the alcohol groupQH) and the isocyanate (NCO) fositine urethane groupNH-
CO-0O-) also known asarbamate These two segmentdefine the final properties of the
polyurethanallowing the manufacturer to customize the polyurethane to several applications.
The soft segmen(SS) composedf the polyol presents better mobility due to its long chain
length. The polyol also provides flexibility to the polyureth@rlenger chain length, higher
flexibility. While the hard segmelfHS)is formed by the linkage between the isocyanates and
the chain extendeilhe isoyanate are short molecules thaén organize i crystal lattice
which maks the polyurethane hard and ntlexible.®® The glass transition ¢J of SS usually
is below room temperature and thgof HS is above the ambient temperatdree formation
of H-bonds of the HS is the reasfum the increase of energy in order to break those linkages,
allowing the polyurethane to mett comparison to other similar estefie energy thaheH-
bond has can be between20 kJ/mol.The amine group (NH) is the proton donor and the
carbonyl group (C=0) actsaproton acceptoAnother potential proton acceptor is the alkoxy

oxygen (O-) from the urethane borfd.

Among the polyurethanes, elastomers exhibit high elgstielastomers can be stretched
to several times their original length without breakimbis is mainly explained by the long
chain segment of the SS (polyol), while H®brings morestabilityand strength to the material
due to its performance agphysical crosslinking pointd.he physical crosslinking is formed
by hydrogen bonding, polar interact®ror crystallizatiorf® This characteristic of the HS
allows it to restore the shape and avoid permanent deformatican withstand moderate
deformation undeexternal loadThe SSformed by long aliphatic polymer chairsable to
stretch and uncoil providing high elasticiNevertheless, the physical crosslinking can present
creep behavior, whictan alter the shape recovery. In contrast, chemical crosslinking can lead
to ahigh deformation degree because the molecular chains do not slip between each other.
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In Figure 11, the gynthesis route fgpoly(1,4-butylene adipatepased polyurethar(®U-
PBA) is presented. For SS, polybutylene adipate (PBA) is used.i®&880 known as adipic
acid-1,4-butanediol copolymer or poly(tetramethylene adipate). The HS is compbded-4 6
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 transitiiThe shape memory properties of the-PBA
arebased on the SS. The temperatures of crystallization and melting of PBA define the SME

of the whole copolymer
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Figure 11. Synthesis schema pbly(1,4-butylene adipatebased polyurethan®U-PBA)

1.5. Fabricationtechniques for smart surfaces

Topograpical design of the surfacejesiredfunctionality, and choice of material
influence deeply in the selection of the fabrication metbbduch surface€Especially the
fabrication of micro and namstructured surfaces requsreechniques with high resolution like
photolithography and stereolithograptdditive manufacturinggnablegshe direct printing of
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functional materials onto substrates, allowing for rapid prototyping and customization of

structuredsurfaces for diverse applications ranging from microfluidics to tissue engineering.

Nevertheless a currently problematic isliheted amount of available materials that can
be usedn additive technologiesTo overcome this issueapid prototyping is mostlysed to
create molds, that can be further used for casting other materfaisduce the smart surfaces
by replicamolding processOverall, the integration of 3D printing with smart surfaces opens
up a wide range of innovative applications across industries, driving advancements in
functionality, customization, and sustainabilidm investigation carried out by Wang and
collaborators showed the fabrication of switchable hydrophobicity of a surface driven by
pneumatic system. Inflation and deflation of miaiesac network structure to produce
different wetting stat rosepetal and lotugffect (Figure 12a).”° Replicamolding 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 thegrafted with PNIPAANM! (Figure 12b).

1AM
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full deflation ? Hydrophilic surface AW Hydrophobic surface
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Figure 12. Smart surfaces produced by replica molding technigupneumatic mechanism

for switchable wettability® [Reproduced with permission frof. Copyright © 2018, The

Authors. Licensed by GBY] andb) thermoresponsiveurface by switching chemistry and
topography’! [Reproduced with permissidinom “X. Copyright © 2018Vi | ey VCH Ver |
GmbH & Co. KGaA, Weinheih

These approaches require multiple steps during proceasidgoxic chemicals for
fabrication. 3D printing of thermoplastic for smart surface fabricatiisnan alternative for

building structures with higher dimensions hundreds of micrometers up limetdrs and
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more. The low resolution of this technology linked to the diameter size of the nozzles is a
problemin constructingmicro and nanestructured surfaces. A potential alternative is the
combination of 3D printing with other technologies to reduce the diameter of fibers. Under this
statement, electrospinning and rrelectrospinning allow the thinning of the fibers from
micrometers to nameter scale. The thinning happens due to the electrical foebssen the
needle and metallic collectoghich pulls the fber and stretasthe 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 depositiomutroscale fibershrough the application of an electric field.
This process has gained significant attention in the fields of tissue engin@éfiramd
advanced materidfs "®science due to its ability to fabricate complex structures with tailored

properties.

MEW fundamentally is the combinatiaf 3D printing and electrospinning process.

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

is heated to its melting point and then dispensed through anetedlicnozzle(Figure 13a).
Simultaneously, an electric field is applied to the matefiigtly causing the formation of a
Taylor coneto reducethe diametepof the extruded fiber. The electrical fiedilaws the fiber
towards a grounded collector substrate. Asphiethead moves along the surface, the fiber
presents delayed deposition on the collegteigure 13b). The material solidifies upon
deposition 3-dimensionalstructures are formed layer by layer with high precision and

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

andb) Taylor cone formation for thinning the fiber bye 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(lactao-glycolic acid) (PLGA), and poly(ethylene ygiol)
(PEG), and even liquid crystal elastomers can be processed using this technique. Melt
electrowriting represents a promising approach for the precise fabrication ofstriactured

surfaces withkavariety 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 wepedlent
surfaces to modeling robotic movements after animal locomotiatyre is constantly
providing creative solutiongo all types of problems Bioinspiration asan interdisciplinary
approach not onlfas a great impact dechnologydevelopmenbut alsoraisessustainable
and efficient designg\fter detailed investigations, now it is wigeknown that the wetting of
surfacess explained by the interplay of surface topography and chemidtigincrease of the
roughness in thsurface topography convettydrophilic surfacesmto more hydrophilic, and
hydrophobicinto superhydrophobisurfaces as in the lotus le&¥hile the surfacechemistry
producedotal spreading of the water drop or complete rolling duthésuperhydrophobic

effect

Thedevelopment of new surfaces and technologielependenbn the understanding
of these surface3 he estimation and prediction of the behavior of the dropletstdeenmade
through mathematical modeling between the interaction of droplet water and the solid surface
like Y 0 u nmgodled for smooth surfaceandWe n z e | 6 s -Baxtalts mGdeldos rough
surfaces Starting from these equations, additiodativations can predict theetting of the
surface by obtaining theontact angleTheeffect of water is not limited to the wetting state of
the surface,but also to the folding of thin films into more complex structuréy

elastocapillarity forces.

Nowadays, the introduction of smart materials has broadened the paggilibations
in the field of materials sciender switchable surfaces'his shapechanging of the smart
surfaceselieson materials capable of altering their chemistry or physical properties. The smart
materialscanalter their surfacéeadingto achange in thavetting state The control on the
shapechanging surface allows tleentrol over theiwettingbehavior.The fabricatiormethod
for smarttopographicalsurfacescommonly used in investigation involves replica molding
processesThe molds argenerated througtapid prototypingwhich makes replica molding a
complicatedmethod time-consuming andalsoinvolves toxic reagent$-abrication of small
structuregs feasible due to its higtesolutionprinting capabilities Typically, these surfaces
havealow aspect ratio (max 2:1&nd require manual deformatifor actuation studiesvhere
external force is applied hangehe topography.
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Conventional threglimensional printers as filamehisedfabrication 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 affec¢he resolution of the printed objecBd printing of
shapechanging materials is interesting due to their versatility and easy processing.
Thermoresponsive surfaces can undergo reversible phaasdibns, allowing them to deform

and recover their original shape.

An alternative fabrication approach th@aeventsthe use of sacrificial materials and
molds while maintaining high resolutiofor micrometric surfacess meltelectrowriting
technology. This method utilizes thermoplastissthe thermoresponsive polyurethanes that
are extruded through a needlBue to the electrical forceshe fiber diameter decreases
significantly, resulting in the production of micrometric fibefdrough controlled deposition,

a structured surface is formed.

The investigation of wetting dfigh aspect ratisurfaceghat presend shapechanging
effect needto be further investigate@he modification of the topography of the smart surfaces
due to water dynamics will provide valuable information to understand the behasgioadf

surfaces and the creation of smart devicesraicrofluidiccontrolled devices.
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2. Aim

This thesis aimto investigae thebehavior ofstructuredshapechangingsurfaces with
ahigh aspect ration response tavater dynamicsThe high aspect ratio of the lamellar surface
plays an important role in théegree ofdeflection 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 volumtais research, thaeflation andnflation of
water droplets cause the lamellae to collapse or separate, respe@ivadyxamining the
mechanical properties of the material at various temperatures, one can manipulate the behavior
of these structured surfacdisis important to study the effect ehch factothat interplaysn

thecharacterization of these switdle surfacesseparately and together

) the mechanical properties and actuation properties,
(i) surface tension,

(i) the topographical surface.

To achieve this purpose, theibsequenbbjectivesthat involve the selection of

material, fabricatioomethodologyand actuation teserepursuedduring ths investigation:

Objective 1:The first objective address developinga fabrication methodology of
high-aspectratio lamellar surfacewith shapechanging propertieg.o achieve thisbjectivea
shape memorpolymerwith low elasticmodulusand 3D printing processabjgoperties is
needed The polymer must flow on printing temperatures andst possessransition
temperaturesn normal conditionsThe polymer must be processable by reddictrowriting
technique to produamicrometric fibers ang@rovide proper stacking to constradtigh aspect

ratio lamellar surface.

Objective 2 The second objective aimseatucidate the effect of water droplet dynamics
(inflation and deflationpn the tunability of théopograpical surface This effect together with

the response to the external stimuli can be usedrtyolthe deformation of surfaces

Objective 3 The third objectivés related to thpotential application of these structured
surfacesfor constructing smart devices utilizing shageanging materials and surface

manipulation techniques.
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3. Synopsis

In this dissertation,stimuli-responsivelamellar surfacesare used asa basis for
deformation studies. This thesis focuses primamithemodification of tunable topographical
structuresnteraction of water droplet$his study investigates the possibility of modifying its
topography by changing its mechanical properfidss information is deeply explained in
three peereviewed publications, all of them as first autl@fthese research articles, two are
publishedPublication 1 Publication 2 and one is submitted®(blication 3 (Langmui).

My investigation is based on the analysis of the effect of the mechanitactuation
propertiesof thermoresponsive polymen the switching of surfacetopographyupon the
exhibition of external stimuland stresdn this case, the structured surface is modified when
the surface tension forces are much stronigan the elastic forces of the materi@aurface
tensionforces are sufficient to deform the surfagkeen the material tsaa low modulus The
switching of the material s mechani cdathli prope
in the publications. InPublication 1 weinvestigatedhe effect of temperaturéhermasetting
polyurethane caohangedts modulusof elasticity at a given temperature, affecting the flexural
behavior of long wallsln Publication 2 we advanced into the investigationpbfotothermal
stimuli. This technique thermal and phototherstahulationwasused for the development of
smart devices, like valves, that can shift the topography of the surface by the presence of water
in the surfacePublication 3provides an insight into cantilevéke lamellae, where only one
section is fixed toa substratewhile the other section remains nadhered.Overall, this
research explores the effect of wettability on shelmenging lamellae surfaces with
thermoresponsive propertighe analysis of the exerted forces on the surfaukjts potential

application for smart devices and sffding structures
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3.1. SmartMechanicallyTunableSurfacesWith ShapeMemoryBehaviorAnd
Wetting-Programmablélopography

This study examinegnovative fabrication and propertie$ high-aspeciratio lamella
surfaces using shapenemory polymers. These polymers exhibit tunable mechanical
properties, crucial for controlling the wetting behavior of the structured surfadéss study,
we introducel, for the first time,the fabrication of lamellae with avery highaspect ratio,
allowing for pronounced and controllable deformation of the surface structures by external
stimuli like temperature. The shapeemory behavior of the polymer enables it to switch
between soft and hard states depending on the temperature, sigyificluencing the
surface's wettability. When heated or cooled, the lamellae become more deformable, affecting
how easily the surfaces can be wettEdjure 14). This tunable wettability ismportantfor

applications requiring precise fluid interaction control.

Figure 14. Actuation of the smart lamellar surface franbending of the lamellae by water
drop, b) fixation of the deformed surface by lowering the temperaturecparetovery of the
original state of the surfaciReprinted with permission frorff. Copyright © 2022, American

Chemical Society]

The thermoresponsiveoly(1,4-butylene adipatebased polyurethan@U-PBA) was
used for fabricating the higlspectratio lamellae Figure 15a and b). Through mek
electrowriting, fibers were fabricated in the micrometer raiggu¢e 15c), and by stacking,
the height of the lamellae was up to 50 tirh&her than its thicknesgigure 15b). The high
aspect ratio in combination with the mechanical properties of the magedaponsible for the
bending of the walls. The elastic modulus of the polymer was measured at different
temperaturesHigure 15d) when the sofsegmentvas 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 toa soft state. The correlation between the temperature, mechanical properies
wettability are analyzed in detail in this publication.
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Figure 15. a) Schema of the smalamellar surfacesb) Top and lateral view images of the
fabricated structured, are) the SEM of the stacked fiberd) presents the elastic and loss
modulusat different temperatureghenthe polymeric lamellaes exposednd not exposetb
4 °C. [Reprinted with permission frorff. Copyright © 2022, American Chemical Society]

The study emphasizes potential applications in microfluidic devices, highlighting that
these smarsurfaces can create thermally controlled smart valves
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3.2. Reversiby PhotaswitchableHigh-AspectRatio Surfaces

Traditional shapenemory polymers (SMPs) usually allow eway shape
transformationrequiringmanual deformation to achieve a temporary sh@pese polymers
are generallythermoresponsivelhe actuation of SMPs can leahancd through localized
heating. Light-responsive materialenable local heating remote activationand rapid
switchingvia photothermal effect§ his research article reports the fabricatiopludtothermal
responsivenigh-aspect ratio surfaces with switchable topography of shagraory polymers
and deposition of lighto-heat converting black ink via dip coatir{f§igure 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) cBMito 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 duyets.
exposure to low temperatures, the lamellae remain handardieformable by water droplets.
lllumination 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 locafarmation.
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Figure 16. a) Schema ant) optical image of the lamellar surface coated with black ahk,

100 pm 2 pm

andd) SEM imaging of the black coating and its thicknegs€lastic modulus of the black

lamella when exposed to laser for photothermal effect on coated artbatmul lamellaé®
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[Reproduced with permission frorff. Copyright© 2023 The Authors. Small Structures
published by Wiley VCH GmbH

In microfluidic devices, the lighihduced deformation and subsequent recovery of the
lamellae allowed for the creation of smart valvEgre 17). These valves could open and

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

. Fluids pass through Closing valves under
Opening valves the valves light exposure

74 4

Figure 17. Bending of smart valves is controlled by local illumination, allowing the
combination of fluids'® [Reproduced with permission froffi Copyright®© 2023 The Authors.
Small Structures publli shed by Wi ley VCH GmbH
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3.3. Switchable Elastocapillarity of High-AspectRatio Topographically

StructuredSurfaces

The paper explores elastocapillarity, the interaction betvwedssticity 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 cantilevdike lamellae with switchable mechanical properties.
Freestanding lamellae were fabricated uscantrastingpolymer coatings and their sliding

behavior was analyzed.

The study used a shapgemory poly(1,4-butylene adipatepased polyurethan@U-
PBA) for fabricating freestanding lamellae. Various polymer coatings, including {iedtyide
(PLA) and polydimethylsiloxane (PDMS), were applied to control adhesion properties. The
substrates were prepared through sqmating and digcoating techniques. Medtlectrowriting
(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 propertiggigure 18). The water acted as a lubricant, reducing frictional forces and
facilitating dropletmovement. Deformation studies showed temperatepgendent 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 elastocapillaritihe study highlights the significant role of capillary
forces and lateral adhesion in the dynamic interactions on these surfaces, proafaivdev

insights for applications in soft robotics.
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Deformation by elastocapillarity

higher lower
friction force friction force

Figure 18 Collapsing of freestanding lamellae on substrates with different friction
coefficient®. [Reprintedwith permission fror® Constante, G.; Schonfeld, D.; Pretsch, T.;
Milkin, P.; Sadilov, I.; lonov, LLangmuir2025, ASAP. DOI: 10.1021/acs.langmuir.5¢c02002
Copyright © 203, American Chemical Socielty
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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 stressSmart topographically lamellar surfac® characterized lire defection
of the lamellaewhen the material exhibits a low modulughe influence of mechanical
properties, as they change with temperature, has been meticulously analyzedthecross

presentegbublications.

Publication 1 focused on the effect of temperature on thermoresp&\R & he 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 stirbiglht-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 cantilevelike 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 stiap®ging
lamellae surfaces with thermoresponsive properties. It showcases their potential applications
in smart devices and sdlflding structures. The ability to switch betwesaft 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 stEssabkbshing
collaborations to develom mathematical model that accurately represents the tunable
mechanical properties of the lamellar surface is essential. This model slomsiderkey
variableslike the elastic modulusf the material,dimensionsand external forceBy doing

so, the behavior of these surfaces be predictednd optimize according to the application

To enhance the functionality of these lamellar surfaces, we can explore combining them
with other materials to createvo- or threeway shape memory polymers. This integration
could provide multresponsive 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 lamellaecan be investigated, which expands tpessille applications in
microfluidics and laknachip devices. Precise manipulation of fluids requirean

understandin@f the mechanism®r droplet movement

Addressing these areasll enhance the understanding and capabilities of smart
lamellar surfacesppening the door tinnovative applications in various fields such as soft

robotics, biotechnology, and advanced manufacturing.
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ABSTRACT: This paper reports for the first time the fabrication and
investigation of wetting properties of structured surfaces formed by :
lamellae with an exceptionally high aspect ratio of up to 57:1 and more. % -> 9’

The lamellar surfaces were fabricated using a polymer with tunable -« ~

mechanical properties and shape-memory behavior. It was found that MW
wetting properties of such structured surfaces depend on temperature, and

thermal treatment history-structured surfaces are wetted easier at elevated

temperature or after cooling to room temperature when the polymer is soft because of the easier deformability of lamellae. The
shape of lamellae deformed by droplets can be temporarily fixed at low temperature and remains fixed upon heating to room
temperature. Heating above the transition temperature of the shape-memory polymer restores the original shape. The high aspect
ratio allows tuning of geometry not only manually, as it is done in most works reported previously but can also be made by a liquid
droplet and is controlled by temperature. This behavior opens new opportunities for the design of novel smart elements for
microfluidic devices such as smart valves, whose state and behavior can be switched by thermal stimuli: valves that can or cannot be
opened that are able to close or can be fixed in an open or closed states.

[l Metrics & More | @ Ssupporting Information

hard 1 soft

KEYWORDS: shape-memory polymer, wettability, tunable topography, deformation, advancing and receding volume, thermoresponsiveness

1. INTRODUCTION

Investigation of surface wettability and exploring possibilities
for its manipulation became a subject of intense research over
the last decades because of their importance for material
design,l control of biological processes,2 and even for the
technological industry.” For instance, highly hydrophilic and
superhydrophobic materials can be useful for the development
of self-cleaning coatings that are used to reduce corrosion,
weathering, and erosion™” or to prevent the accumulation of
marine organisms on boats.”™® Various kinds of wetting
behavior are also observed in nature and are used by living
organisms for adaptation and to increase their survival rate. For
example, the leaves of the lotus plant Nelumbo possesses a
superhydrophobic behavior that is due to their special surface
structure: the surface is formed by hierarchical micropapillae
with a combination of epicuticular wax crystals on top. This
arrangement allows the rolling and sliding of water droplets,
which collect dust and dirt particles from the leaf surface
allowing self-cleaning without energy consumption.” Another
example is rose petals, which possess microscale papillae that
are partially covered with nanoscale striae'® facilitating the
pinning of water to help them stay hydrated.'”'" In turn, rice
leaves use aligned anisotropic topographic lamellae to produce
a bidirectional wettability.'* Their surface is covered with
micro- and nanoscale structures that form a suPerhydrophobic
surface for self-cleaning and water repellency.”® Also, animals
such as geckos and desert beetles have developed surfaces with

© 2022 The Authors. Published by
American Chemical Society

" 4 ACS Publications

specific wettability to overcome harsh environmental con-
ditions. Geckos have a specific arrangement on the skin at their
feet to improve adherence by varying the surface through a
transition between Wenzel and Cassie state.'* Desert beetles
have waxy bumps on their surface for collecting water from
fogs.

Active control (switching) or passive adaptation of wetting
properties can allow new applications of engineering ‘materials
and are beneficial for applications in biotechnology ~ like cell
capture/release and biodetection,'® microfluidics,'” textiles,'®
fabrication of sensors,’” and others. Minko et al. developed
self-adaptative surfaces (SAS) based on polystyrene/poly-
(vinylpyridine) brushes.”” The design of smart surfaces with
switchable/adaptive wetting is done primarily through two
approaches. The first assumes the change in surface chemistry
due to the incorporation of sensitive molecules that can
respond to a certain stimulus, for example, pH,”"** light,”*
temperature,”* and others. The second approach assumes the
switching of the surface topography. Surfaces with specific
topography are usually fabricated from materials with tunable
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Figure 1. Thermal and mechanical properties of TPU PBA-75 and morphology of structured surfaces fabricated from TPU PBA-75 using melt
electrowriting. (a) DSC; (b) DMA of polymer, which was exposed to 4 °C (blue) and which was not exposed to 4 °C (red); (c) results of cyclical
stretching; (d) schematics and (e,f) microscopy images (optical microscopy) and (SEM) of the morphology of fabricated surfaces; (g) dependence

of fiber diameter on conditions of melt electrowriting.

mechanical properties, which are reversibly deformed by
pressing, stretching, or bending.u‘z“ Fabrication of surfaces
with switchable topography requires both the development of
materials with tailorable properties and methods to fabricate
structured surfaces. Examples of materials used for the
fabrication of switchable topography surfaces are shape-
memory polymers,'"" hydrogels,”’ and liquid crystalline
elastomers.”®”” For example, Zhang et al.”' demonstrated
switching of topography of surfaces formed by micropillars
with shape-memory behavior. These surfaces are super-
hydrophobic when pillars are undeformed. The pillars can be
deformed (compressed) manually at elevated temperature and
fixed in the deformed state at room temperature. Such
deformed surfaces do not possess superhydrophobic behavior
but they are able to recover to their initial superhydrophobic
state upon heating. Switching of surface topography can also
be achieved by light as it was demonstrated on the example of
films made of photosensitive liquid crystalline elastomers.”®
Adhesion properties of such surfaces can be, thus, switched by
illumination with light. Magnetic field can also be used to
switch surface topography magnetically switchable surfaces are
designed by incorporation of magnetic particles.'' Moreover,
topography of surfaces with micro air sacs can be switched due
to inflation or deflation of sacs by applying different pneumatic
pressure. This change of wettability can be used for capturing/
releasing water droplets.”’

Diverse methods including Photolithogaphy, stereo-
lithography,* soft-lithography,”* etching,”* and self-assembly™
are widely used for the preparation of such surfaces allowing
the formation of microbumgs with a height of a few microns to
almost 100 pm.”"***"**** The typical aspect ratio (height/

15,30,31
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width ratio) of such structures is relatively low: 0.25:1,” 1:1,*
2:1,°° 3:1.*' Such microbump shape-memory structures
provide superhydrophobic behavior in their initial state, and
by mechanical programming (deformation) changes their
wetting properties and the surfaces behave like rice leaves:
water droplets are pinned.”” Similarly, structures mimicking
the behavior of rice leaf surfaces can be made using
electrospinning, although this technique provides uneven
deposition of fibers leading to a high variation in the fiber
mat thickness and distance. With this method, the height of
features remains low (~300 nm), and the distance between the
fiber arrays varies between 0.25 and 1 ym.” Although these
smart surfaces show interesting programmable hydrophilic and
hydrophobic properties, their height is limited to a few
micrometers, and the aspect ratio is not higher than 3:1.
Because of the low aspect ratio, the features cannot be
substantially deformed by droplets because of surface tension
(the deflection amplitude of a beam decreases with its length at
the same applied force). Therefore, manual deformation is
always required to program the shape of the surface feature
that substantially restricts the applicability of such surfaces.

In this article, we report for the first time on the fabrication
of polymeric lamellar structures with tunable mechanical as
well as shape-memory properties and investigate their surface-
specific wetting properties. The individual structures were
characterized by high aspect ratios, nominally by a height/
width ratio up to 57:1, and they were studied with regard to
their shape-memory behavior and tunable thermomechanical
properties. The high aspect ratio allows tuning of geometry not
only manually, as it is done in most works reported previously,
but can also be realized by placing a liquid droplet on top of

https://doi.org/10.1021/acsami.2c01078
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the structure and is controlled by temperature. This approach
opens new technological opportunities for the design of smart
elements for microfluidic devices such as smart valves, which
(i) cannot be opened at low temperature, (ii) can be opened
by liquid at high temperature, (iii) can be left in an open state
after cooling when liquid is applied and (iv) a closed state at
elevated temperature if no liquid is applied. In this way, an
approach is pursued in which the so-called “If-Then-Else”
relationships apply. Such approaches of self-sufficiently
reacting material systems are currently being intensively
researched in connection with programmable materials.*'~*°
In contrast to previously reported surface patterning
techniques, in this work we have used melt-electrowriting
(MEW) to allow the fabrication of high aspect ratio features
and expand the possibilities of the available materials. MEW is
a novel, solvent-free additive manufacturing technique that
relies on a combination of 3D printing and electrospinning that
enables programmed deposition of polymeric microfibers with
precision around 1 pm.”” MEW allows the deposition of
different classes of melt-processable polymers such as
polyesters"®*” and thermoplastic elastomers.””*" The main
advantage of MEW of thermoplastic polymer materials is the
possibility of depositing very thin continuous fibers (1-100
um) one on top of the other in a programmable way ”** to
produce a high aspect ratio of the “walls” or lamellae (aspect
ratio can be up to 100:1). As material technology for the
surface fabrication, we have used a thermoplastic polyurethane
(TPU) with shape-memory behavior, which offers very
interesting combinations of properties such as thermally
adaptive mechanical properties and the ability to recover
shape on heating.”*** As a matter of fact, the high aspect ratio
of surface features, which is enabled by MEW, allows their
deformation by water droplets. In combination with the
switching of mechanical properties together with pronounced
shape-memory properties, it allows reversible programming of
the topology/morphology and wetting state of the surface
affected by temperature and the presence of water droplets.

2. RESULTS AND DISCUSSION

As a material basis for the present work, we synthesized a
phase segregated thermoplastic poly(ester urethane) (PEU).
The hard segments of the PEU were built up by 4,4'-
diphenylmethane diisocyanate (MDI) and 1,4-butanediol
(BD), whereas poly(1,4-butylene adipate) (PBA) was used
as soft segment. Since the weight percentage of the PBA phase
was approximately 75%, the abbreviation TPU PBA-7S5 will be
used hereafter. The physical properties of such thermoplastic
polyurethanes are known to depend, among others, on the
molecular weight of the soft segment, the molar ratio between
hard and soft segments, and the polymerization process.”> >’

The DSC thermogram of the synthesized TPU PBA-75
shows a peak associated with the melting of the soft segment
with onset at 28 °C and a maximum at 40 °C (Figure 1a). The
onset of the polymer’s crystallization transition is at 10 °C and
its maximum is at S °C. The degree of crystallinity (y.) was
calculated from the melting enthalpy of AH,, = —22.18 J g™/,
and it was y. = 21.9%. For pure PBA the melting enthalpy is
135 ] ¢! (AH, = 135 ] g7, y. = 100%).”" Discrepancies
between melting and crystallization temperatures of pure PBA
and PBA-based TPU can be explained by the fact that in the
case of the TPU, the crystallization of soft segments is
hindered by the presence of hard polyurethane segments. In
other words, TPU PBA-7S is a classical physically cross-linked

shape-memory polymer with a crystallizable soft segment.
Interestingly, due to the soft segment phase transitions the
PBA phase can be both amorphous or semicrystalline at room
temperature for a certain time, depending on its previous
exposure to high or low temperatures.

The mechanical properties of the polymer were charac-
terized by small-amplitude dynamic mechanical analysis
(DMA) (Figure 1b) and cyclic stretching with different
amplitudes at a constant rate (Figure lc). For the DMA
experiment, the polymer was exposed to 4 °C overnight in
order to ensure the distinct crystallization of the soft segment,
and then it was heated to room temperature. Since PBA melts
at about 40 °C, the soft segment is expected to be in a
semicrystalline state at room temperature. Indeed, we observed
that the precooled polymer is initially hard at room
temperature (E’ &~ S5 MPa), and heating above the melting
temperature (about 40 °C) makes the polymer softer (E' ~ 8
MPa). The same polymer, which was not exposed to 4 °C and
was kept at room temperature before doing the measurement,
did not show a change of elastic modulus upon heating from
room temperature to 80 °C. This means that soft segments
remained mainly amorphous at room temperature and require
lower temperatures to crystallize, showing a dependency on the
thermal pretreatment. We performed cyclical mechanical tests
at two different temperatures: 50 and 70 °C to investigate the
mechanical properties (modulus and reversibility of deforma-
tion) at different amplitudes of deformation (Figure 1c). It was
found that an increase in temperature from 50 to 70 °C results
in a decrease of elastic modulus from 50 + 5 down to 9 + 1
MPa (Table S1). Moreover, it was found that the strain-
reversibility and resilience increase upon heating to 70 °C
(Table 1). These results fit with the deformation behavior of

Table 1. Resilience and Recovery of the TPU PBA-75
Measured at the Melting Point of the Soft Segment (50°C)
and Temperature of Deformation Used for the Shape-
Memory Studies (70°C)

temperature [°C] max. strain [%] resilience [%] recovery [%]
50 5 60.38 77.75

70 S 86.68 90.78

similar shape-memory poly(ester urethanes) described pre-
vicmsly.f"’f’2 Thus, the polymer is hard at room temperature,
when it is preliminary exposed to 4 °C, and soft and elastic
(deformation is reversible) at 70 °C. To investigate shape-
memory behavior, lamellae were bent at 70 °C and then fixed
by cooling to 4 °C. Upon heating to 70 °C, the lamellae
recovered their original shape, and the structures demonstrate
promising surface-related shape-memory properties. Thus, the
polymer demonstrated shape-memory properties and memory
of mechanical properties. The specific temperatures at which
the polymer switches to soft (above room temperature) and
hard (below room temperature but above water freezing point)
states, as well as the specific temperature range (around room
temperature) solely depend on thermal treatment (polymer
exposed to 70 °C for S min). This makes the shape-memory
polymer a highly interesting candidate for fabricating devices
with tunable and programmable thermomechanical properties.

We fabricated surfaces from TPU PBA-75 with patterned
topography. A design of parallel lamellae with different heights,
which is determined by the number of layers, and the distance
between them was produced using melt electrowriting (Figure

https://doi.org/10.1021/acsami.2c01078
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Figure 3. Thermomechanical studies of TPU PBA-75. (a) Pseudorheological studies of hard lamellae (thermal pretreatment: cooling to —5 °C and
heating to 20 °C) and soft lamellae (thermal pretreatment heating to 80 °C and cooling to 20 °C); (b) images of the behavior analysis of the

lamellae when it has been exposed to 70 °C; and (c) exposed to 4 °C.

1d—f) on a glass slide substrate coated by a thin layer of
polylactic acid (PLA). A high aspect ratio of lamellae was
achieved with the stacking of fibers (height/width ratio up to
57:1). The role of PLA was to decrease the hydrophilicity on
the surface of the glass slide. The contact angle of water on the
glass slide increased from less than 40° to 70° after coating
with PLA. This coating also improved the fiber adhesion to the
substrate. We studied the effects of MEW conditions on the
diameter of the fiber and the uniformity of the lamellae (Figure
1g). Pressure and voltage were found to be crucial to define the
smoothness, deposition, and diameter of the fibers deposited
by MEW. In particular, an increase in pressure results in an
increase in the diameter of deposited fibers, because higher
pressure increases the flow rate through the nozzle. The
average diameter of the fiber is 37 + 2 and 72 + 7 um at 0.025
and 0.2 MPa, respectively. The precision of the deposition of
the fibers was found to be highly dependent on the voltage
applied during the spinning. Very high voltages (5 kV) result in
the formation of buckled fibers (sinusoidal shape, Figure S2)
that is due to the high ratio between the fiber stretching and
fiber deposition rate. Finally, 3 kV pressures between 0.025 and

20211
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0.1 MPa were chosen for the fabrication of small-diameter
fibers (around 30—40 um). Using these conditions, we
fabricated lamellar surfaces with different heights (500 and
1700 pm) and distances (500 and 150 um). The thickness of
lamellae was kept at an average of 40 um. The roughness
coefficient was calculated for the topographical surface using

total area (Figure S3). Values from 1.65 to

7.36 were obtained by varying the distance (d) and the height
(h) of the lamellae.

We also investigated how droplets fill the space between the
lamellae upon their advancing. The shape of the droplets,
deposited in the groove between the lamellae, is spherical right
after deposition and becomes elongated along the lamellae
during advancing (Figure 2), that is, the wetting of structured
surfaces is anisotropic. We modeled the behavior of a droplet
between two stiff undeformable lamellae (the thickness of the
lamellae was set to 100 gm). Numerical simulations were
performed by a finite difference simulation of the Navier—
Stokes equations®® using a highly performant graphic
processing unit (GPU) parallelization.”* To regularize the
contact line singularity the droplet and ambient air were

the equation r = —————
projected area

https://doi.org/10.1021/acsami.2c01078
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Figure 4. Deformation behavior of lamellae made from TPU PBA-7S (a) as influenced by advancing (b) and receding (c) water volume in the
elastic (soft) and rigid (hard) state. Lamellae have been pushed or pulled away according to the direction of the volume of the drop.

modeled by a phase field function. The droplet was initially
prescribed as a ball of radius 781 ym. The rigid lamellae were
modeled by another stationary phase field and the contact
angle of 72°, which is the contact angle on flat polyurethane,
was imposed by the diffuse domain method.”> The simulation
shows that the droplet adapts its shape to adjust the contact
angle and the dynamics of which are governed by the interplay
of viscous and capillary forces. Thus, the modeling confirmed
that the droplet must be initially rounded and shall get
elongated during its development.

In accordance to the results of thermomechanical analysis,
the lamellae showed different behavior at room temperature
when they were exposed to different thermal treatments. The
lamellae expressed “softness mechanical memory” when the
soft segment was molten previously at higher temperatures
(>70 °C). The “hardness mechanical memory” was observed
when the soft segment of the polymer remains crystalline at 4
°C. The memory of mechanical properties was evidenced by
quasi-rheological studies performed on the lamellae surfaces;
the mechanical properties of lamellae deposited on the surface
were tested by an oscillating plate in the setup used for
rheological measurements. For this, the structured surfaces
were exposed to high (70 °C) or low (4 °C) temperature for
five minutes. Then the temperature was reduced/increased to
20 °C (RT) gradually, and G’ and G” were measured (Figure
3a). It was found that the same lamellae were hard and soft at
room temperature depending on whether they were previously
cooled down or heated, respectively. The results have been
treated qualitatively, the obtained value does not correspond to
the shear modulus of the bulk polymer. However, the trend is
the same: the surface formed by the lamellae is either hard or
soft at room temperature, depending on the thermal
pretreatment. Thus, the mechanical properties and wetting
behavior are temporarily adjustable.

The different mechanical behaviors of the lamellae according
to different thermal histories are depicted in Figure 3b,c. At
room temperature, a water droplet was deposited between two

20212

lamellae, which were exposed before to low (Figure 3¢c) and
high (Figure 3b) temperatures. We observed that water
droplets are able to deform the lamellae when they are soft
(Figure 3b) and not able to deform them when they are hard
(Figure 3c). Thus, the experiment clearly indicates different
mechanical properties of lamellae when they were thermally
treated, and on the fact that the lamellae can or cannot be
deformed by capillary forces depending on their mechanical
stiffness.

The wetting behavior of the topographical surface was
analyzed by investigating advancing and receding water
droplets (Figure 4) when the material was exposed to 70 °C,
further in the text referred to as “soft” and, and when the
material was exposed to 4 °C, further in the text referred to as
“hard”. Technically, S uL of water were added stepwise until 40
uL volume was reached. The volume of the droplet, the length
of the contact line, and the number of lamellae that were in
contact with the water drop were analyzed during the
measurements of advancing and receding contact angles.
First, experiments showed that the wetting properties of
fabricated surfaces depend on the temperature in good
correlation to the preliminary test in Figure 3. The lamellae
remain undeformed upon the increase of the size of the droplet
when they are in the hard state (E = SO MPa, treated by
cooling to 4 °C). On the other hand, lamellae in soft states (E
=9 MPa, T = 70 °C) were deformed by an advancing and
receding water droplet. Interestingly, the contact angle
undergoes irregular changes upon increase/decrease of its
size that is due to jumping of the droplet between neighboring
lamellae. It is clear that wetting properties depend on the
mechanical properties of lamellae which in turn depend on the
temperature.

The deformation amplitude of lamellae is determined by a
balance of surface tension (F, ~ y-dl),* elastic deformation (&
~ F-H/EI, where H is the height of lamella, I is second
moment of inertia I = a-dI*/12, a is the thickness of a lamella,
and dl is its length), and gravity (F, ~ p-g-h-b-dl) where h is the

https://doi.org/10.1021/acsami.2c01078
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