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ABSTRACT

This dissertation is based on four scientific publications. In the first article, the
problem of biological incompatibility and insufficient mechanical strength of
synthetic nanostructured membranes applied in the fields of bioengineering is
presented. Classifications of synthetic nanomembrane materials, various
technologies, and porosity are presented. Also, the application of synthetic
membranes in the fields of skin and bone tissue engineering and drug delivery systems
is outlined. In addition, the article is based on 143 scientific papers. It highlights the
need to improve nanostructured membrane fabrication to obtain biocompatible
membranes for bioengineering applications. After the analysis, the anodization
technology and the solvent casting method were chosen to be improved. In the second
scientific publication, a novel two-step anodization technology is presented. The
anodization process is performed by using high-frequency vibrations during the first
and second steps of anodization. Moreover, a novel design of the electrochemical
reactor with a vibrating element for the fabrication of nanoporous anodized aluminum
oxide (AAO) membranes is presented. After conducting experiments on temperature
variation, reactor mixing process, and vibration, it is concluded that the
electrochemical reactor meets the requirements for the anodization process.
Moreover, a comparison of membranes is also presented when anodization was
performed without vibration vs when the first and second modes of vibration of an
aluminum plate were used. AAO membranes with 82.6 = 10 nm pore diameters and
43% porosity using frequency excitation at 3.1 kHz and AAO membranes with 86.1
+ 10 nm pore diameters and 46% porosity using frequency excitation at 4.1 kHz were
obtained. When anodization was performed without vibration, AAO membranes with
a pore diameter of 55.0 £ 10 nm and a porosity of 19% were obtained. In the third
publication, the anodization process, and the vibration application of 20 kHz and 40
kHz frequencies are presented. When applying 20 kHz and 40 kHz frequencies, the
pore diameter, the interpore distance, and the porosity of AAO membranes were found
to be constant. However, changes in the porous AAO membrane thickness were
observed. A 53 um thickness was obtained at a frequency of 20 kHz, and a membrane
thickness of 59 um was obtained at a frequency of 40 kHz. In addition, the article
presents experimental results of current measurement during the anodization process.
In the fourth article, an improved solvent casting method using high-frequency
vibrations is described. Also, a nanopillared chitosan membrane as a template using a
nanoporous AAO membrane is discussed. Three types of chitosan membranes were
obtained, where the height of the nanopillars was 1007 nm, 665 nm, and 377 nm when
using 1%, 2%, and 3% chitosan solutions, respectively. In addition, theoretical results
of the flow speed of chitosan solutions of different concentrations into nanopores and
the influence on the height of the formed nanopillars are presented. Additionally, the
size of 10x10 mm of chitosan membrane mimicking the artificial skin barrier is
presented. The surface areas of chitosan were obtained as 15.05 cm?, 10.28 ¢cm?, and
6.26 cm? with nanopillar heights of 1007 nm, 665 nm, and 377 nm, respectively.



INTRODUCTION

Various nanostructured membranes attract immense attention because they are
characterized by versatility, stability, and the ability to control the parameters, which
leads to the creation of unique structures. Different nanostructured membranes are
already widely used in various fields, such as water treatment, solar cells, pressure,
temperature and biosensors, flexible optoelectronic devices, and medicine. Recently,
a breakthrough has been observed in a number of fields of bioengineering, where
nanostructured membranes were practically applied in bone and skin tissue
engineering and drug delivery systems.

In terms of mechanical engineering, there is still a lack of knowledge on the
mechanical strength and biocompatibility of nanostructured membranes. As the
relationship between the mechanical strength and biocompatibility of nanostructured
membranes depends on the material and the fabrication method, it is relevant to
choose the right technology to produce these membranes and apply them
commercially. When designing synthetic nanostructured membranes, it is also
important to ensure an ordered internal structure, which determines the unique
properties of each membrane. Various manufacturing methods are used for this
purpose, such as lithography, 3D printing, chemical vapor deposition, electrospinning,
etc. However, these production methods require complex and expensive equipment,
and the processes themselves are difficult to control, and are often unpredictable. In
this context, another well-known and commonly used alternative is the two-step
aluminum anodization process, where metal oxide layers are formed
electrochemically. Nanoporous AAO membrane is well known for its relatively low
production cost, a large surface area, a well-ordered nanoscale structure, and the
ability to change nanopore dimensions by controlling the anodization process
parameters such as voltage, current, electrolyte concentration, pH, electrolyte type,
and temperature. However, there are still challenges to control and ensure the same
geometry parameters of membrane nanopores, as these depend not only on the
fabrication technology, but also on the selected fabrication conditions. Furthermore,
because strength and hardness are essential requirements for most engineering
materials, AAQ is classified as a ceramic with high hardness and strength. Thus, the
application of nanoporous AAO for template fabrication faces another challenge — the
problem of membrane brittleness. Therefore, when modelling the influence of
fabrication parameters on the membrane pore geometry, it is important not only to
control the membrane pore sizes, but also to produce a more flexible nanoporous
membrane from brittle aluminum oxide. To fabricate a less brittle oxide, it is
necessary to analyze different theoretical models which could explain the formation
of AAO and provide insights into the dependence of the formation of the oxide
structure on a range of parameters.

With an increasing emphasis on environmental friendliness, nanomaterial
templates are attracting systematic attention, and they are one of the most promising
methods for the synthesis of nanostructured membranes. Thus, the fabricated AAO
membrane can be used as the template. However, there is another challenge: How to
transfer the geometry of the created AAO membrane accurately and reproducibly to a
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biocompatible material? For this purpose, chitosan was chosen, as it has been
extensively studied and is a promising alternative for the development of
biocompatible bactericidal skin barriers. In addition, chitosan is now being used in
commercial wound dressings and patches. To improve the properties of chitosan
membranes, the surface can be modified, or various composites can be created. Also,
to use chitosan membranes to create skin bands and patches, it is important to ensure
the largest possible membrane surface area. For this purpose, nanopillar surfaces,
which can increase the surface area several or even dozens of times, become superior
to the conventional flat surfaces. Since chitosan membranes with nanopillars are
promising for the development of skin protection barriers, it is also relevant to develop
a manufacturing technology which would involve control of the geometry of
nanopillars.

Research related to nanostructured membranes has been receiving a lot of
attention from scientists and businesspeople, which is why it is important to develop
technologies and deepen knowledge about the chemical and physical processes that
take place during fabrication to solve the challenges related to nanostructured
membranes. This doctoral dissertation presents a novel fabrication technology of
nanoporous AAO membranes using vibrations, including production processes, their
parameters, and a description of the properties of the fabricated membranes.
Moreover, the doctoral dissertation presents a technology for replicating the geometry
of the AAO membrane in a biocompatible chitosan membrane, when nanopillars are
formed on the surface of the chitosan membrane. It also presents the relationships and
interactions studied between various parameters, which is achieved by presenting sets
of experimental results.

The aim of the doctoral dissertation

The aim of the doctoral dissertation is to develop and investigate the fabrication
technology for nanostructured membranes applied in bioengineering.

The objectives of the doctoral dissertation

In order to achieve the aim of the doctoral dissertation, the following objectives
were formulated:

1. To develop a temperature-controlled vibroelectrochemical reactor for the
fabrication of nanoporous AAO membranes using high-frequency excitation during
the two-step electrochemical anodization process.

2. To produce nanoporous AAO membranes using high-frequency excitation
during the two-step electrochemical anodization process and to evaluate the influence
of vibration on the porosity, thickness, hardness, and chemical composition of the
membrane.

3. To produce a chitosan membrane with nanopillars as a template using a
nanoporous AAO membrane and to determine the flow rates of solutions with
different concentrations of chitosan into the nanopores and the influence on the height
of the formed nanopillars when vibrations are used during the solvent casting method.

4. To create a patch prototype which simulates an artificial skin barrier,
characterized by biocompatibility and a larger surface area.

10



Research methods

A vibroelectrochemical reactor with controllable temperature was developed for
the fabrication of nanoporous AAO membranes. Its working principle is based on
applying vibrations during the two-step electrochemical anodization process in oxalic
acid. The compatibility of the reactor temperature, the mixing process, and vibrations
were evaluated by experimental studies. A Hitachi S-3400N scanning electron
microscope (Hitachi Ltd., Tokyo, Japan) with an integrated Bruker energy dispersive
X-ray spectroscopy system was used to determine the pore geometry and surface
chemical composition of the produced AAO membranes. The resulting images were
analyzed using the /mageJ data processing program. The Vickers indentations with a
diamond tip (Micro Vickers Hardness Testing Machine: HM-200, Mitutoyo, Japan)
was used to measure the surface microhardness of AAO membranes. Ansys 17.0
(Ansys®, Pennsylvania, United States) and COMSOL Multiphysics 5.4 (COMSOL®,
Burlington, United States) were used to determine the theoretical vibration modes of
the AAO membrane. The precise real-time instrument for surface measurement
(PRISM) holographic interferometric system (Hytec, Los Alamos, United States) was
used to monitor the experimental vibration modes of the membranes.

As the next step, chitosan membranes were produced by solvent casting on the
AAO template by using solutions of various concentrations. A developed vibrostand
was used for fabrication. A Hitachi S-3400N (Hitachi Ltd., Tokyo, Japan) scanning
electron microscope and /mageJ image analysis software were used to determine the
surface geometry of the produced chitosan membranes. COMSOL Multiphysics 5.4
(COMSOL®, Burlington, United States) was used to evaluate the theoretical flow
rates of chitosan solutions of different concentrations into the pores.

The research was carried out at the Faculty of Mechanical Engineering and
Design (Kaunas University of Technology, Kaunas, Lithuania), Lithuanian Energy
Institute (Kaunas, Lithuania), and UAB Hella Lithuania (Quality Laboratory,
Karmeélava, Lithuania).

Scientific novelty of the doctoral dissertation

1 The impact of vibrations applied during fabrication on the porosity, thickness,
hardness, and chemical composition of the AAO membranes has been evaluated
during the two-step electrochemical anodization process.

2. The flow rates of solutions of various concentrations of chitosan into the
nanopores and the influence of the concentration on the height of the formed
nanopillars have been determined when vibrations were used during the solvent
casting method.

Statements presented for the defense

1. The porosity, thickness, and hardness of the nanoporous AAO membrane can
be controlled by using high-frequency excitation without changing the chemical
composition of the membrane surface.

2. During the electrochemical anodization process, the use of high-frequency
excitation ensures the electrolyte mixing process along the nanopore, which leads to
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the renewal of the liquid flow within the pore. In this way, efficient and fast mixing
of the electrolyte flow in the nanopore is ensured.

3. In the production of chitosan membranes with nanopillars, high-frequency
vibrations are used to ensure a larger surface area of the membrane and to control the
height of the nanopillars.

Practical value

1. A temperature-controlled vibroelectrochemical reactor has been developed
for the fabrication of nanoporous AAO membranes. Furthermore, the manufactured
reactor could be used for other processes, where control over the temperature, voltage,
and liquid mixing process is required.

2. The technology of nanoporous AAO membranes has been developed and
described, which allows the required geometry of nanopores to be ensured by
controlling the values of temperature, voltage, or vibration frequency.

3. Theoretical models of membrane vibration modes, electrolyte flow into
nanopore using vibrations, and flow of a chitosan solution of various concentrations
into nanopores using vibrations have been developed, which provides valuable
information and knowledge for the development of further technological processes.

4. A prototype of a patch which mimics an artificial skin barrier has been
created. It has been characterized in terms of biocompatibility and a larger surface
area.

Research approbation

The scientific results obtained during the current research have been presented
in various publications, which indicates the significance and impact of the research
conducted during the doctoral studies.

The results of the dissertation have been presented in 4 scientific articles
published in international journals listed in the ISI Web of Science database and have
an impact factor. All four articles were published in Quartile 2 journals. The list of
publications is given below:

[A1l] Cigané, Urté; PaleviCius, Arvydas; JanuSas, Giedrius. Review of
nanomembranes: materials, fabrications and applications in tissue engineering
(bone and skin) and drug delivery systems // Journal of Materials Science. New
York: Springer. ISSN 0022-2461. 2021, vol. 56, iss. 24, p. 13479-13498. DOLI:
10.1007/s10853-021-06164-x. Impact factor 4.682, Q2.

[A2] Cigane, Urte; Palevicius, Arvydas; Jurenas, Vytautas; Pilkauskas, Kestutis;
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[A3] Cigane, Urte; Palevicius, Arvydas; Janusas, Giedrius. Vibration-assisted
synthesis of nanoporous anodic aluminum oxide (AAO) membranes //
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2236, p. 1-13. DOI: 10.3390/mi13122236. Impact factor 3.400, Q2.
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In addition, the results have been presented at 8 international conferences, 2
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summary, references, publication copies, curriculum vitae, acknowledgments, and 2
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1. LITERATURE REVIEW

The incredible speed of the nanotechnology revolution is particularly noticeable
in Europe, China, and America, where billions of dollars and euros have been spent
on nanotechnology in the last decade to exploit the enormous potential of this new
science [1]. The rapid development of nanoscience is evidence that nanoscale
manufacturing will soon be included in almost all fields of science and technology,
which will subsequently require further industry development and investment in
nanotechnology [2]. The scientific community develops technologies and products
that are relatively cheaper, safer, and cleaner than the previous technologies [3]; as a
result, research related to various nanostructured membranes has been attracting
attention because these membranes can be characterized by versatility and the ability
to control the parameters, which leads to the creation of unique structures [4, 5].
Therefore, this chapter provides general information on nanoporous AAO membranes
as well as on the theory and capabilities of the electrochemical anodization process.
In addition, chitosan membranes and details of the solvent casting method are
introduced.

1.1. Anodized Aluminum Oxide (AAO) Nanoporous Membranes

Recently, nanoporous membrane technologies have been developed to allow
easy control of membrane parameters depending on the application areas [6-23]. The
interest in AAO nanostructured membranes is confirmed by the number of
publications, increasing with each passing year. The statistics of the publications after
entering the keyword ‘AAO membranes’ in ScienceDirect are presented in Fig. 1.
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Fig. 1. Number of publications as a function of time obtained for the keyword ‘AAO
membranes’

The nanoporous AAO membrane, which is produced by chemical anodization
in an electrolyte solution [24], has the potential to be used as a template [25-28].
Aluminum anodization is an electrosynthesis process during which an oxide layer is
formed, and the selection of different anodization parameters provides an opportunity
to control the geometric parameters, the mechanical strength, and the surface
hydrophilicity of AAO membranes [29]. The porous structure is formed when
aluminum reacts chemically with an electrolyte, such as phosphoric, oxalic, or sulfuric
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acid [30]. The thickness of the porous layer is directly proportional to the anodization
time [31, 32]. The geometric feature of the AAO structure mostly depends on the
experimental conditions. Usually, the AAO membrane is described by the following
parameters: the pore diameter, the distance between the pores, and porosity [33].

Furthermore, research on AAO membranes makes them useful in various
applications, such as energy conversion [34], RGB display technology [35], tissue
engineering [36], microfluidic devices [37], sensors [38], etc. Research related to the
use of aluminum oxide in different fields has also been conducted by Dr. Yatinkumar
Patel [39] and Habil. Dr. Sigitas Tamulevicius and his team [40, 41] at Kaunas
University of Technology (Kaunas, Lithuania). For example, Dr. Yatinkumar Patel
performed research and applied AAO membranes for nanoparticle filtration in
biomedicine [42].

To apply AAO membranes in different fields, it is important to control the pore
diameter of AAO membranes, the distance between the pores, and some other
parameters. Therefore, the next sub-section briefly reviews the latest scientific
literature related to the main principles of the electrochemical anodization process.

1.2. Electrochemical Anodization Process

In many applications, it is fundamentally important to precisely control the
shape and geometry of the nanostructure, and an electrochemical anodization process
is one which is used to obtain precise geometric properties of AAO membranes [43].
The parameters of the anodization process, such as the applied voltage, the acid type,
the concentration, and temperature, contribute to the formation of the diameter of the
pores and the distance between the pores [44—48]. However, it should be noted that
the growth rate of porous AAO nanostructures is not constant throughout the
anodization process, even when growth occurs at a fixed voltage and electrolyte
concentration [49]. For example, the growth rate of AAO is sensitive to the electrolyte
temperature. Thus, a higher temperature accelerates growth, whereas a lower
temperature slows growth [50]. However, the electrolyte concentration gradually
changes during the anodization process, so the change in the electrolyte composition
and concentration inevitably affects the anodization rate [51-53]. All these complex
factors make it challenging to precisely control the anodization process, especially
when strict requirements are imposed on the final thickness of the membrane [54, 55].

Therefore, researchers have been studying the influence of anodization
parameters on membrane geometry, and they are looking for solutions to ensure the
uniform temperature and concentration during the anodization process [56, 57].
Research related to the anodization process was also conducted by Dr. Yatinkumar
Patel [39]. For example, Dr. Yatinkumar Patel performed research at the Faculty of
Mechanical Engineering and Design (Kaunas University of Technology, Kaunas,
Lithuania), where research was carried out in a glass jar, and the anodization process
with a magnetic stirrer and a cooling system was presented [42]. In recent studies,
Peltier elements were used to maintain the uniform temperature [58]. However, with
such equipment [59], temperature changes were large, and it was necessary to find
new solutions to control and ensure the same temperature and electrolyte
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concentration throughout the anodization process, so that oxide growth would be
uniform throughout the process.

The increasing potential of AAO membranes for template fabrication [60, 61]
encourages the study of nanochannels and microchannels of AAO membranes. Since
the flow in small fluid volumes is often laminar, fluid heat exchange in microchannels
is limited, and the fluid temperature is likely to increase along the microchannel. Thus,
to achieve an efficient and fast mixing process of the fluid flow in straight AAO
membrane channels, acoustofluidic physics has received great interest in the recent
decades [62]. Surface Acoustic Waves (SAW) apply the effect of ultrasonic waves,
and they have received extensive attention from researchers due to their noninvasive
nature and the advantages of efficient fluid control [63]. Researchers have shown that
the mixing efficiency of laminar flows of hot and cold fluids can be improved by using
acoustic flow [64]. This contributes to changes in the temperature and pH values in
the nanopores of AAO membrane during the formation of the oxide layer, thus
ensuring the mixing process of the electrolyte liquid and the renewal of the flow
throughout the length of the pore [65]. Therefore, after studying the theoretical models
of AAO, nanoporous membranes need to be produced in practice by using the
improved fabrication methods.

By controlling the anodization parameters, the nanoporous AAO membrane of
the required dimensions can be produced. This membrane can be further used as a
template to produce biocompatible chitosan membranes. Therefore, the next sub-
section briefly presents chitosan membranes and their application.

1.3. Chitosan Membranes

Chitosan may be one of the best biopolymers due to its specific properties,
including biodegradability, low toxicity, low immunogenicity, antibacterial and
antifungal activity, and biocompatibility [66]. Chitin can be soluble in an acid aqueous
medium once it has undergone deacetylation to a degree of at least 50%, at which
point it becomes chitosan [67].

In terms of its range of applications, chitosan is the most significant chitin
derivative because it is abundant, biodegradable, and non-toxic [68]. Insects (cuticles)
and crustaceans (skeletons), including crabs, shrimp, and lobsters, are potential
sources of chitin, and the exoskeletons of species of cephalopods such as squid,
cuttlefish, and octopus are also used to extract chitin [69]. A more affordable
alternative method of producing chitosan polymer is by fermentation of fungal cell
walls [70]. The primary benefit of this method is the high concentration of chitosan
found in the cell walls of zygomycete fungi [71]. By carefully regulating the
parameters of the fermentation process, it is possible to produce chitosan with the
desired physicochemical properties [72].

The development of biocompatible, bactericidal, and bio-adhesive skin barriers
using chitosan has shown promise and is already widely used in commercial wound
dressings [73—75]. In addition, various combinations of chitosan with other materials
are used in various fields of bioengineering [76—81]. Moreover, the possible use of
nanopillars in membranes and films has attracted a lot of attention [82]. Since
nanopillars have three effects on the surface biological processes (an increase in the
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surface area, an increase in the cell adhesion and growth, and an increase in the ability
to penetrate the cell), nanopillar surfaces are more valuable than the conventional
planar surfaces [83—85]. Due to the promise of nanopillar membranes and films for
the development of protective skin barriers [86, 87], it is important to develop
fabrication technologies which would involve the control of the geometry of
nanopillars [88, 89]. Therefore, the solvent casting method is presented in the next
subsection as one of the suitable methods to produce chitosan membranes with
nanopillars.

1.4. Solvent Casting Method

As the emphasis on environmental friendliness increases, nanomaterial
templates are gaining a lot of interest because the template enables the structure to be
rebuilt with the highest degree of reproducibility. These templates are thought to be
one of the most promising strategies [90]. Therefore, the solvent casting method is
reliable and widely used among the various polymeric film and membrane design
methods [91]. This method is widely used because it is a low-cost alternative to the
more expensive methods as 3D printing or spin coating [92, 93]. The solvent casting
method involves dissolving the polymer and plasticizer, pouring the solution onto the
substrate (template), and evaporating the solvent to form a film or a membrane of the
required parameters [94]. Polymer(s) and plasticizer(s) are dissolved in a volatile
solvent or a combination of solvents [95].

The solvent casting technique has many advantages, including low-cost
processing, the ability to adjust the mechanical and optical properties of the film by
changing processing parameters, such as the solvent casting time and temperature.
The solvent casting method is a robust process that is easy to scale up on an industrial
scale [96]. However, various drawbacks, such as a long drying time and a lack of
control over the film thickness, must be considered [97].

1.5. Conclusions of the Chapter

A review of the literature focuses on the advances in nanoporous membrane
technologies, with a special focus on AAO membranes, which have received
considerable attention for their versatility and controllable properties. The
electrochemical anodization process is a key aspect of AAO membrane fabrication,
as it allows precise control of the AAO membrane geometry. After reviewing the
literature, the following challenges related to the anodization process have been
identified:

1. When the anodization process takes place at a set voltage and electrolyte
concentration, the growth rate of porous AAO nanostructures is not constant.

2. The rate of the growth of AAO is affected by the temperature and concentration
of the electrolyte.

3. During the anodization process, the electrolyte concentration and temperature
gradually change; therefore, changes in the electrolyte temperature and
concentration necessarily affect the growth rate of AAO.

Additionally, the review examines the potential of chitosan in areas such as
wound dressings and bioengineering. The discussion also addresses nanopillar
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structures, by highlighting their promise as reproducible structures with improved
surface properties. Finally, the solvent-casting method is presented as a reliable and
cost-effective way to produce polymeric membranes, especially for wound dressings.
In general, this review provides insights into the prevailing membrane research and
applications.

The review of scientific publications and the identified challenges made it

possible to determine the aim and objectives of the dissertation. Therefore, the aim is
to develop and investigate the fabrication technology for nanostructured membranes
applied in bioengineering. To achieve the aim, the following objectives have been set:
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1. To develop a temperature-controlled vibroelectrochemical reactor for the

fabrication of nanoporous AAO membranes using high-frequency excitation
during the two-step electrochemical anodization process.

. To produce nanoporous AAO membranes using high-frequency excitation

during the two-step electrochemical anodization process and to evaluate the
influence of vibration on the porosity, thickness, hardness, and chemical
composition of the membrane.

. To produce a chitosan membrane with nanopillars as a template using a

nanoporous AAO membrane and to determine the flow rates of solutions with
different concentrations of chitosan into the nanopores and the influence on the
height of the formed nanopillars when vibrations are used during the solvent
casting method.

. To create a patch prototype which simulates an artificial skin barrier

characterized by biocompatibility and a larger surface area.



2. REVIEW OF THE PUBLICATIONS

2.1. “Review of nanomembranes: materials, fabrications and applications in
tissue engineering (bone and skin) and drug delivery systems” (scientific
publication No. [A1])

This subsection is based on the scientific article Review of nanomembranes:
materials, fabrications and applications in tissue engineering (bone and skin) and
drug delivery systems published in Journal of Materials Science, Springer, 2021,
56(24), 13479-13498 [IF: 4.682; Q2]. This publication is the result of the
collaboration of the following authors: U. Cigané, A. Palevicius, and G. Janusas. The
contribution of U. Cigané to this publication was the conceptualization, design of the
research project, and visualization. Also, the author of this thesis was responsible for
the original draft preparation. The co-authors contributed to the revision and editing.

The scientific article reports the problem of biological incompatibility and
insufficient mechanical strength of synthetic nanostructured membranes applied in
various fields of bioengineering. From the mechanical engineering point of view, the
mechanical properties of nanostructured membranes can be influenced by the material
of the membrane, the manufacturing method, and the porosity (if the membrane is
porous). Therefore, this article provides a classification of synthetic membrane
materials by describing each material group in detail with examples. The article also
details the various technologies used to produce different nanostructured membranes,
thus presenting the essential principles, as well as the advantages, and disadvantages
of each technology. The paper also presents the application of synthetic membranes
in the fields of skin and bone tissue engineering and drug delivery systems, thereby
indicating specific membranes and their application. The article is based on 143
scientific papers, more than 60% of which were published in the last five years.

After a detailed analysis of the literature and considering the prevailing
challenges of biocompatibility and the insufficient mechanical strength, materials and
production technologies were identified, which were decided to improve and create a
nanostructured membrane that would be biocompatible and strong enough to be
applied in bioengineering. For that purpose, the anodization technology and the
production of the AAO membrane were chosen. The mechanism of the anodization
process is presented in Fig. 2. The anodization technology was chosen due to its ability
to easily produce AAO membranes, to control the membrane pore diameter on the
nanoscale, orderly arrangement of the nanopore structure, as well as simple and
inexpensive equipment involved in the process. After the analysis, biocompatible
materials were also identified, and one of them was selected to produce the membrane.
Chitosan was the alternative of choice — this is a natural biomaterial that has a great
advantage compared to other materials due to its low toxicity and a low chronic
inflammatory response for application in the field of skin tissue engineering.

21



Power Supply
(voltage & current)

»
- S .
1S Electrolyte o
o o 2
- =
5§/ 2|% _ Ani Cai S
225 nions ations
3] Q
@ 1=
X . .
O | Ancdic Reactions:
a) Aluminum dissolution: 2Al — 2A1%+ 6e” Cathodic Reactions:
b) Metal/Oxide interface: 2Al + 30% — AlLO;+ 6 BH" + 6e” — 3H,
2Al + B0H — ALO4+3H,0 + B 2H,0+2e — 20H +H,
¢) Oxide/Electrolyte interface: 2AF"+ 3HL0 — ALO+ 6H"

Fig. 2. Visual representation of the anodization process from the first publication
Review of nanomembranes: materials, fabrications and applications in tissue
engineering (bone and skin) and drug delivery systems

The results presented in this article indicate the need to improve the fabrication
of nanostructured membranes to obtain biocompatible membranes with a sufficient
strength for bioengineering applications. Therefore, the next article presents the
developed vibroelectrochemical reactor and the improved technology to produce
nanoporous AAO membranes, which will be further used as templates for the
fabrication of a biocompatible membrane with sufficient strength.

2.2. “Development and Analysis of Electrochemical Reactor with Vibrating
Functional Element for AAO Nanoporous Membranes Fabrication” (scientific
publication No. [A2])

This subsection is based on a scientific article Development and Analysis of
Electrochemical Reactor with Vibrating Functional Element for AAO Nanoporous
Membranes Fabrication published in Sensors, MDPI, 2022, 22(22), 8856 [IF: 3.900;
Q2]. This publication is the result of the collaboration of the following authors: U.
Cigane, A. Palevicius, V. Jurenas, K. Pilkauskas, and G. Janusas. U. Cigane
contributed to the conceptualization of the research, methodology, and experimental
investigation. In addition, the author of this thesis was responsible for the calculation
and analysis, visualization, and preparation of the original draft. The co-authors also
partially contributed to the methodology, investigation, analysis, validation, review,
and editing of the final version of the publication.

The article covers the first and second objectives of the research work related to
the development of a controlled temperature vibroelectrochemical reactor and the
fabrication of nanoporous AAO membranes. Furthermore, the influence of vibrations
on the porosity, hardness, and chemical composition of the AAO membrane was
investigated. The aim of this study was to determine the influence of vibrations when
using a frequency lower than 10 kHz on the parameters of the AAO membrane.

The scientific article describes the development of an electrochemical reactor
with a vibrating element for the fabrication of nanoporous AAO membranes during
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the two-step anodization process. The design of the reactor is described in detail by
providing a drawing and photographs of the manufactured electrochemical reactor.
To evaluate the suitability of the reactor, experiments on temperature variation, the
reactor mixing process, and vibration (to monitor the resulting modes) were carried
out. Theoretical vibration simulations of the nanoporous AAO membrane were also
performed by using COMSOL Multiphysics 5.4 (COMSOL®, Burlington, United
States). The theoretical results obtained from vibration modelling were compared with
experimental studies, which were carried out by using the non-contact holographic
measurement system (PRISM) (Hytec, Los Alamos, United States). After conducting
the research, it was determined that the newly designed electrochemical reactor meets
the requirements for the anodization process and is suitable for the fabrication of
nanoporous AAO membranes, as five vibration mode shapes were obtained at
different frequencies: the first mode shape (0, 1) at 3.1 kHz, the second mode shape
(1, 1) at 4.1 kHz, the third mode shape (2, 1) at 6.3 kHz, the fourth mode shape (0, 2)
at 7.1 kHz, and the fifth mode shape (3, 1) at 9.1 kHz. The novel design of an
electrochemical reactor is presented in Fig. 3.

1 - housing of the reactor,

2 - cover of the reactor,

3 - Peltier element,

4 - gasket,

5 - aluminum sheet,

6 - vibrating element (piezoelectric ring),

7 - electrical insulating element (piezoceramic),
8 - nut M3,

9 - place for mixing device,

10 - screw M3x50

(b)

Fig. 3. Electrochemical reactor for fabrication of nanoporous AAO
membranes: (a) drawing of the reactor; (b) construction of the novel design
electrochemical reactor: 1 —housing of the reactor, 2 — cover of the reactor, 3 —
Peltier element, 4 — gasket, 5 — aluminum sheet, 6 — vibrating element (piezoelectric
ring), 7 — electrical insulating element (piezoceramic), 8 — nut M3, 9 — place for
mixing device, 10 — screw M3x50, 11 — temperature sensor, 12 — hole for electrolyte
filling, 13 — cooler

The article also describes the two-step anodization process performed at 5 °C
and 40 V voltage when using 0.3 M oxalic acid (H>C,04) as an electrolyte. To produce
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fewer brittle membranes that would be suitable for use as templates, an identical
anodization process was performed by using vibration. High-frequency vibrations
were applied to an aluminum plate which was fixed in the reactor in such a way that
the anodization process would take place on one side of the plate, and an oxide layer
is formed on the other side. This article presents a comparison of membranes when
anodization was being performed without vibration, and when the first and second
modes of vibration of the aluminum plate were applied. SEM images of fabricated
nanoporous AAO membranes are presented in Fig. 4.

(a) (b) (c)

Fig. 4. Nanoporous AAO membranes after the two-step anodization process: (a)
without frequency excitation; (b) when using 3.1 kHz frequency excitation; (c) when
using 4.1 kHz frequency excitation

Nanoporous AAO membranes with a pore diameter of 55.0 £ 10 nm and a
porosity of 19% were fabricated without vibration. When applying a frequency of 3.1
kHz (the first vibration mode) during the anodization process, nanoporous AAO
membranes with a pore diameter of 82.6 = 10 nm were produced, and a porosity of
43% was achieved. When using a frequency of 4.1 kHz (the second vibration mode),
AAO membranes with a pore diameter of 86.1 = 106.1 nm and a porosity of 46% were
obtained. The chemical composition of the membranes remained unchanged, but the
results showed that the pore diameter increased, which led to a higher porosity.
Hardness measurements of the AAO membrane were also performed by using Vickers
indenters with a diamond tip (Micro Vickers Hardness Testing Machine: HM-200,
Mitutoyo, Japan). The hardness tests showed that hardness decreases from 4.73 GPa
to 1.40 GPa when comparing the nanoporous AAO membrane after the two-step
anodization process without high-frequency excitation and the nanoporous AAO
membrane after the two-step anodization process with 4.1 kHz frequency excitation.
It was established that the hardness value depends on porosity. The hardness of the
membrane surface decreases with an increasing porosity.

Considering the theoretical model of the AAO formation mechanism, it was
concluded that the resonant frequency promotes a better electrolyte mixing process at
the oxide-electrolyte interface, because of which, the electrolyte concentration is
constantly renewed at the oxide/electrolyte interface, and, as a result, more efficient
chemical processes take place. The paper also concluded that nanoporous AAO
membranes are less brittle under high-frequency excitation, but are still strong enough
to be used as templates. The results presented in this article show that high-frequency
excitation (lower than 10 kHz) affects the properties of the AAO membrane.
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Therefore, the following publication focuses on the analysis of the influence of
vibrations using a frequency higher than 10 kHz. The influence of vibrations on the
most important parameters of the AAO membrane, such as the pore diameter, the
interpore distance, the porosity, the membrane thickness, and the surface chemical
composition is determined.

2.3. “Vibration-Assisted Synthesis of Nanoporous Anodic Aluminum Oxide
(AAO) Membranes” (scientific publication No. [A3])

This subsection is based on the scientific article Vibration-Assisted Synthesis of
Nanoporous  Anodic ~ Aluminum  Oxide (AAO) Membranes published in
Micromachines, MDPI, 2022, 13(12), 2236 [IF: 3.400; Q2]. This publication is the
result of the collaboration of the following authors: U. Cigane, A. Palevicius and G.
Janusas. U. Cigane’s contribution to this publication was the conceptualization of the
research idea, methodology, and experimental investigation. Also, the author of this
thesis was responsible for calculation and analysis, visualization, and the preparation
of the original draft. The co-authors also partially contributed to the methodology,
investigation, analysis, validation, review, and editing.

The paper covers the second objective of the work related to the fabrication of
nanoporous AAO membranes and the influence of vibrations on the porosity,
thickness, and chemical composition of the membrane. The aim of this study was to
determine the influence of vibrations when using a frequency higher than 10 kHz on
the parameters of the AAO membrane.

The scientific article describes the two-step anodization process carried out by
vibrating an aluminum plate at a frequency of 20 kHz and 40 kHz, when the
parameters of the anodization process were: 5 °C temperature, 40 V voltage, 0.3 M
concentration of oxalic acid (electrolyte). An illustration of the two-step anodization
process is presented in Fig. 5.
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When frequencies of 20 kHz and 40 kHz were applied, it was found that the
pore diameter, the interpore distance, and the porosity of AAO membranes do not
change. Furthermore, energy-dispersive X-ray analysis concluded that high-
frequency excitation does not affect the chemical composition of the AAO membrane.
During the anodization process, without applying vibrations, the thickness of the
nanoporous AAO membrane was 45 um. Changes in the membrane thickness were
observed at frequencies of 20 kHz and 40 kHz. A 53 um AAO membrane thickness
was obtained at a frequency of 20 kHz, whereas a membrane thickness of 59 pm was
obtained at a frequency of 40 kHz. Images of the thickness of the AAO membrane are
presented in Fig. 6.

53 um
—— —
(@) (b) (c)

Fig. 6. Images of the thickness of AAO membrane when the membranes were
fabricated under different anodization conditions: (a) no frequency excitation; (b)
excitation at 20 kHz; (c) excitation at 40 kHz

The obtained experimental results coincided with the theoretical outcomes. At
a frequency of 40 kHz, mixing of the liquid flow in the pores is ensured, thus also
ensuring a more uniform temperature and pH value of the electrolyte along the entire
length of the pore. For this reason, the reaction rate is higher. Therefore, a higher
thickness of the AAO membrane was experimentally obtained when the reaction was
performed at equal time intervals. Additional experimental results of the current
measurement during the anodization process showed that the reaction rate and the
oxide formation rate directly depend on the electrolyte concentration in the pores. The
results of current measurement are presented in Fig. 7.
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Fig. 7. Current-time curves recorded during the second step of anodization
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When using 20 kHz frequency excitation, the experimentally recorded
increasing current showed that the anodization reactions were enhanced. This can be
explained by the faster ion migration. At a frequency of 40 kHz, the current was higher
during the first hour of anodization compared to the frequency of 20 kHz. This was
influenced by the increased frequency and the increased amplitude of the oscillations.
As the current started to decrease during the anodization process, its value approached
the standard current curve (when no excitations were being used), but the current
remained slightly higher throughout the process. Although the electrolyte renewal was
not as intense as at the beginning of the anodization process, because of the high-
frequency excitation, the electrolyte concentration was renewed throughout the
process. When the electrolyte is renewed inside the pores, higher oxide growth rates
and a deeper structure could be achieved. On the other hand, when high-frequency
vibrations are used to obtain a structure of a certain depth, the reaction can be
performed in a shorter time.

The results presented in this article show that high-frequency excitation affects
the properties of the AAO membrane. Therefore, depending on the need, the
characteristics of the AAO membrane can be controlled. Since the AAO membrane
is not biocompatible, this membrane is further used as a template to produce
biocompatible membranes. Therefore, the following article presents an improved
fabrication technology of a biocompatible membrane by using the fabricated AAO
membrane as a template.

2.4. “A Free-Standing Chitosan Membrane Prepared by the Vibration-Assisted
Solvent Casting Method” (scientific publication No. [A4])

This subsection is based on an overview of the scientific article A Free-Standing
Chitosan Membrane Prepared by the Vibration-Assisted Solvent Casting Method
published in Micromachines, MDPI, 2023, 14(7), 1419 [IF: 3.400; Q2]. This
publication is the result of the collaboration of the following authors: U. Cigane, A.
Palevicius and G. Janusas. U. Cigane’s contribution to this publication was the
conceptualization of the research idea, methodology, experimental investigation,
calculation and analysis, visualization, and the preparation of the original draft. The
co-authors also partially contributed to the methodology, investigation, and analysis.
Also, the co-authors were responsible for the validation, revision, and editing.

The article includes the third and fourth objectives related to chitosan
membranes. The aim of this study was to fabricate the chitosan membrane with
nanopillars as a template using a nanoporous AAO membrane. For this purpose, the
improved solvent casting method using high-frequency vibrations was used. Also, the
flow rates of solutions of different concentrations of chitosan into the AAO nanopores
were determined. In addition, the effect on the height of the formed nanopillars was
analyzed when vibrations were used during production. Finally, a patch prototype was
developed which would mimic an artificial skin barrier with a larger surface area.

The paper describes a new technology for the solvent casting method using high-
frequency vibrations and presents the developed vibration device to produce
membranes by the solvent casting method. Nanopillared chitosan membranes were
fabricated by using the nanoporous AAO membrane as a template. To improve the
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solvent flow into the nanopores, 40 kHz high-frequency excitation was applied for 5
seconds during the solvent casting method. Chitosan membranes with a nanopillar
surface were successfully prepared by using 1%, 2% and 3% chitosan solutions in 1%
acetic acid. SEM images confirmed the formation of nanopores in the AAO membrane
and nanopillars in the chitosan membrane. Three types of chitosan membranes were
experimentally obtained, where the height of the nanopillars was 1007 nm, 665 nm
and 377 nm when using 1%, 2%, and 3% chitosan solutions, respectively. SEM
images of chitosan membranes are presented in Fig. 8.

3 wt% chitosan solution

2 wt% chitosan solution

1 wt% chitosan solution

(a) (b)

Fig. 8. SEM images of: (a) chitosan membrane; (b) nanopillar of chitosan membrane
(cross-section)

The authors also theoretically evaluated the flow speed of chitosan solutions of
different concentrations into the nanopores and the influence on the height of the
formed nanopillars. With 1% chitosan solution, the theoretical flow speed of the
solution into the pores was 250 nm/s, and the theoretical height of the formed
nanopillars was 1000 nm. With 2% chitosan solution, the flow rate of the solution into
the pores was 169 nm/s, and the height of the nanopillars was 675 nm. With a solution
of 3% chitosan, the flow speed of the solution into the pores was 94 nm/s, and the
height of the formed nanopillars was 375 nm. The article also presents experimental
velocities of 201 nm/s, 133 nm/s, and 75 nm/s of 1%, 2% and 3% concentrations of
the chitosan solution flow into pores, respectively.

Based on the surface area formula, the surface areas of chitosan membranes for
the development of a prototype patch which would simulate the artificial skin barrier
were calculated from the experimentally obtained heights of the nanopillars. The
surface areas of chitosan membranes mimicking the artificial skin barrier with a size

28



of 10x10 mm were obtained as 15.05 cm?, 10.28 cm?, and 6.26 cm? with nanopillar
heights of 1007 + 10 nm, 665 + 10 nm, and 377 + 10 nm, respectively. Compared to
the flat membrane surface, the surface area with nanopillars increased by 15, 10, and
6 times, respectively. A free-standing chitosan membrane is presented in Fig. 9.
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Fig. 9. Free-standing chitosan membrane

This article has experimentally determined how the liquid flow velocities into
the nanopores allow the formation of nanopillars of the desired height, which would
provide an opportunity to precisely control the surface area of the chitosan membrane.
Due to the easily controlled surface area, the research described in this paper
contributes to the development and improvement of artificial skin barriers for

commercial use.
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3. CONCLUSIONS

1. A new design of the temperature-controlled vibroelectrochemical reactor for the
fabrication of nanoporous AAO membranes has been introduced. Inside the reactor,
a vibrating element in the form of a piezoceramic ring was installed, which created
the high-frequency excitation of an aluminum plate. Five vibration mode shapes
were obtained at different frequencies: the first mode shape (0, 1) at 3.1 kHz, the
second mode shape (1, 1) at 4.1 kHz, the third mode shape (2, 1) at 6.3 kHz, the
fourth mode shape (0, 2) at 7.1 kHz, and the fifth mode shape (3, 1) at 9.1 kHz. It
was found that the novel design of the electrochemical reactor meets the
requirements of the anodization process and is suitable for the fabrication of
nanoporous AAO membranes.

2. A novel anodization technology which used high-frequency excitation in the two-
step anodization process resulted in AAO membranes with 82.6 £ 10 nm pore
diameters and 43% porosity by using frequency excitation at 3.1 kHz and AAO
membranes with 86.1 + 10 nm pore diameters and 46% porosity while using
frequency excitation at 4.1 kHz. The thickness and chemical composition of the
membranes remained unchanged, but the pore diameter increased, which resulted in
a higher porosity and a lower hardness. The nanoporous AAO membranes became
less brittle, but were nevertheless tough enough to be used for template synthesis.
At 20 kHz and 40 kHz, it was found that the pore diameter, the interpore distance,
the porosity, and the surface chemical composition of the AAO membranes did not
change when vibrations were being used during anodization. In the case where no
vibrations were being applied during the anodization process, the thickness of the
nanoporous AAO membrane was 45 pm. Changes in the membrane thickness were
observed at 20 kHz and 40 kHz. AAO membrane thicknesses of 53 um and 59 pm
were obtained at 20 kHz and 40 kHz, respectively. It was found that the use of high
frequencies up to 10 kHz ensures a better electrolyte mixing process at the
electrolyte-oxide interface. When a frequency higher than 10 kHz is applied during
anodization, specific electrolyte flows are created inside the pore of the AAO
membrane, which leads to a better mixing process along the entire length of the pore.

3. Free-standing nanopillared chitosan membranes have been fabricated by using the
improved solvent casting method, where 40 kHz frequency excitation (applied for 5
seconds) was used to improve the fluid flow into the nanopores. Nanopillared
chitosan membranes were successfully fabricated by using chitosan solutions of 1
wt%, 2 wt% and 3 wt% concentrations in acetic acid. Thus, three types of
biocompatible chitosan membranes with nanopillar heights of 1007 nm, 665 nm, and
377 nm were obtained. By using the 40 kHz frequency, the experimental flow
velocities of the chitosan solution into the pores were 201 nm/s, 133 nm/s and 75
nm/s, which were determined at concentrations of 1 wt%, 2 wt% and 3 wt% of the
chitosan solution, respectively.

4. To develop a patch prototype which would simulates artificial skin barriers, surface
area calculations were performed for a free-standing chitosan membrane with a size
of 10x10 mm. The surface areas were 15.05 cm?, 10.28 cm?, and 6.26 cm? with
nanopillar heights of 1007 nm, 665 nm, and 377 nm, respectively.
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4. SANTRAUKA
IVADAS

Ivairios nanostruktiirizuotos membranos sulaukia didelio mokslininky démesio
dél savo universalumo, stabilumo ir galimybés kontroliuoti struktiiros parametrus,
nulemianc¢ius unikaliy struktiry kiirimg. Skirtingos membranos yra placiai
naudojamos jvairiose srityse, tokiose kaip vandens valymas, saulés elementai, slégio,
temperatiros ir biojutikliai, lankstls optoelektroniniai prietaisai ir medicina.
Pastaruoju metu didelis proverzis pastebimas ir bioinzinerijos srityse, kur
nanostruktiirizuotos membranos praktiSkai pritaikomos kauly ir odos audiniy
inzinerijose bei vaisty tiekimo sistemose.

Atsizvelgiant | mechaning inZinerijg, vis dar triksta ziniy apie
nanostruktiirizuoty membrany mechaninj stipruma ir biologinj suderinamuma.
Kadangi rySys tarp nanostruktiirizuoty membrany mechaninio stiprumo ir biologinio
suderinamumo priklauso nuo medziagos ir gamybos biido, aktualu parinkti tinkama
technologija Sioms membranoms gaminti ir jas pritaikyti komerciskai. Kuriant
sintetines membranas, svarbu uztikrinti tvarkinga vidine struktiira, nes tai nulemia
unikalias kiekvienos membranos savybes. Tam tikslui yra naudojami jvairtis gamybos
metodai, tokie kaip litografija, 3D spausdinimas, cheminis nusodinimas garais,
elektrinis verpimas ir pan. Taciau Siems gamybos biidams yra reikalinga sudétinga ir
brangi jranga, o patys procesai sudétingai kontroliuojami ir daznai nenuspé&jami.
Todél kita gerai zinoma ir daznai taikoma alternatyva — dviejy etapy aliuminio
anodavimo procesas, kai elektrocheminiu biidu formuojami metalo oksido sluoksniai.
Poréta AAO membrana yra gerai zinoma dél savo sglyginai nedidelés gamybos
kainos, didelio pavirSiaus ploto, tvarkingai i$sidés¢iusiy nanostruktiiry ir galimybés
keisti nanopory matmenis kontroliuojant anodavimo proceso parametrus, tokius kaip
itampa, srove, elektrolito koncentracija, pH, elektrolito tipas, temperattira. Taciau vis
geometrijos parametrus, nes Sie priklauso ne tik nuo gamybos technologijos, bet ir
nuo parinkty gamybos salygy. Kadangi daugumai inZineriniy medziagy stiprumas ir
kietumas yra esminiai reikalavimai, nanoporé¢tas AAO priskiriamas keramikai ir
pasizymi kietumu ir stiprumu. Dél Siy priezasciy, norint pritaikyti nanoporéta AAO
Sablony gamybai, susiduriama su dar vienu i$Stkiu — membranos trapumu. Todél,
modeliuojant gamybos parametry jtaka membranos pory geometrijai, svarbu ne tik
kontroliuoti membranos pory dydzius, bet ir pagaminti kuo lankstesng nanoporétg
membrang i$ trapaus aliuminio oksido. Siekiant pagaminti maziau trapy oksida, reikia
analizuoti skirtingus teorinius modelius, kurie paaiskina AAO susidarymg ir suteikia
1zvalgy apie oksido struktiiros formavimosi priklausomybe nuo skirtingy parametry.

Vis labiau akcentuojant ekologiskuma, nanomedZziagy $ablonai sulaukia daug
démesio ir yra laikomi vienu perspektyviausiy metody, tode¢l technologiskai AAO
membrana toliau naudojama kaip Sablonas. Taciau susiduriama su dar vienu aktualiu
membranos geometrija i medziaga, kuri pasizyméty biosuderinamumu. Tam tikslui
pasirenkama placiai mokslininky tiriama medziaga — chitozanas, kuris perspektyvus
kuriant biologiskai suderintus, baktericidiniu poveikiu pasizymin¢ius odos barjerus.
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Be to, Siuo metu chitozano membranos jau yra naudojamos komerciniams Zaizdy
tvarsCiams ir pleistrams. Norint pagerinti chitozano membrany savybes, gali biiti
modifikuojamas pavirSius arba kuriami jvairis kompozitai. Norint chitozano
membranas naudoti odos tvarsCiams ir pleistrams kurti, svarbu uZztikrinti kuo didesnj
membranos pavirSiaus plotg. Tam tikslui vietoje jprastiniy lygiy pavirsiy pranasesni
tampa pavirSiai su nanostulpeliais, kurie gali padidinti pavirSiaus plotg kelis ar net
kelias desimtis karty. Kadangi chitozano membranos su nanostulpeliais yra
perspektyvios kuriant odos apsaugos barjerus, aktualu sukurti ir gamybos
technologija, kuri apimty nanostulpeliy geometrijos valdyma.

Tyrimai, susij¢ su nanostruktirizuotomis membranomis, sulaukia didelio
mokslininky ir verslo atstovy démesio, tod¢l svarbu plétoti technologijas ir gilinti
zinias apie gamybos metu vykstancius cheminius ir fizikinius procesus, kad biity
pristatoma nauja nanoporéty AAO membrany gamybos technologija, naudojanti
virpesius, apimanti gamybos procesus, jy parametrus ir pagaminty membrany savybiy
apraSyma. Taip pat disertacijoje pristatoma AAO membranos geometrijos atkartojimo
biosuderinamoje chitozano membranoje technologija, kai membranos pavirsiuje
suformuojami nanostulpeliai. Be to, pristatomi tiriami jvairiy parametry rysiai ir
saveika, pateikiant eksperimentiniy rezultaty rinkinius.

Darbo tikslas

Daktaro disertacijos tikslas — sukurti ir iStirti bioinzinerijoje taikomy
nanostrukttiriniy membrany gamybos technologija.

Darbo uzdaviniai

Daktaro disertacijos tikslui pasiekti iskelti Sie uzdaviniai:

1. Sukurti kontroliuojamos temperatiiros vibroelektrocheminj reaktoriy, skirtg
nanoporety AAO membrany gamybai, kai dviejy etapy elektrocheminio anodavimo
metu naudojami virpesiai.

2. Pagaminti nanoporétas AAO membranas naudojant auksto daznio virpesius
dviejy etapy elektrocheminio anodavimo metu ir jvertinti virpesiy jtaka membranos
porétumui, storiui, kietumui ir cheminei sudéciai.

3. Pagaminti chitozano membrang su nanostulpeliais kaip $ablong naudojant
nanoporéta AAO membrang ir nustatyti skirtingos chitozano koncentracijos tirpaly
tekéjimo greicius | nanoporas ir jtakg susiformavusiy nanostulpeliy auksciui, kai
tirpalo liejimo (ang. solvent casting) metodo gamybos metu naudojami virpesiai.

4. Sukurti dirbtinj odos barjerg imituojant] pleistro prototipg, pasizymintj
biologisku suderinamumu ir didesniu pavirsiaus plotu.

Tyrimo metodai

Nanoporéty AAO membrany gamybai, kai dviejy etapy elektrocheminio
anodavimo oksalo rlgStyje metu naudojami virpesiai, naudotas sukurtas
kontroliuojamos  temperatiiros  vibroelektrocheminis  reaktoriaus  stendas.
Eksperimentiniais tyrimais jvertinta temperatiiros, maiSymo proceso ir virpesiy jtaka
ir reaktoriaus tinkamumas AAO membrany gamybai. Pagaminty AAO membrany
pavirsiaus cheminei sudéciai ir pory geometrijai nustatyti naudotas skenuojamasis
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elektroninis mikroskopas ,,Hitachi S-3400N* (Hitachi Ltd., Tokijas, Japonija) su
integruota ,,Bruker* sistema. Gauti vaizdai analizuoti naudojant ,,ImageJ* programing
jranga. AAO membrany pavirSiaus mikrokietumo matavimams naudotas Vikerso
metodas su deimantiniu antgaliu (Micro Vickers Hardness Testing Machine: HM-200,
Japonija). Teorinéms AAO membrany virpesiy modoms nustatyti naudota ,,Ansys
17.0% (Ansys®, Pensilvanija, Jungtinés Valstijos) ir ,,COMSOL Multiphysics 5.4
(COMSOL®, Berlingtonas, Jungtinés Valstijos) programinés jrangos, o
eksperimentinéms membrany virpesiy modoms stebéti naudota holografiné
interferometriné ,,PRISM* sistema (Hytec, Los Alamosas, Jungtinés Valstijos).

Chitozano membranos gamintos tirpalo liejimo ant AAO Sablono metodu,
naudojant skirtingos koncentracijos chitozano tirpalus. Gamybai naudotas sukurtas
vibrostendas. Pagaminty chitozano membrany pavirSiaus geometrijai nustatyti
naudotas skenuojamasis elektroninis mikroskopas ,,Hitachi S-3400N* (Hitachi Ltd.,
Tokijas, Japonija) ir vaizdy analizavimo ,,Image]* programiné jranga. Teoriniams
skirtingos koncentracijos chitozano tirpaly tekéjimo j poras greiCiams jvertinti
naudota ,,COMSOL Multiphysics 5.4 (COMSOL®, Berlingtonas, Jungtines
Valstijos) programiné jranga.

Tyrimai atlikti Mechanikos inzinerijos ir dizaino fakultete (Kauno technologijos
universitetas, Kaunas, Lietuva), Lietuvos energetikos institute (Kaunas, Lietuva) ir
UAB ,,Hella Lithuania“ Kokybés laboratorijoje (Karmélava, Lictuva).

Mokslinis darbo naujumas

1. Ivertinta dviejy etapy elektrocheminio anodavimo proceso gamybos metu
taikyty virpesiy jtaka AAO membranos porétumui, storiui, kietumui ir cheminei
sudéciai.

2. Nustatyti skirtingos chitozano koncentracijos tirpaly tekéjimo greiciai |
nanoporas bei koncentracijos jtaka susiformavusiy nanostulpeliy auks¢iui, kai tirpalo
liejimo metodo gamybos metu naudoti virpesiai.

Ginamieji teiginiai

1. Naudojant auk$to daznio virpesius galima kontroliuoti nanoporétos AAO
membranos porétuma, storj ir kietuma, nekeic¢iant membranos pavirSiaus chemines
sudeties.

2. Elektrocheminio anodavimo proceso metu naudojant virpesius uztikrinamas
elektrolito maiSymo procesas iSilgai nanoporos, kas lemia skyscio srauto atnaujinimg
poros viduje. Taip uztikrinamas efektyvus ir greitas elektrolito srauto maiSymasis
nanoporoje.

3. Gaminant chitozano membranas su nanostulpeliais, naudojami auksto daznio
virpesiai didesniam membranos pavirSiaus plotui uztikrinti ir nanostulpeliy auksciui
kontroliuoti.

Praktiné verté

1. Sukurtas kontroliuojamos temperatiiros vibroelektrocheminis reaktorius,
skirtas nanoporéty AAO membrany gamybai. Taip pat pagamintas reaktorius gali biiti
naudojamas ir kitiems procesams, kur reikalingas temperatiiros, jtampos ir skys¢io
maiSymo proceso valdymas.
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2. Sukurta ir apraSyta nanoporéty AAO membrany technologija, leidzianti
uztikrinti reikalingg nanopory geometrijg kontroliuojant temperatiiros, jtampos ar
virpesiy daznio vertes.

3. Sukurti teoriniai membranos virpesiy mody, elektrolito tekéjimo j nanoporas
taikant virpesius ir skirtingos koncentracijos chitozano tirpalo tekéjimo j nanoporas
naudojant virpesius modeliai, kurie suteikia vertingos informacijos ir Ziniy
tolimesniems technologiniams procesams plétoti.

4. Sukurtas dirbtinj odos barjera imituojancio pleistro prototipas, pasiZymintis
biologiniu suderinamumu ir didesniu pavirSiaus plotu.

Tyrimo aprobavimas

Disertacijos rezultatai paskelbti 4 moksliniuose straipsniuose, kurie publikuoti
tarptautiniuose zurnaluose, jraSytuose i ,,ISI Web of Science™ duomeny baze ir turi
citavimo indeksg. Visi keturi straipsniai paskelbti ,,2 kvartilio* Zurnaluose.

Disertacijos autorés ir bendraautoriy keturios publikacijos patvirtintos
Mechanikos inzinerijos mokslo krypties Kauno technologijos universiteto ir Vytauto
DidZiojo universiteto ZUA bendros doktorantiiros komiteto kaip tinkamos rayti
disertacija moksliniy straipsniy rinkinio pagrindu (kaip tai nurodyta Kauno
technologijos universiteto Senato 2020 m. lapkri¢io 30 d. nutarimo Nr. V3-S-37 KTU
mokslo doktorantiiros reglamento 61 psl.). Komiteto posédziy protokoly Nr. ST16-
T009-12 ir ST16-T009-14 kopijos pateiktos atitinkamai 1 ir 2 prieduose.

Rezultatai taip pat pristatyti 8 tarptautinése konferencijose, 2 tarptautiniuose
moksliniuose seminaruose ir 1 parodoje.

Disertacijos struktiira ir apimtis

Disertacija sudaro abstraktas, jvadas, literatiiros apzvalga, pagrindiniai keturi
skyreliai (keturiy publikacijy apzvalgos), bendrosios baigiamojo darbo iSvados,
santrauka lietuviy kalba, literatiros sarasas, publikacijy kopijos, gyvenimo
aprasymas, padéka ir priedai. I§ viso 120 puslapiai, 9 paveikslai, 4 lentelés, 97
literatiiros Saltiniai ir 4 moksliniy publikacijy kopijos.

MOKSLINIU STRAIPSNIUAPZVALGA

Moksliniame  straipsnyje ,,Review of nanomembranes: materials,
fabrications and applications in tissue engineering (bone and skin) and drug
delivery systems* (publikacija nr. [Al]), kuris paskelbtas 2021 m. Springer
leidyklos zurnale Journal of Materials Science, 56(24), 3479-13498 [IF: 4,682; Q2],
pateikiama sintetiniy nanostruktiirizuoty membrany, taikomy bioinzinerijos jvairiose
srityse, biologinio nesuderinamumo ir nepakankamo mechaninio tvirtumo problema.
Mechaninéje inZinerijoje membrany mechaninéms savybéms jtakg gali turéti
membranos medziaga, gamybos blidas ir poringumas (tuo atveju, jeigu membrana yra
poréta). Todél Siame straipsnyje pateikiama sintetiniy nanostruktiirizuoty membrany
medziagy klasifikacija i§samiai aprasant kiekvieng medZziagy grupe¢ su pavyzdziais.
Taip pat straipsnyje iSsamiai apraSytos jvairios skirtingy nanostruktiirizuoty
membrany gamybos technologijos, pateikiant kiekvienos technologijos esminius
principus, privalumus ir trokumus. Taip pat darbe pristatomas sintetiniy
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nanostruktiirizuoty membrany taikymas odos ir kauly audiniy inzinerijos srityse bei
vaisty tiekimo sistemose, nurodant konkre¢ias membranas ir jy taikyma. Straipsnis
paraSytas remiantis 143 moksliniais darbais, kuriy daugiau nei 60 % publikuoti per
pastaruosius penkerius metus. I§samiai atlikus literatiros analize ir atsizvelgus ]
vyraujancius biosuderinamumo ir nepakankamo mechaninio tvirtumo isSukius,
identifikuotos medziagos ir gamybos technologijos, kurias nuspresta tobulinti ir
sukurti membrang, kuri pasizyméty biologiniu suderinamumu ir biity pakankamai
tvirta, kad galéty biiti taikoma bioinzinerijoje. Tam tikslui pasirinkta anodacijos
technologija ir porétos AAO membranos gamyba. Si technologija pasirinkta dél
galimybés nesudétingai gaminti AAO membranas naudojant nebrangig jrangg ir
kontroliuoti membrany nanopory skersmenj, gaunant tvarkingai iSsidésciusig
nanoporétg struktiirg. Taip pat atlikus analiz¢ identifikuotos biologiskai suderinamos
medziagos ir viena jy pasirinkta membranos gamybai. Tai chitozanas — natiirali
biomedziaga, kuri turi didelj pranasuma, palyginti su kitomis medziagomis, dél mazo
toksiSkumo ir mazo létinio uzdegiminio atsako siekiant taikyti odos audiniy
inzinerijos  srityje. Siame  straipsnyje pateiktoje  apZvalgoje  nustatytas
nanostruktiirizuoty membrany gamybos tobulinimo poreikis, kad buty gautos
pakankamai tvirtos biologiSkai suderinamos nanostruktiirizuotos membranos
bioinzinerijos reikméms. Todél kitame straipsnyje pristatomas sukurtas
vibroelektrocheminis reaktorius ir patobulinta nanoporéty AAO membrany gamybos
technologija, kur AAO membrana toliau naudojama kaip Sablonas gaminant
pakankamai tvirtg biologiskai suderinama membrang.

Straipsnis ,,Development and Analysis of Electrochemical Reactor with
Vibrating Functional Element for AAO Nanoporous Membranes Fabrication*
(publikacija nr. [A2]), kuris paskelbtas 2022 m. MDPI leidyklos zurnale Sensors,
22(22), 8856 [IF: 3,900; Q2], apima pirmajj ir antrajj darbo uzdavinius, susijusius su
kontroliuojamos temperattiros vibroelektrocheminio reaktoriaus kirimu ir nanoporéty
AAO membrany gamyba. Taip pat analizuojama virpesiy jtaka AAO membranos
porétumui, kietumui ir cheminei sudééiai. Sio tyrimo tikslas — nustatyti Zemesnio nei
10 kHz daznio virpesiy jtaka AAO membranos parametrams. Moksliniame
straipsnyje aprasomas sukurtas elektrocheminis reaktorius su vibruojanciu elementu,
skirtas nanoporéty AAO membrany gamybai dviejy etapy anodavimo proceso metu.
ISsamiai apraSyta reaktoriaus konstrukcija pateikiant brézinj ir pagaminto
elektrocheminio reaktoriaus nuotraukas. Reaktoriaus tinkamumui jvertinti atlikti
temperattiros kitimo, reaktoriaus maiSymo proceso tyrimai ir virpesiy tyrimai, skirti
susidaran¢ioms modoms stebéti. Taip pat atlikti aliuminio oksido nanoporétos
membranos teoriniai virpesiy modeliavimai, naudojant ,,COMSOL Multiphysics 5.4
(COMSOL®, Berlingtonas, Jungtinés Valstijos) programing jrangg. Gauti teoriniai
virpesiy modeliavimo rezultatai palyginti su eksperimentiniais tyrimais, kurie atlikti
naudojant bekontakte holografing matavimo sistema ,,PRISM* (Hytec, Los Alamosas,
Jungtinés Valstijos). Atlikus tyrimus nustatyta, kad naujo dizaino elektrocheminis
reaktorius atitinka keliamus anodavimo procesui reikalavimus ir yra tinkamas
nanoporétoms AAO membranoms gaminti. Taip pat straipsnyje aprasomas atliktas
dviejy etapy anodavimo procesas 5 °C temperatiiroje, esant 40 V jtampai, kaip
elektrolita naudojant 0,3 M koncentracijos oksalo riigstj (H.C>04). Siekiant pagaminti

35



maziau trapias membranas, kurios biity tinkamos naudoti Sablonams, identiska
anodacija atlikta naudojant virpesius. AukSto daznio virpesiai taikyti aliuminio
plokstelei, kuri jtvirtinta reaktoriuje taip, kad vienoje plokstelés puséje vyksta
anodacijos procesas ir formuojasi oksido sluoksnis, o kitoje puséje pritvirtintas
vibruojantis elementas. Straipsnyje pateikiamas membrany palyginimas, kai
anodacija atlikta netaikant virpesiy ir taikant pirmajg bei antraja aliuminio plokstelés
virpesiy modas. Netaikant virpesiy pagamintos nanoporétos AAO membranos, kuriy
pory skersmuo 55,0 + 10 nm, o poringumas 19 %. Taikant 3,1 kHz daznj (pirmoji
virpesiy moda) anodacijos metu, pagamintos nanoporétos AAO membranos, kuriy
pory skersmuo 82,6 £ 10 nm, o poringumas 43 %. Naudojant 4,1 kHz daznj (antroji
virpesiy moda), gautos AAO membranos, kuriy pory skersmuo 86,1 £ 106,1 nm, o
poringumas 46 %. Membrany cheminé sudétis iSliko nepakitusi, taciau rezultatai
parodé, kad pory skersmuo did¢ja, o tai lemia didesnj poringuma. Taip pat atlikti AAO
membranos kietumo matavimai naudojant Vikerso idubas su deimantiniu antgaliu
(Micro Vickers Hardness Testing Machine: HM-200, Mitutoyo, Japonija). Kietumo
testai parod¢, kad kietumas sumazéja nuo 4,73 GPa iki 1,40 GPa, lyginant nanoporéta
AAO membrang po dviejy etapy anodavimo proceso be auksto daznio virpesiy ir
nanoporéta AAO membrang po dviejy etapy anodavimo proceso su 4,1 kHz daznio
virpinimu. Nustatyta, kad kietumo verté priklauso nuo poringumo. Membranos
pavirsiaus kietumas mazéja didéjant poringumui. Atsizvelgiant j teorinj aliuminio
oksido formavimosi mechanizmo modelj, pateikiama i§vada, kad rezonansinis daznis
skatina geresnj elektrolito maiSymosi procesa oksido ir elektrolito sasajoje, todél
oksido ir elektrolito sgsajoje elektrolito koncentracija nuolat atnaujinama ir dél to
efektyviau vyksta cheminiai procesai. Straipsnyje taip pat pateikta iSvada, kad
nanoporétos AAO membranos naudojant auksto daznio virpesius yra maziau trapios,
bet pakankamai tvirtos, kad biity toliau naudojamos kaip $ablonai. Siame straipsnyje
pateikti rezultatai patvirtina, kad auksto daznio virpesiai (iki 10 kHz) turi jtakos AAO
membranos savybéms. Todél kitame straipsnyje pagrindinis démesys skiriamas
auksto daznio virpesiy (virS§ 10 kHz) jtakos svarbiausiems AAO membranos
parametrams, tokiems kaip pory skersmuo, atstumas tarp pory, poringumas,
membranos storis ir pavirSiaus cheminé sudétis, analizei ir tyrimui.

Straipsnis ,,Vibration-Assisted Synthesis of Nanoporous Anodic Aluminum
Oxide (AAO) Membranes* (publikacija nr. [A3]), kuris paskelbtas 2022 m. MDPI
leidyklos zurnale Micromachines, 13(12), 2236 [IF: 3,400; Q2], apima antrgjj darbo
uzdavinj, susijusj su nanoporéty AAO membrany gamyba ir virpesiy jtaka membranos
porétumui, storiui ir cheminei sudéGiai. Sio tyrimo tikslas — nustatyti virpesiy,
naudojant auksStesnj nei 10 kHz daznj, jtaka AAO membranos parametrams.
Moksliniame straipsnyje aprasomas atliktas dviejy etapy anodavimo procesas
aliuminio plokstelg virpinant 20 kHz ir 40 kHz dazniu, kai anodavimo proceso
parametrai: 5 °C temperatura, 40 V jtampa, 0,3 M koncentracijos oksalo rtgstis
(elektrolitas). Taikant 20 kHz ir 40 kHz daznius, nustatyta, kad AAO membrany pory
skersmuo, atstumas tarp pory ir poringumas nesikeicia. Be to, atlikus energijos
sklaidos rentgeno analiz¢ padaryta iSvada, kad auksto daznio virpesiai neturi jtakos
AAO membranos cheminei sudéciai. Anodacijos proceso metu netaikant virpesiy,
nanoporétos AAO membranos storis gautas 45 pm. Membranos storio pokyciai
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pastebéti taikant 20 kHz ir 40 kHz daznius. Esant 20 kHz dazniui gautas 53 um AAO
membranos storis, o esant 40 kHz dazniui gautas 59 um membranos storis. Gauti
eksperimentiniai rezultatai sutapo su teoriniais. Esant 40 kHz dazniui, dél geresnio
skysc¢io srauto porose mai§ymosi uztikrinama vienodesné elektrolito temperatiira ir
pH verté per visg poros ilgj. Reakcijos greitis yra didesnis. Todél AAO membranos
storis eksperimentiskai gautas didesnis, kai reakcija vykdoma vienoda laiko intervalg.
Papildomi eksperimentiniai srovés matavimo anodacijos proceso metu rezultatai
parodé, kad reakcijos greitis ir oksido susidarymo greitis tiesiogiai priklauso nuo
elektrolito  koncentracijos porose. Naudojant 20 kHz daznio virpesius
eksperimentiskai uzfiksuota didéjanti srové parodé, kad anodavimo reakcijos
sustipréjo. Tai galima paaiskinti greitesne jony migracija. Esant 40 kHz dazniui,
pirmgja anodavimo valandg srové buvo didesné, palyginti su 20 kHz dazniu. Tam
jtakos turéjo padidéjes daznis ir padidéjusi virpesiy amplitudé. Anodacijos proceso
metu srovei pradéjus mazéti, jos verté artéjo prie standartinés srovés kreivés (kai
virpesiai nenaudojami), taciau viso proceso metu sroveé isliko Siek tiek didesné. Nors
visg procesa elektrolito atnaujinimas nebuvo toks intensyvus kaip anodavimo
pradzioje, taciau dél auksto daznio virpesiy elektrolito koncentracija visg procesa
atnaujinama. Atnaujinus elektrolita pory viduje, galima pasiekti didesnj oksido
augimo greitj ir gilesne struktiira. Kita vertus, kai naudojami auksto daznio virpesiai,
norint gauti tam tikro gylio struktiira, reakcija gali bati atlikta per trumpesn;j laika.
Siame straipsnyje pateikti rezultatai rodo, kad auksto daZnio virpesiai turi jtakos AAO
membranos savybéms. Priklausomai nuo poreikio, AAO membranos charakteristikos
gali buti kontroliuojamos. Kadangi AAO membranos nepasizymi biologiniu
suderinamumu, §ios membranos toliau naudojamos kaip Sablonai biologiskai
suderinamoms membranoms gaminti. Todé¢l kitame straipsnyje pateikiama
patobulinta biologiskai suderinamos membranos gamybos technologija, naudojant
pagamintg AAO membrang kaip Sablong.

Straipsnis ,,A Free-Standing Chitosan Membrane Prepared by the
Vibration-Assisted Solvent Casting Method“ (publikacija nr. [A4]), kuris
paskelbtas 2023 m. MDPI leidyklos zurnale Micromachines, 14(7), 1419 [IF: 3,400;
Q2], apima treCigjj ir ketvirtaji darbo wuzdavinius, susijusius su chitozano
membranomis. Sio tyrimo tikslas — pagaminti chitozano membranas su nanostulpeliy
struktiira kaip $ablona naudojant poréta AAO membrana. Siam tikslui naudota nauja
technologija, susijusi su naudojamais auksto daznio virpesiais tirpalo liejimo metodo
metu. Tyrimo metu nustatyti skirtingos chitozano koncentracijos tirpaly tekéjimo
greiCiai ] nanoporas. Taip pat buvo analizuojama virpesiy jtaka nanostulpeliy
formavimo auks¢iui. Galiausiai sukurtas dirbtinj odos barjerg imituojancio pleistro
prototipas. Straipsnyje apraSoma nauja tirpalo liejimo metodo technologija, susijusi
su naudojamais auk$to daznio virpesiais. Taip pat pateikiamas sukurtas vibracinis
jrenginys, skirtas membranoms gaminti tirpalo liejimo metodu. Pagamintos chitozano
membranos su nanostulpeliais kaip $ablong naudojant nanoporéta AAO membrana.
Siekiant pagerinti tirpalo srauto tekéjima j nanoporas, 40 kHz auksto daznio virpesiai
taikyti 5 sekundes tirpalo liejimo metodo metu. Chitozano membranos su
nanostulpeliy pavirSiumi sékmingai pagamintos naudojant 1 %, 2 % ir 3 % chitozano
tirpalus 1 % acto rugsties tirpale. SEM vaizdai patvirtino AAO membranos nanopory

37



ir chitozano membranos nanostulpeliy susiformavima. Eksperimentiskai gautos trijy
tipy chitozano membranos, kur nanostulpeliy aukstis 1007 nm, 665 nm ir 377 nm,
atitinkamai naudojant 1 %, 2 % ir 3 % chitozano tirpalus. Taip pat straipsnyje teoriskai
jvertinti skirtingos koncentracijos chitozano tirpaly tekéjimo j nanoporas greiciai ir
jitaka susiformavusiy nanostulpeliy auksciui. Turint 1 % chitozano tirpala, tirpalo
tekéjimo | poras teorinis greitis 250 nm/s, o susiformavusiy nanostulpeliy teorinis
aukstis 1000 nm. Su 2 % chitozano tirpalu tirpalo tekéjimo j poras greitis gautas 169
nm/s, susiformavusiy nanostulpeliy aukstis 675 nm. Turint 3 % chitozano tirpala,
tirpalo tekéjimo | poras greitis sieké 94 nm/s, susiformavusiy nanostulpeliy aukstis
375 nm. Taip pat straipsnyje pristatyti eksperimentiniai chitozano tirpalo tekéjimo i
poras greiciai 201 nm/s, 133 nm/s ir 75 nm/s, atitinkamai esant 1 %, 2 % ir 3 %
chitozano tirpalo koncentracijoms. Remiantis pavirSiaus ploto formule, i8
eksperimentiskai gauty nanostulpeliy auks¢iy buvo apskai¢iuoti chitozano membrany,
skirty dirbtinj odos barjerg imituojan¢iam pleistro prototipui kurti, pavir$iaus plotai.
Dirbtinj odos barjera, kurio dydis 10x10 mm, imituojanc¢ios chitozano membranos
pavirSiaus plotai gauti 15,05 cm?, 10,28 cm? ir 6,26 cm?, kai nanostulpeliy auks¢iai
atitinkamai 1007 = 10 nm, 665 + 10 nm ir 377 £+ 10 nm. Palyginti su lygiu membranos
pavirSiumi, pavirSiaus su nanostulpeliais plotas padidé¢jo 15, 10 ir 6 kartus. Straipsnyje
eksperimentiskai nustatyti skys¢io tekéjimo j nanoporas greiciai leidzia formuoti
norimo auks¢io nanostulpelius, kurie suteikia galimybe tiksliai valdyti chitozano
membranos pavirsiaus plota. Dél lengvai kontroliuojamo pavirSiaus ploto tyrimai,
aprasyti Siame darbe, prisideda prie dirbtiniy odos barjery, skirty komerciniam
naudojimui, kiirimo ir tobulinimo.

ISVADOS

1. Pristatytas naujos konstrukcijos reguliuojamos temperatiiros vibroelektrocheminis
reaktorius, skirtas nanoporéty AAO membrany gamybai. Reaktoriaus viduje
imontuotas pjezokeraminis ziedo pavidalo vibruojantis elementas, skirtas aliuminio
plokstele virpinti aukstu dazniu. Gautos penkios virpesiy modos esant skirtingiems
dazniams: pirmosios modos forma (0, 1) esant 3,1 kHz, antrosios modos forma (1,
1) esant 4,1 kHz, treCiosios modos forma (2, 1) esant 6,3 kHz, ketvirtosios modos
forma (0, 2) esant 7,1 kHz, o penktosios modos forma (3, 1) — 9,1 kHz. Nustatyta,
kad naujos konstrukcijos elektrocheminis reaktorius atitinka anodavimo proceso
reikalavimus ir yra tinkamas nanoporéty AAO membrany gamybai.

2. Taikant naujg anodavimo technologija, naudojanciag auksto daznio virpesius dviejy
etapy anodavimo procese, gautos AAO membranos, kuriy pory skersmuo 82,6 £
10 nm, o poringumas 43 % esant 3,1 kHz ir AAO membranos su 86,1 = 10 nm
skersmeniu ir 46 % poringumu, naudojant 4,1 kHz. Membrany storis ir cheminé
sudétis nepasikeité, taciau padidéjo pory skersmuo, todél padidéjo poringumas, o
kiectumas sumazéjo. Nanoporétos AAO membranos tapo maziau trapios, bet
pakankamai tvirtos, kad bty taikomos kaip Sablonai. Esant 20 kHz ir 40 kHz
dazniui, nustatyta, kad dviejy etapy anodavimo proceso metu naudojant auksto
daznio virpesius, AAO membrany pory skersmuo, atstumas tarp pory, poringumas
ir pavirSiaus cheminé sudétis nepasikeité. Tuo atveju, kai anodavimo proceso metu
nebuvo taikomi virpesiai, nanoporétos AAO membranos storis gautas 45 pm.
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Membranos storio pokyciai buvo matomi esant 20 kHz ir 40 kHz dazniams. AAO
membranos storis 53 um ir 59 um buvo gautas atitinkamai esant 20 kHz ir 40 kHz.
Apibendrinant gautus rezultatus, nustatyta, kad, naudojant auksto daznio virpesius
iki 10 kHz, uztikrinamas geresnis elektrolito mai§ymosi procesas elektrolito ir
oksido sgsajoje. Kai anodacijos metu taikomas aukstesnis nei 10 kHz daznis,
specifiniai elektrolito srautai sukuriami AAO membranos poros viduje, o tai lemia
geresnj maiSymosi procesg per visa poros ilgj.

3. Laisvos chitozano membranos su nanostulpeliais pagamintos naudojant patobulinta
tirpalo liejimo metoda, kaip Sablong naudojant nanoporéta AAO membrana.
Gamybos metu taikyti 40 kHz auksto daznio virpesiai (5 sekundes), kurie naudoti
skys¢iy patekimui | nanoporas pagerinti. Chitozano membranos su nanostulpeliais
s¢kmingai pagamintos naudojant 1 %, 2 % ir 3 % chitozano tirpalus acto rugstyje
ir gautos trijy tipy biologiSkai suderinamos chitozano membranos, kuriy
nanostulpeliy aukstis atitinkamai 1007 nm, 665 nm ir 377 nm. Naudojant auksto
daznio 40 kHz virpesius, eksperimentiniai chitozano tirpalo srauto j poras greiciai
201, 133 ir 75 nm/s nustatyti, kai chitozano tirpaly koncentracijos atitinkamai 1 %,
2 % ir 3 %.

4. Siekiant kurti ir plétoti pleistro prototipa, imituojantj dirbtinius odos barjerus, atlikti
chitozano membranos, kurios dydis 10x10 mm, pavirSiaus ploto skai¢iavimai. Kai
nanostulpeliy aukstis 1007 nm, 665 nm ir 377 nm, chitozano membranos pavirSiaus
plotas atitinkamai yra 15,05 cm?, 10,28 cm? ir 6,26 cm?.
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ABSTRACT

Nanomembrane is an independent structure with a thickness of 1-100 nm and
with much large lateral dimensions. Due to the unique properties of
nanomembranes, research on the category of structures is valuable. Further-
more, nanomembranes have received a lot of attention from scientists because
those types of structures can be used in various bioengineering branches.
However, biocompatibility and toxicity of nanomembranes are not fully
understood yet. In terms of mechanical engineering, nanomembranes must have
mechanical strength, surface treatment to ensure the required structure.
Mechanical properties can be affected through the material, fabrication method,
porosity. For the application of nanomembranes in bioengineering, it is
important to develop research to improve the biocompatibility and mechanical
strength of nanomembranes. In this paper, according to the recent achieve-
ments, classification of materials, fabrication methods, and porosity are
reviewed and summarized. Applications of nanomaterials in tissue engineering
(bone and skin) as well as in drug delivery systems are also presented. The aim
of the paper is to highlight the role of synthetic nanomembranes in the context of
nanotechnologies and provide applications of functionalized nanomembranes
in bioengineering. Before continuing noble and costly research, it is necessary to
know the key principles and references for understanding progress of
nanomembranes over the past decade.
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Introduction

Nowadays, nanomembranes are an interesting and
growing field of nanoscience that is important eco-
nomically and ecologically [1]. Nanomembranes are
one of the classes of nanomaterials that is a particu-
larly attractive topic in the field of nanotechnology
[2]. Ultra-thin-structured nanomembranes have rela-
tively large lateral dimensions (millimeter or even
centimeter scales) and are strong enough to stand
freely without additional support or base. Versatility,
unique structure, high stability, wide range of control
parameters distinguish nanomembranes compared to
other platforms; in addition, studies have shown that
the porous structure of the nanomembrane can be
used for a variety of future purposes [3].

From the view of appropriate nanostructure
membrane, mechanical properties play a key role [4].
Mechanical properties can be affected through the
material, fabrication method or porosity [5]. For
instance, as porosity increases, permeability and
bioactivity increase, and mechanical properties
decrease exponentially [4]. However, there are not
many nanomembranes that are biocompatible and
have good mechanical strength. For this reason, it is
important to analyze, search for and develop
nanomembranes that would be applicable for various
areas.

Notably, the application of different materials
changed over time [6]. The application can be affec-
ted through the environmental changes, various
research, new technologies, requirements or human
needs [7-9]. Therefore, the materials used in the
fabrication of nanomembranes are also changing
[10, 11]. Over time, a wide range of nanomembranes
has been developed. There are ~ 937 publications on

nanomembranes has increased every year since 2012
(Fig. 1), and this confirms that interest in nanomem-
branes has grown over the past decade.

A wide range of nanomembranes has led to the
classification of these structures in several groups
[12]. Because mechanical properties of nanomem-
brane can be affected through the material, fabrica-
tion method or porosity, all nanomembranes can be
categorized according to their various characteristics,
fabrication techniques, etc. [13]. One of the classifi-
cations is related to the fabrication methods of
nanomembranes [14]. Moreover, considering the
porosity, nanomembrane strength, permeability,
chemical or thermal stability, the suitable method for
fabrication of nanomembranes should be selected
[15, 16].

Nanomembrane technology allows the creation of
unique properties using nanogeometry [17, 18]. Due
to their unique properties, nanomembranes are
attracted to utilizing in a variety fields [19-22]. Bio-
engineering is one of the fields where nanomem-
branes have made progress [23-25]. Nanomembranes
can be used in bioengineering (bones or skin tissues),
as well as in the drug delivery systems, and this
provides an opportunity to treat patients with vari-
ous diseases more effectively [26-28]. However, a
combination of biocompatibility, porosity and
mechanical strength is not fully understood and
revealed yet; therefore, it is essential to ensure
mechanical strength in biocompatible nanomem-
branes [29], because it is one of the most important
parameters in nanomembranes [30].

The aim of the paper is to highlight the role of
synthetic nanomembranes in the context of nan-
otechnologies and provide applications of function-
alized nanomembranes in bioengineering. Before
continuing noble and costly research, it is necessary
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and classify as many different synthetic nanomem-
branes as possible in our capabilities. More than 60%
of cited references were published in the last five
years. We provide a concise overview to help
understand the properties, the main fabrication
methods and applications of current nanomembranes
in tissue engineering (bone and skin) as well as in
drug delivery systems to see the potential for the
development of biocompatible and mechanically
strong nanomembranes in the future.

Classification of nanomembranes

The rapid development in nanomaterials encourages
a focus on nanomembranes. The definition of
nanomembrane may vary slightly in the scientific
literature. Therefore, there is currently no widely
accepted single definition. For instance, Kunitake and
co-workers [31, 32] developed the concept of free-
standing nanomembranes, reducing confusion in the
development of nanomembranes. They described
‘large nanomembrane’ in three aspects. First, its
thickness is in the range of 1-100 nm. Second, the
self-supporting (free-standing) property is a neces-
sary feature for nanomembrane. Third, the aspect
ratio of size and thickness should be greater than 10°,
for example, if thickness is 10 nm, its size should be
greater than 1 cm. Moreover, researchers highlighted
two important structural features that are required
for nanomembranes. It is mechanical strength and a
uniform, defect-free nature over a large area. In this
review paper, the nanomembrane is described as an
independent structure with a thickness of 1-100 nm
and with much large lateral dimensions [33]. “Large”
means at least two orders of magnitude, but a much
higher aspect ratio can be achieved. Moreover,
nanomembranes can be classified according to their
types of material, porosity or fabrication method
[19, 34]. Consequently, the classifications of
nanomembranes are discussed in the following
sections.

Materials

Based on material, nanomembranes can be divided
mainly into three categories: inorganic, organic,
hybrid (composite) [13, 19].
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Inorganic materials

Nanomembranes can be composed of a variety inor-
ganic material, such as metals, composites, alloys,
semiconductors. Various metals and oxides are used
for the fabrication of metal nanomembranes, for
example, gold (Au), palladium (Pd), aluminum oxide
(Al,O3), titanium dioxide (TiO,), zinc oxide (ZnO),
etc. [20, 22, 35-37]. One of the widely investigated
nanomembranes is anodic aluminum oxide (AAO)
membranes [18]. Even though AAO nanomembranes
have been known for more than six decades, AAO
remains very attractive due to highly ordered porous
structure, high density and wide range of pore
diameter [38]. Further on, metal composites and
alloys nanomembranes consist of components com-
posed of several atoms/molecules. For example, it
could be nanomembrane where the main material is
metallic alloys [39]. One of the most widely known
and used semiconductor nanomembranes are made
of silicon [40]. Semiconductor nanomembranes can be
made of materials, such as germanium sulfide (GeS),
molybdenum disulfide (MoS,) [41, 42]. Various
inorganic nanomembranes can be characterized by
physical and chemical stability. Furthermore, inor-
ganic nanomembranes with well-ordered pores have
better mechanical properties [13].

Organic materials

Because organic compounds are defined as carbon
compounds, organic nanomembranes constitute a
huge class of nanomembranes. In addition, organic
nanomembrane may be composed of one or more
organic materials. Examples of organic nanomem-
branes are polyacrylonitrile (PAN), polyvinylchloride
(PVC), polyamide, polysulfone, etc. [2, 43-46]. The
advantages of organic nanomembranes are relatively
low cost and quite good biocompatibility [13].

Hybrid materials

The structures of these nanomembranes are often
made by polymers and inorganic nanofillers. An
example is a poly(3,4-ethylenedioxythiophene)
(PEDOT) and carbon nanotube sheets (CNS) hybrid
nanomembrane with a nanoscopic thickness
(=112 nm) [47]. Another example may be the high-
aspect-ratio functionalized conductive graphene
(FCG) and silver (Ag) nanomembrane [48]. Hybrid
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nanomembranes can be made of a variety organic
and inorganic component. For this reason, hybrid
nanomembranes are often difficult to synthesize.
However, hybrid membranes can have a variety
required properties [49].

Porosity

Other classification of nanomembranes is based on
porosity. The nanometer size of the pores is one of the
most important criteria in nanomembranes because
many functions of nanomembranes depend on the
porosity [14], including mechanical strength. Nano-
porous materials are often classified according to
pore size, shape and pore distribution [13, 14]. Fol-
lowing this, classifications are presented and dis-
cussed below.

Pore size

One of the typical classifications of nanomembranes
is based on pore size. Classification is shown in
Table 1.

Such classification of pore size is used most often
because it is based on the International Union of Pure
and Applied Chemistry (IUPAC) [14, 50]. In other
literature source [51], all pores with a diameter of less
than 100 nm are referred to as nanopores.

All types of nanomembranes (inorganic, organic,
hybrid) can be characterized by different pore sizes. It
depends on the specific nanomembrane. For exam-
ple, the pore size of polymeric nanomembranes
generally is meso-macrosize (> 20 nm) [13]. Mean-
while, the pores size of oxides is micro-mesosize in
most cases.

Pore shape

Depending on the shape of the pores, the pores can
be divided into channels, regular shapes (cylinders,
spheres, cones), irregular shapes and complementary
[13, 14, 51]. Examples of possible pores shapes are
given in Fig. 2.

Table 1 Pore size of

nanomembranes [13, 14] Pore size of nanomembranes

Microporous <2nm
Mesoporous 2-50 nm
Macroporous > 50 nm
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In addition to this, other classification of pores’
shapes is also possible, for instance, nanomembranes
with straight or curved pores [14].

Inorganic, organic and hybrid nanomembranes
may have pores of different shapes. It depends on
nanomembrane material. For example, carbon
nanomembrane (which is fabricated from ter-
phenylthiol) has channels [52].

Pore distribution

Pore distribution can be classified into two types:
ordered and disordered. To apply nanomembranes in
various fields, orderly distribution of pores is very
important, because with an orderly structure it is
easier to control required processes. An example of
highly ordered nanopores may be aluminum oxide
(Al,O5) [53], titanium dioxide (TiO2) [54] or silicon
dioxide (SiO,) [55].

Summarizing the nanomembranes classification by
pore geometry, it can be confirmed that different
nanomembranes have different pore size, porosity,
surface properties. These properties of inorganic,
organic and hybrid nanomembranes are summarized
and presented in Table 2.

Thermal and chemical stability, costs of fabrication
and lifetime are also important for nanomembranes.
For example, metal oxides nanomembranes have the
best thermal, chemical and mechanical stability [61].
However, polymeric nanomembranes are character-
ized by low fabrication cost [62].

Fabrication methods

Another classification of nanomembranes is accord-
ing to fabrication method. There are many techniques
to fabricate various nanomembranes. In this paper,
the main methods, including anodization, lithogra-
phy, micromachining, chemical vapor deposition,
layer-by-layer deposition, sol-gel processing, 3D
printing and other methods, were carefully reviewed.
Following, the main principles, advantages, disad-
vantages and nanomembranes produced by each
method are presented and discussed below.

Anodization
Based on previous research reports of AAQ studies, it

appears that the anodizing process of AAO can be
classified [53]. The main research on the method of
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Table 2 Properties of inorganic, organic and hybrid nanomembranes [11, 36, 53-60]

Inorganic nanomembranes

Organic nanomembranes

Hybrid nanomembranes

Metal Oxides Carbon Polymeric
Pore size Meso-macro Micro—meso Micro-meso Meso-macro Micro-meso Meso—macro
Porosity Low Medium High Low Medium
Strength Strong Medium Low Medium Medium-strong
Biocompatibility Low-medium Low-medium High High Medium-high
Permeability High Low-medium Low-medium Low-medium Low-Medium
Chemical stability High Very high High Low-medium Medium-high
Thermal stability High Medium-high High Low Medium
Fabrication costs Medium Medium Medium Low Medium-high
Lifetime Long Long Long Short Medium-long

preparation of porous alumina film is classified into
two methods: steady state and non-steady state [63].
Steady-state anodization is consisted of two methods:
mild (soft) and hard anodization [53]. Comparing
these two methods, the hard anodizing reaction
process is fiercer, and the growth rate of the porous
AAO film is faster. For these reasons, a lot of heat is
released, which means that more requirements for
cooling equipment are needed [63]. Non-steady-state
anodization is generally consisted of two methods:
periodic and pulsed anodization [63]. Comparing
these two methods, the periodic anodizing method
can more precisely regulate AAO film porous inter-
nal structure. Due to appearance, AAO nanomem-
branes with a special structure can be applied in
many areas [63].

It is known that a protective layer is formed on the
aluminum surface during the anodizing process. The
parameters (such as the thickness of the barrier layer,
pore diameter) of the anodic layer depend on the
voltage which is used to form the layer [64]. Also, the
surface of aluminum depends on voltage and current.
At low voltages and high currents, electric polishing
effects occur. As the voltage is increased, the current
decreases, and a porous layer is formed. When the
value of current is low and voltage is high, a thick
layer of aluminum oxide is formed.

54

AAOQO patterns are gradually grown in acid solu-
tions that anodize aluminum under the electric field
between two electrodes. The mechanism of the
anodization technique is presented in Fig. 3.

Anodization can be described by chemical reac-
tions occurring on the electrodes [56, 65]. Chemical
reactions are given in Fig. 2. Overall anodization
Eq. (1) is given below:

2Al + 3H,0 — AlL,O3 + 3H, (])

It is known that different electrolytes can result
different pore diameters and mutual resistances in
AAO [66]. Different electrolytes are shown in Table 3.
Research has shown that other acids, such as boric
and chromium, can also be used for AAQO fabrication.
However, AAO pores are much inferior to these
electrolytes [67].

The pore diameters and the interpore distances
often increase as the anodizing voltage increases
[56, 65, 66]. As the electrolyte concentration increases,
the pore diameter increases as well [19, 68]. Pore size
also depends on the temperature and pH of the
solution. Recently, it has been reported that the pore
diameter decreases with decreasing temperature and
pH of the solution [68]. The main advantages and
disadvantages of anodization are presented in
Table 4.
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Figure 3 Mechanism of
anodization technique.

Table 3 Comparison of

Power Supply

(voltage & current)

Electrolyte

Anode (A) |

Oxide Layer (ALO,)

Anions
._Anions

Barrier Layer

Anodic Reactions:

a) Aluminum dissolution: 2Al — 2A1%*+ 6e”

b) Metal/Oxide interface: 2Al + 30% — AlLOz+ 6¢”
2A1 + 60H — ALO 5+ 3H,0 + 6e°
c) Oxide/Electrolyte interface: 2AP"+ 3H;0 — ALO+ 6H"

Cathode j—

Cations

Cathodic Reactions:
6H"+6e — 3H,

2H,0 +2¢ — 20H +H,

different electrolytes by pore Electrolyte Voltage (V Pore diameter (nm) Interpore distance (nm)
:i?ﬁf [Z'Ld 235‘]“""” Sulfuric acid 19-25 50-60 50-90
x 25-27 30-35 60-70
Oxalic acid 30-80 40-100 80-200
40-70 90-140 100-150
Phosphoric acid 100-195 130-250 250-500

Table 4 Advantages and disadvantages of anodization [38, 53, 56, 65, 66, 69]

Anodization

Advantages

Disadvantages

Easy production of nanoscale features

Extremely small resolution features (lower than 10 nm)
Ability to control pore diameter

Well-ordered nanoporous structures

Relatively inexpensive method (low fabrication cost)

Use of toxic chemicals
Difficult to ensure the stability of the fabrication process

The main advantages of anodization are well-
ordered porous structures, the ability to control pore
diameter and low fabrication cost. Therefore,
anodization is an attractive method of nanomem-
brane fabrication.

Lithography

Lithography is playing an important role in various
industries. Nowadays, the goal is to get smaller fea-
tures with high resolution [70]. For this reason, it is
necessary to go deep into lithography technologies, to
achieve better results in the production of
nanomembranes.

@ Springer

Lithography techniques are generally divided into
two types: masked lithography and maskless lithog-
raphy [71]. In masked lithography, a mask is used to
transfer patterns over a basic material [72]. In mask-
less lithography, various patterns are fabricated by a
serial writing (the mask is not used) [71]. For exam-
ple, masked methods include photolithography
(minimum feature size 2-3 um) and nanoimprint
lithography (minimum feature size 640 nm), while
maskless method includes electron beam lithography
(minimum feature size <5 nm) [71-73]. Schematic
illustrations of the main steps in photolithography,
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Figure 4 Schematic illustrations of the main steps of: a nanohot-embossing imprint lithography; b nano-UV-imprint lithography;

¢ photolithography; d E-beam lithography.

nanoimprint lithography and electron beam lithog-
raphy are presented in Fig. 4.

Applying nanohot-embossing imprint lithography
(Fig. 4a), the structure is formed when the mold is
pressed on the heated elastomeric element [74].
Although significant progress was made in a short
time in nanoimprint lithography [75], during nano-
UV-imprint lithography (Fig. 4b), the transparent
mold contacts ultraviolet (UV) curable monomer,
then the monomer is exposed to UV light and the
desired structure on the surface is obtained [76]. One
of the important challenges is the useful lifetime of
the mold because mold requires replacement after
about fifty imprints. Another challenge is the high

Table 5 Advantages and

viscosity of polymeric films because it limits pattern
size and feature density [75]. More advantages and
disadvantages of nanoimprint lithography are pre-
sented in Table 5.

During photolithography (Fig. 4c), UV light passes
through a photomask and effects certain areas of the
photo-resist surface [72]. Photo-resist is organic
material that is sensitive to UV light. Photolithogra-
phy has advantages, such as very high efficiency, the
possibility to use any base shape and size, easy
monitoring of substrate shape and size [71]. How-
ever, photolithography has disadvantages as well.
The main disadvantages are that a clean environment
with dim lights is required, expensive machines are

disadvantages of nanoimprint Nanoimprint lithography

lithography [73] Advantages

Disadvantages

Easy production of nanoscale features
Possibility of using stamps many times

Difficult production of mold
Stamp deformation

Extremely small resolutions features (lower than 10 nm)
Relatively inexpensive method compared to UV lithography
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Table 6 Advantages and disadvantages of photolithography [71, 73]

Photolithography

Advantages

Disadvantages

Versatility of the process
Process efficiency
Easy monitoring of substrate shape and size

Very expensive equipment
A clean environment and a room with dim lights is a must

required, and the surface chemical properties cannot
be controlled and have a rigid structure [71]. The
main advantages and disadvantages of photolithog-
raphy are summarized in Table 6.

During e-beam lithography process (Fig. 4d), a
small spot of the electron beam moves over the
electron-sensitive resist surface [77]. In this way, the
desired surface pattern is formed. The main advan-
tages and disadvantages of electron beam lithogra-
phy are presented in Table 7.

As well, other lithographic methods have their
advantages and disadvantages, which are already
presented in the scientific literature [70-73, 75, 78].
Additionally, lithography is used to fabricate differ-
ent nanomembranes, such as carbon nanomem-
branes, various types of hybrid nanomembranes
[58—601.

The main advantages of lithography are process
efficiency and versatility. However, lithography is an
expensive method due to the equipment.

Micromachining

Many different nanostructures can be fabricated on
various metals, alloys, semiconductors and polymers
by micromachining [57, 79]. Micromachining
involves specific methods that can be used for micro-
and nanoscale membranes. Noteworthy that
nanoimprint lithography can be classified as one of
the micromachining techniques, but in this review,

micromachining includes one of the latest technolo-
gies which has received great attention in
nanomembranes fabrication [79, 80]. It is a laser
micromachining. Laser micromachining is the pro-
cess when a laser beam moves in a defined path and
creates the required pattern [81]. Various nanostruc-
tures can be fabricated on metals (Au, Ag, nickel
(Ni)), semiconductors (gallium nitride (GaN), silicon
(Si), MoS,), organics and polymers (protein, poly-
imide foil) using laser process [82]. This type of
micromachining aims to produce membranes with
high-precision and very restrictive dimensional
tolerances.

Laser micromachining has some advantages over
other methods. The main pluses are simple equip-
ment, one-step process, efficient process, contactless
machining, the possibility of various structures [57].
Although the equipment is simple, it is expensive.
More advantages and disadvantages of laser micro-
machining are presented in Table 8.

In summary, micromachining is a relatively simple
method and has many alternatives for the
nanomembranes fabrication. One of the main disad-
vantages is the expensive equipment.

Chemical vapor deposition
Among the various nanomembrane manufacturing

technologies, chemical vapor deposition (CVD) is
receiving a lot of attention [86]. The deposition of a

Table 7 Advantages and

disadvantages of electron Electron beam lithography

beam lithography [71, 73] Advantages

Disadvantages

Easy production of nanoscale features
Pattern writing directly to the wafer

Fast turn-around time
Flexibility of the technique

Very expensive equipment

System is more complex than other methods systems
Inefficient industrial processing

Large scatter of minimum features

Long time of patterning entire wafer
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Table 8 Advantages and disadvantages of laser micromachining [57, 82-85]

Laser micromachining

Advantages

Disadvantages

Simple equipment

One-step process

Efficient process

Contactless machining

Application of the process to the surfaces of any 3D object
The possibility of various structures

Expensive equipment
Significant number of process parameters
Thermal stresses of material

Possibility to machine using many different environments (gases, liquids, vacuum)

I, — SO S—

CH (vapor) — H (vapor)

ﬁl\f Coarsit] 2

heater l

Figure 5 Schematic illustration of chemical vapor deposition

(CVD).

solid heater surface due to a chemical reaction in the
vapor phase can be called CVD. Schematic illustra-
tion of CVD is presented in Fig. 5.

During the CVD process, the precursor decom-
poses at high temperature. Then the gaseous atoms
adsorb and deposit on the substrate. During the
surface chemical reaction, a continuous film is
formed [87]. Consequently, various oxides (iron, tin,
titanium, etc.), polymers (polypyrrole, poly(34-
dimethoxythiophene)  (PDMT),  polythiophene,
polyaniline, etc) semiconductors (molybdenum
disulfide), metal alloys (platinum-cobalt) and other
nanoporous materials can be produced by CVD
[86, 88-92]. The advantages and disadvantages of
chemical vapor deposition are presented in Table 9.

Chemical vapor deposition method can be easily
applied to mass production, and it gives an advan-
tage over other methods.

Layer-by-layer deposition

Another method of nanomembrane fabrication is
layer-by-layer ~deposition which involves the
adsorption of different charged molecules. For
example, the substrate is immersed in a dilute solu-
tion of a cationic polyelectrolyte [93]. The polyelec-
trolyte is adsorbed as a single monomolecular sheet
with a thickness of about 1 nm [14]. Then the wafer is
washed and dried. Further, the polish-coated sub-
strate is placed in a dilute dispersion of polyanions
[93]. A new monolayer is formed over the previously
deposited layer. Then the wafer is washed and dried
again. The process can be repeated with the same or
new materials, and thus, the desired number of layers
can be obtained [14]. Layer-by-layer deposition
method gives multilayers with a thickness 5 nm to
over 500 nm [19]. Schematic illustration of layer-by-
layer deposition is presented in Fig. 6.

Table 9 Advantages and disadvantages of chemical vapor deposition (CVD) [88, 90, 91]

Chemical vapor deposition

Advantages Disadvantages

Very fast synthesis of monodisperse nanoparticles
Easy control of binary compositions

Easily adaptable to large volume

Membrane uniformity

Material composition and phase control

Good density of microstructures

High temperature required (the most versatile at temperatures of 600 °C and higher)
Instability of substrates at high temperatures
Relatively complex equipment
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Figure 6 Schematic
illustration of layer-by-layer
deposition.

[+ substrate

Table 10 Advantages and

disadvantages of layer-by- Layer-by-layer deposition

layer deposition [62, 94]. Advantages

Disadvantages

Simple equipment

Cost-effective time-efficient fabrication
A wide variety of different composite nanomembranes

Free standing nanocomposite membrane
Extreme robustness of nanomembranes
Multistep process

The main advantages and disadvantages of layer-
by-layer deposition are presented in Table 10.

Various metals (gold), carbon materials (graphene)
and other materials (polyamide, poly(sodium 4-styr-
ene sulfonate), poly(alkylamine hydrochloride)) can
be used to fabricate multilayered nanomembranes
which are made by using layer-by-layer deposition
[62, 95-97].

Because layer-by-layer deposition can be adapted
to produce a wide variety nanomembranes, it is a
relatively inexpensive and simple method.

Sol-gel processing

Sol-gel formation technique can be used to fabricate
various nanomembranes. This method is a wet
chemical forming technique that usually consists of
four main forming steps [98]. During first step, a
homogeneous solution with salt or metal must be
prepared. Second, the concentration of the homoge-
neous solution needs to be increased. The third step
is to form the gel by condensation. The last step is to
dry the gel. Sol-gel method makes it possible to
obtain various structures which can have excellent
electrical, optical, thermal, magnetic or mechanical
properties. This method is relatively economical
process. Moreover, the advantages of this method are
reproducibility, low-temperature chemistry, high
surface to volume ratio [99]. The main advantages
and disadvantages of sol-gel method are presented
in Table 11.

By using sol-gel method, various ceramics, metals,
oxides and polymers can be used to fabricate
nanomembranes [2, 98, 100-103]. Furthermore,
modified sol-gel method can be also used, such as
ultrasonic-assisted sol-gel method, precipitation,

@ Springer

Table 11 Advantages and disadvantages of sol-gel processing
[991

Sol-gel processing

Advantages Disadvantages

Need of costly organic solvents
Multistep process

Simple equipment
Cost-effective

Highly controllable synthesis
Low-temperature chemistry

aerogel method [104]. By using modified sol-gel
methods, it is possible to improve mechanical prop-
erties and porosity of the nanomembranes, as well as
to introduce the desired functionalities. In addition,
sol-gel process has opened several new branches in
bioengineering, including drug delivery or organ
implantation. The quality of the process has led
researchers to investigate this method over the past
few decades [99].

3D printing

3-Dimensional (3D) printing, commonly referred to
as additive manufacturing (AM), allows to create
complex and diverse geometric shapes in different
materials [105]. 3D printing is a process of joining
materials when production takes place layer upon
layer [106]. According to International Standard ISO/
ASTM 529,000:2015, AM processes can be classified
into seven categories: binder jetting, directed energy
deposition, material extrusion, material jetting, pow-
der bed fusion, sheet lamination, vat photopolymer-
ization. Seven AM processes are reviewed and
summarized in [106]. The main advantages and
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Table 12 Advantages and disadvantages of 3D printing [105-107]

Process Configuration of
3D-printed

membrane

Advantages

Disadvantages

Binder jetting Any geometry
materials

Cost-effective

Directed energy
deposition

Any geometry

Material extrusion Any geometry

High material deposition rate
High material utilization

The possibility of using a wide range of Poor strength

Moisture-removal required (after
processing)

Limited mechanical properties

Poor surface resolution

Poor-dimensional accuracy

Limited materials for production

The possibility of using a wide range of Relatively long fabrication time
materials (including biocompatible
and medical-grade materials)

Simple equipment

Requires support structures
Reduced strength in the vertical direction

Versatile and easy to customize

Material jetting Any geometry

High resolution and accuracy
The possibility of multi-materials

Non-recyclable support materials
Limited mechanical properties

The possibility of multi-colors

Powder bed fusion Any geometry

materials

The possibility of using a wide range of Relatively long fabrication time

Expensive equipment

No support structures
High resolution for metals

Sheet lamination Flat sheet

Time-efficient fabrication
No support structures

Noxious fumes during thermal cutting
Poor strength

The possibility of multi-material
The possibility of multi-colors

Vat photopolymerization ~ Any geometry

materials

Time-efficient fabrication

The possibility of using a wide range of Require support structures

Support-removal required (after
processing)

Nanometer resolution

disadvantages of seven AM processes are presented
in Table 12.

3D-printed nanomembranes are an interesting and
emerging field of membrane research [108]. The
highest resolution membranes are obtained using
two-photon polymerization (vat photopolymeriza-
tion) [109]. Resolution is about 100 nm. Method is
based on the absorption of two photons in a trans-
parent resin. Unfortunately, other AM processes are
not suitable to produce nanomembranes due to their
limited resolution [105]. All processes are constantly
improving to make nanomembrane fabrication
applicable.

There are many materials that can be used in 3D
printing. Due to simple processing, low cost, bio-
compatibility, mechanical properties, polymers are
widely used in 3D printing. To improve properties
such as processability, mechanical strength and
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bioactivity, ceramic and hybrid materials (compos-
ites) can also be used for 3D printing, but 3D printing
of such materials has limitations [110]. A variety of
materials have already been used for tissue engi-
neering, including polycaprolactone (PCL), bioactive
glasses, polylactic acid (PLA)/polyethylene glycol
(PEG), zirconia, tricalcium phosphate, poly(3-hy-
droxybutyrate), hydroxyapatite (HA), etc. [111, 112].
Moreover, mechanical strength is an important
characteristic because materials can be exposed to
relatively high pressures in a variety of environments
during 3D printing. Unfortunately, due to low reso-
lution, 3D printing technology is not yet sufficiently
advanced for nanomembranes fabrication [108].

Other methods

There are also many other methods that can be used
to fabricate and develop various organic, inorganic or
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hybrid nanomembranes. For polymeric membrane
fabrication, the key factors of track etching and sin-
tering, electrospinning, non-solvent-induced phase
separation, vapor-induced phase separation methods
are critically reviewed in [113]. Other methods,
including thermally induced phase separation, melt-
spinning and cold-stretching, phase separation
micromolding, soft molding and manual punching,
are well introduced and discussed in [114]. More-
over, block copolymer, dip coating, drop coating and
other methods have been widely used in the fabri-
cation of various types of nanomembranes. Each
method is described in detail in [19]. Also, novel
methods for nanomembranes fabrication are intro-
duced in [1, 115]. Various novel methods to produce
nanomembranes are constantly being developed. The
evolution of nanotechnology has opened new possi-
bilities, leading to the development and improve-
ment of different nanomembrane fabrication
methods that enable the production of better quality
and mechanically stronger nanomembranes [1].

Application in bioengineering

Bioengineering is a multifunctional science that
includes a lot of different fields, such as mechanical
and chemical engineering, chemistry and biochem-
istry, materials science. Bioengineering can also be
defined as a combination of natural and engineering
science [116]. Accordingly, nanomembranes have
played an important role in bioengineering [117], and
due to various properties, nanomembranes can be
applied in this field [118]. To achieve specific results,
such as wound closure, control of fluid loss by
strengthening the treated tissue, it is necessary to
know the properties of nanomaterials because they
change tremendously at the nanometer scale [119].
Even if a small number of nanoparticles is embedded
in any other polymeric matrix, the performance can
be improved to unprecedented levels [120]. Special
attention is paid to tissue engineering or drug deliv-
ery systems, due to their unlimited potential to
improve the quality of human health. Every year, a
lot of people suffer from bone defects resulting from
trauma, tumor or bone disease, which means that
nanomembranes can open a huge number of possi-
bilities in medicine [121]. Sterilizability, storability,
processability are essential for clinical applications
[122]. In the following, various (organic, inorganic or
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hybrid) nanomembranes which can be used in bio-
engineering are presented.

The skin is the largest organ of the human body
that acts as a protection against pathogens in the
external environment. Also, the skin helps regulate
heat and retain moisture throughout the body. For
the skin to perform its function well, skin must be
healthy, and in case of damages (burns, acute
wounds, etc.)—it must be treated and renewed.
Nanomaterials can be used to restore the lost skin
anatomy and physiology [119]. Natural biomaterials,
such as chitosan, have a great advantage because of
low toxicity and low chronic inflammatory response
[119]. However, synthetic nanomaterials have
advantages, such as low cost, and can be described
over natural materials. For example, carbon nanos-
tructures have low toxicity, good mechanical prop-
erties and can mimic the natural mechanical strength
of bone [123]. Among inorganic nanomaterials used
to treat wounds, for example, metals and oxides
(silver, gold, etc.), play an important role. Silver has
been used as a therapeutic agent to treat wounds. In
other studies, titanium dioxide (TiO,) was embedded
in several scaffolds to improve mechanical strength,
which is required for skin tissue engineering [119].
Among organic nanomaterials, graphene oxide acts
as a soft nanomembrane with high stiffness and
biocompatibility, so this oxide can be one of the
alternatives in the development of stem cell culture
[123]. Other studies have reported that Rana chensi-
nensis skin collagen/poly(L-lactide) (PLLA) hybrid
nanomembrane, produced by electrospinning, was
characterized by higher mechanical strength com-
pared to natural collagen nanofiber [124]. Studies
have shown that new hydrogen bonds have been
formed between the collagen amide groups and
PLLA carboxyl groups. Such membranes provide a
promising approach to the production of skin wound
dressings.  Furthermore, nanoperforated PLA
nanomembranes have been successfully fabricated by
using phase segregation technique and it is argued
that significant advances can be made in the use of
nanoperforated PLA nanomembranes for tissue
regeneration  processes [125]. Silicon carbide
nanomembranes have features such as chemical sta-
bility, specific ion permeability, flexibility and dura-
bility. Polyvinylpyrrolidone blended nanofibrous
membrane was prepared by an electrospinning
technique [126]. Studies have shown the efficacy of
this membrane and its potential to be used in
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biomedical wound dressings that would accelerate
the healing of acute skin wounds. Moreover, silicon
carbide nanomembranes have been found to be
suitable for flexible implantable devices because
biocompatibility and required mechanical strengths
show the prospects for these nanomembranes [127].

Bone is one of the most durable tissues that sup-
ports and protects vital organs in the body [128].
Thus, bone tissue engineering is receiving increasing
attention due to significant advances in cell and
organ transplantation, as well as advances in engi-
neering [129]. Accordingly, bone is mainly composed
of organic and inorganic components, so a variety of
different nanomaterials and combinations can be
used in bone tissue engineering. Some of the most
popular materials used in bone tissue engineering are
ceramics (hydroxyapatite or tricalcium phosphate),
chitosan, collagen, polystyrene, acrylates, polygly-
colic acid, etc. [19]. Moreover, a lot of carbon-based
nanomaterials, such as graphene, carbon nanotubes,
carbon nanofiber, can be used in bone tissue engi-
neering. For example, graphene oxide has good bio-
compatibility and high minimal cytotoxicity to living
cells, so graphene oxide can be used as a nanomem-
brane for bone tissue engineering [130, 131]. The
advantages of carbon nanomaterials are very good
mechanical stability and commercial availability
[132]. As well, organic material, such as ultra-high
molecular weight polyethylene, is often used in bone
structures, too [133]. Another example is the inor-
ganic materials. Inorganic nanomaterials, such as
pure titanium, titanium alloys, ceramics, are gener-
ally used in bone structures [133]. The advantages of
silica nanomaterials and composites are good bio-
compatibility, low toxicity, a large active surface area,
ability to act as carriers for drugs or essential min-
erals [132].

Effective drug delivery remains a challenging task
and gets more attention nowadays. Nanomembranes
have great potential for drug delivery systems. For
example, porous anodic alumina is one of the oldest
and most attractive nanomembrane that could be
applied in bioengineering [134]. However, AAO
biocompatibility is one of the most challenging
issues. There is concern about the use of AAO when
it comes in direct and constant contact with the
human body. It has been shown that AAO pores
diameter can affect the diffusion of molecules across
the membrane. So, AAQO scaffolds can be
mechanobiologically implants to which cells respond
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positively [135]. Therefore, AAO can be used for drug
delivery. On the other hand, the application of tita-
nium dioxide nanotubes is also a viable alternative
for the development of various localized drug
delivery systems. TiO, has useful drug delivery
properties, such as nanotube dimensions, geometry,
surface chemistry, large surface area, universal drug
loading capability for multiple drugs. Studies have
shown that TiO, implants have significant clinical
therapy potential that can be realized commercially
[28]. Importantly, long-term toxicity studies and tol-
erability studies in animals should be evaluated
before initiating human clinical trials to evaluate the
safety of empty TiO, and drug-filled TiO,. More
in vivo studies are urgently needed. Another exam-
ple is organic nanomaterials that can be used for drug
delivery [136]. Such examples may be polymeric
nanostructures:  polyglycidyl methacrylate nan-
otubes, PEG, PEDOT nanotubes, etc. [137]. Due to the
proper pore geometry and large surface area, these
and other nanomaterials have great potential for
being used in drug delivery systems. Moreover,
polylactic-co-glycolic acid (PLGA) nanomembrane
made by electrospinning technique is popular in
drug delivery systems [138]. Studies have shown that
PLGA nanomembrane is effective in reducing pain.
Using CVD method, nanostructures of poly(n-iso-
propylacrylamide), poly(methacrylic acid) and
poly(hydroxyethyl methacrylate) were synthesized
[139]. Due to the response to temperature and pH, the
structures can be externally activated. Other exam-
ples could be nanofiber membranes. Poly(N-iso-
propylacrylamide) (PNIPAM)/gelatin nanofibers
produced by electrospinning showed the release of
anti-cancer drug from the membrane at a specific
temperature [140]. Besides, PLA/graphene oxide
nanofiber membranes with different structures were
prepared by electrospinning and demonstrated the
promising potential for scaffolds in drug delivery
systems [141]. Core-sheath nanofibers for drug
delivery application still have many challenges,
which are highlighted in review article [142]. Fur-
thermore, PCL/shellac/PCL nanofiber sandwich-
structured membrane possessed good mechanical
and other properties and met the requirements for
membrane to be used in overnight skin care appli-
cations on the face as drug release process takes 8 h
[143]. All the results can be the basis for further
research in development of nanomembranes.
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Conclusions

Mechanical strength plays a crucial role in
nanomembranes. However, many nanomembranes
cannot already be used in bioengineering because a
lot of membranes are characterized by insufficient
mechanical strength, biological incompatibility or
toxicity to the human body. Because mechanical
properties of nanomembrane can be affected through
the material, fabrication method or porosity, we
summarized various classifications of nanomem-
branes in this review. According to the material,
nanomembranes are divided into three groups:
inorganic, organic and hybrid. Noteworthy, inorganic
nanomembranes have better properties and adapt-
ability when their pores are ordered; meanwhile, the
advantages of organic nanomembranes are relatively
low cost and good biocompatibility. Even though
hybrid nanomembranes are often difficult to fabri-
cate, it can have a wide range of desirable properties.
According to nanomembranes porosity, it was
determined that when porosity increases, mechanical
strength decreases exponentially. Moreover, the main
nanomembranes fabrication methods, including
anodization, lithography, micromachining, chemical
vapor deposition, layer-by-layer deposition, sol-gel
processing, 3D printing and other methods, were
presented. The main advantages of anodization are
well-ordered porous structures, the ability to control
pore diameter and low fabrication cost. However, the
main advantages of lithography are process efficiency
and versatility. On the other hand, lithography is an
expensive method due to the required equipment.
For the same reason, micromachining is expensive
method, too. Chemical vapor deposition method can
be easily applied to mass production and give the
advantage over other methods. In terms of layer-by-
layer deposition, this method is simple and relatively
inexpensive. 3D printing is a relatively new method
of manufacturing nanomembranes; unfortunately,
AM processes are still not suitable for producing
nanomembranes due to their limited resolution. 3D
printing technologies are constantly improving to
make nanomembrane fabrication applicable. To pro-
duce better quality and mechanically stronger
nanomembranes, various new fabrication methods
are constantly being developed. Therefore, there are
still many challenges and opportunities for
nanomembrane technologies in bioengineering
branches, such as tissue (skin and bone) engineering

@ Springer

or drug delivery systems. Connection between
mechanical strength and biocompatibility — of
nanomembranes will depend on innovation, new
material combinations, scalability and sustainability
of new methods. In rapidly expanding bioengineer-
ing branches, this review article contributes to further
research on nanomembranes.
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Abstract: Nanoporous anodic aluminum oxide (AAQ) is needed for a variety of purposes due to its
unique properties, including high hardness, thermal stability, large surface area, and light weight.
Nevertheless, the use of AAO in different applications is limited because of its brittleness. A new
design of an electrochemical reactor with a vibrating element for AAO nanoporous membranes
fabrication is proposed. The vibrating el in the form of a plezoceramic ring was installed inside
the developed reactor, which allows to create a high-frequency excitation. Furthermore, mixing and
vibration simulations in the novel reactor were carried out using ANSYS 17 and COMSOL Multi-
physics 5.4 software, respectively. By theoretical calculations, the possibility to excite the vibrations of
five resonant modes at different frequencies in the AAO membrane was shown. The theoretical results
firmed. Five vibration modes at close to the theoretical frequencies were
obtained in the novel reactor. Moreover, nanoporous AAQ b were synthesized. The novel
aluminum anodization technology Its in AAO b with 82.6 & 10 nm pore diameters
and 43% porosity at 3.1 kHz frequency excitation and AAO membranes with 86.1 £ 10 nm pore
d s and 46% porosity at 4.1 kHz frequency excitation. Furth the chemical ¢

of the membrane mmahned unchanged, and the hardness decreased. Nanoporous AAO has become
less brittle but hard enough to be used for template synthesis.
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1. Introduction

The growth rate of the global nanotechnology market is so rapid that it far exceeds
the market growth forecasts and is even more impressive because most nanomaterials
are still in the early stages of the product life cycle [1]. As well, rapid progress has been
made in the field of nanomembrane research, from basic research to the development of
next-generation technologies [2]. Ultrathin 2D nanomaterials have many unique physical,
electronic, chemical, and optical properties that provide many advantages and distin-
guish nanomembranes from other nanomaterials [3]. Nanomembranes are a new type
of nanomaterial that has great potential and can be applied in a variety of fields, such as
biosensors [4,5], chemical sensors [6—], various biomedical applications [4,10], the food
industry [11], nano- and microelectromechanical systems [12,13], etc. Nanomembranes
can be classified according to the material used in their fabrication [14]. According to
the membrane material, synthetic nanomembranes can be organic, inorganic, hybrid, or
biological [15]. While developing synthetic nanomembranes, it is important to control their
internal structure, because physical and mechanical properties affect the unique proper-
ties of the nanomembranes [16]. Different fabrication methods, such as lithography [17],
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laser machining [18], layer-by-layer deposition [19], sol-gel processing [20], and 3D print-
ing [21,22], are used to create nanoporous structures. These methods require expensive
and high-tech equipment; therefore, another well-known alternative method to develop
nano-membranes is the electrochemical anodization process [23].

In many applications, control of the geometry of membrane nanopores is a signifi-
cant criterion [24,25]. Anodic aluminum oxide (AAQ) is well known for its large surface
area, relatively low cost, well-ordered structure, and ability to control the diameter of
nanopores [26]. AAQ can be obtained by controlling the parameters of the electrochem-
ical anodization process [27,25]. AAO gradually grows in acidic solutions that anodize
aluminum under an electric field between the anode and the cathode. The diameter of
AAQ pores depends on the anodization potential (voltage), temperature, electrolyte, and
concentration [29,30]. The pore diameter and the distance between the pores often increase
as the anodization voltage or the electrolyte concentration increases [14,31,32]. Moreover,
it has recently been reported that the pore diameter decreases with decreasing electrolyte
temperature [27]. According to previous AAQO research, the electrochemical anodization
process consists of two stages: mild (soft) and hard anodization [26]. In comparison to these
two stages, the hard anodization process is more intense, the growth rate of the porous
AAQ film is higher, and a high amount of heat is released. To obtain nanoscale pores of
uniform size, a constant temperature must be ensured throughout the anodization process.
Therefore, more requirements for cooling equipment are set.

There are many scientific publications related to the vibrations of nanoporous AAQ
membrane and their effects in various fields such as microfiltration /nanofiltration [33] or
the mitigation of fouling [34]. However, the effect of high-frequency excitation during the
anodization process on the geometry of the nanopores in the AAO membrane has not yet
been investigated. Vibrations during the electrochemical anodization process can be gener-
ated by using a piezoelectric ceramic material, which vibrates during excitation. It is widely
used in various applications, such as microfluidic devices [35,36], particle manipulation [37],
sensors [35], etc. Lead zirconate titanate (PZT) is an attractive piezoelectric ceramic material
with good electromechanical properties; e.g., PZT rings are widely used in the development
of various devices [39]. Accordingly, the piezoelectric ceramic ring can be used to control
the geometry of nanopores in the membrane during the two-step anodization process. An
analysis of the scientific literature [40,41] allows concluding that it is necessary to improve
technologies for the development of novel nanoporous AAO membranes.

For most engineering materials, strength and toughness are essential requirements [42].
Ceramics have high hardness and strength due to strong atomic bonds, but strong bonds
and the lack of plastic deformation result in ceramic brittleness [43]. To adapt nanoporous
AAOQ to the production of templates [41] or use for ultrasonic nanoimprinting [44], it
is important for the oxide to be characterized by nonbrittle nanopore deformation [45].
To create a super thin and more flexible nanoporous membrane from brittle aluminum
oxide and to improve the quality of AAO membranes, it is necessary to create a novel
electrochemical reactor for the fabrication of AAO membranes by applying high-frequency
excitation during the two-step anodization process.

The aim of this work is to design an electrochemical reactor with a vibrating func-
tional element and to produce nanoporous AAO membranes using the high-frequency
ex-citation method.

2. Materials and Methods
2.1. Design of Electrochemical Reactor

To design an electrochemical reactor with a vibrating functional element for the
fabrication of AAO nanoporous membranes, the effect of high-frequency excitation on
the geometry of the nanopores during the anodization process will be investigated. An
electrochemical reactor of the novel design is being developed, and its structure is shown
in Figure 1.
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Figure 1. Electrochemical reactor for manufacturing AAQO nanoporous membrane. (a) Drawing
of the electrochemical reactor: 1: corps of the reactor, 2: cover of the reactor, 3: Peltier element,
4: gasket, 5: aluminum sheet, 6: vibrating element (piezoelectric ring), 7: electrical insulating element
(piezoceramic), 8: nut M3, 9: mixing device, 10: screw M3x50; (b) Construction of the electrochemical
reactor: 1: corps of the reactor, 2: cover of the reactor, 3: Peltier element, 4: gasket, 5: aluminum sheet,
6: vibrating element (piezoelectric ring), 7: electrical insulating element (piezoceramic), & nut M3,
9: place for mixing device, 10: screw M3x50, 11: temperature sensor, 12: hole for electrolyte filling,
13: cooler.

In terms of reactor structure, all reactor components are assembled through fittings.
The reactor corps (Figure 1(1)) and the cover (Figure 1(2)) are composed of AISI 304 stainless
steel (this steel does not react with acids during the anodization process). Moreover, as
the diameter decreases with decreasing acid temperature, it is important to ensure low
temperature during anodization to produce nanoscale pores [46]. For this purpose, the
Peltier element (Figure 1(3)) model “TEC1 12715 (12 V; 15 A) is selected. The cooler is
connected to the Peltier element and the reactor corps. The Peltier element is lubricated
on both sides with a thermal paste, which improves heat exchange and increases the
contact area between the cooler, the Peltier element, and the reactor corps. Steel screws
(Figure 1(10)) M3 x 50 and steel nuts (Figure 1(8)) are used to reinforce the reactor structure.
An aluminum sheet (Figure 1(5)) with a thickness of 0.5 mm is the main material used
to manufacture the AAO nanoporous membrane. The aluminum sheet is mounted to
the stainless-steel reactor cylinder using an acid-resistant rubber gasket (Figure 1(4)) to
prevent liquid leakage. The piezo ring (diameter 50 mm) is clamped on the other side of
the aluminum plate. The piezoceramic material PZT 8 is chosen because it is considered
to be a good choice for resonant devices [47]. To isolate different anodization and high-
frequency excitation currents, the piezoceramic ring (actuator) (Figure 1(6)) is covered on
both sides with piezoceramic rings (Figure 1(7)) because the ceramic has impermeability
and good transmission of acoustic waves. Finally, the cover and screws are used to
assemble all components. It guarantees good contact and vibration transmission during
the electrochemical process that will be performed by the two-stage anodization method,
which is described in detail in [33]. In addition, a temperature sensor (Figure 1(11)) is
installed in the assembled reactor. Because low temperature is a crucial parameter of the
anodization process, it is important to ensure an equivalent distribution of electrolytes
throughout the reactor volume. Therefore, the mixing impeller is a necessary structural
element. The impeller material of the mixing device (Figure 1(9)) is also stainless steel,
which is resistant to the electrolyte.
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2.2. Experimental Setup

The experimental setup for manufacturing the AAO nanoporous membrane is pre-
sented in Figure 2. Its closed-loop control system consists of the following elements:
temperature control device (Figure 2a(2)), temperature sensor (Figure 2a(8)), and Peltier
element (Figure 2a(11)). This closed-loop control system is automatic and can be called an
automatic control system.

Cosdamt

(b)

Figure 2. Experimental setup for manufacturing the AAO nanoporous brane. (a) A sch
representation of the experimental setup: 1: DC 1 power unit, 2- temperature control device,
3: voltage amplifier and frequency generator, 4: master cooler radiator, 5: piezoelectric actuator,
6: membrane, 7: mixing device, 8: temperature sensor, 9: electrochemical reactor, 10: DC 2 power
unit, 11: Peltier element, 12: master cooler pump; (b) Experimental equipment: 1: DC 1 power
unit, 2- master cooler, 3: closed electrochemical reactor, 4: temperature control device, 5: open
electrochemical reactor.

The experimental platform is composed of a 12 V 15 A direct current power supply
unit (Figure 2(1)), a temperature control device with a temperature sensor (Digital Thermo-
stat W3001, Juanjuan, China) (Figure 2b{4)), a cooler (Masterliquid lite 240, Cooler Master,
Taiwan) (Figure 2b(2)), a 60 V 5 A direct current power supply unit (AN-11808, WEP, Guang-
dong, China) (Figure 2a(10)), a 12 V mixing device of 108 RPM (JGA25-370 DC Gearmotor,
Cnmaway, China) (Figure 2a(7)), a novel electrochemical reactor (Figure 2b(3)),and a 12V
15 A thermoelectric cooler Peltier element (TEC1 12715, Hebei, China) (Figure 2a(11)).

2.3. Experimental Setup for Vibration Measurements

The method of holography can be used to visualize dynamic processes [33], so the pre-
cise real-time instrument for surface measurement—(PRISM) holography system has been
used to measure the frequency. The PRISM system (Hytec, Los Alamos, NM, USA) with the
piezoelectric actuator is shown in Figure 3. The system consists of deformation equipment
(frequency generator and voltage generator), a vibration measurement (holography) unit,
and a computer system with software.

A schematic diagram of the experimental setup of the non-contact holographic mea-
surement system is shown in Figure a.

Basically, a two-beam speckle pattern interferometer with a green laser has the beam
directed at the acting membrane. The object beam is directed at the membrane, and the
reference beam is directly captured in the camera. The laser green light (wavelength 532 nm,

73



Semsors 2022, 22, 8856

Sof 4

74

power 20 mV) is scattered from the object and collected by the camera lens, imaging the
object on the camera’s sensors. The image of the object (membrane) is transferred from the
camera to the computer. The data on the computer are analyzed by the program PRISM
DAQ (Hytec, Los Alamos, NM, USA).

;
| Optical
[, | fiber

®)

Figure 3. Non-contact holographic measurement system, known as PRISM system. (a) Schematic
diagram of the PRISM system experi tal setup: 1: frequency generator, 2: voltage amplifier,
3: isolated surface for fixing object, 4: plezoelectric actuator, 5: membrane attached to the piezo-
electric actuator, 6: camera, 7: illumination head with a green laser, 8: control block, 9: computer,
10: computer screen (image illusion); (b) Experimental setup: 1: camera, 2: illumination head with a
green laser, 3: control block, 4: membrane attached to a plezoelectric actuator, 5: voltage amplifier,
6: frequency generator.

2.4. Simulation Method and Conditions of Vibration Process

Vibration simulations of aluminum membrane sheets were performed using COMSOL
Multiphysics 5.4 software. The simulation model consisted of the aluminum membrane
with a 40 mm diameter and 0.5 mm thickness. The models’ parameters are listed in Table 1.

Table 1. Models’ parameters of vib process.
Parameter Unit Values
Membrane radius mm 20
Membrane thickness mm 05
Material Young's modulus MPa 68,000
Material mass density kg/m® 2712
Material Poisson'’s ratio - 0.33
Radial direction pretension load MPa 38
Common factor in natural frequency Hz 1256
15t natural frequency mode, mode shape (0, 1) Hz 3020
2nd natural frequency mode, mode shape (1,1) Hz 4812
3rd natural frequency mode, mode shape (2, 1) Hz 6450
Ath natural frequency mode, mode shape (0, 2) Hz 6933
5th natural frequency mode, mode shape (3, 1) Hz 8835
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Moreover, the model was divided into finite tetrahedron elements with fixed support
constraint boundary conditions.

2.5. Simulation Method and Conditions of Mixing Process

The mixing process simulations were performed using ANSYS 17 software. The model
was divided into two zones between which a contact region was created to ensure data
integrity. The first zone represented the internal volume of the reactor, and the second zone
was for the impeller. The model was meshed by finite tetrahedron elements. The simulation
conditions were close to the real ones (water density 998.2 kg/m?, viscosity 0.001003 kg/m:s,
temperature 20 “C). A four-blade impeller (diameter 20 mm; height 10 mm; blade angle
0 deg.; rotational speed 108 rpm) was used. The k-¢ realizable turbulence model was
applied to simulate the mixing process. Additionally, gravity was included.

3. Results and Discussion
3.1. Vibration Analysis
Vibration simulations of aluminum membrane plates were performed using COM-SOL

Multiphysics 5.4 software. The vibration modes of the membrane at different frequencies
are shown in Table 2.

Table 2. Surface displacement field of the membrane at different frequencies (at 200 V, with radius
0.020 m).

Simulation Results by Using COMSOL Multiphysics 5.4 Software

OLLE

3.0kHz 48kHz 6.5 kHz
Experimental Results by Using the PRISM System

3.1kHz 5 7.1 kHz

Table 2 shows that vibrations affect the surface of the membrane sheet because different
mode shapes were obtained at different frequencies. In the following descriptions of circular
membrane mode shapes, the notation (d, c) means d: the number of nodal diameters, and
¢ the number of nodal circles. Based on theoretical calculations (Table 2), the first natural
frequency mode (0, 1), with a membrane radius of 20 mm (voltage of 200 V), was obtained
at the frequency of 3.0 kHz. Displacements on the surface of the membrane sheet were
concentrated in the center. As the frequency increased, the second natural frequency mode
could be seen. For example, the mode shape (1, 1) was obtained at the frequency of 48 kHz
Displacements were visible on both sides of the membrane surface. A membrane surface
with four displacement regions was obtained at the frequency of 6.5 kHz.

To confirm the results of the vibration simulation, the described above non-contact
holographic measurement system was used (Figure 3). The experimental mode shapes of
the membrane at different frequencies are presented in Table 2. The simulation results of
the membrane vibrations were verified using the experimental ones. Five similar modes of
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shapes were obtained by simulation and experiments at the following frequencies: the first
natural mode (0, 1) at 3.0 kHz and 3.1 kHz, the second mode (1, 1) at 4.8 kHz and 4.1 kHz,
the third mode (2, 1) at 6.5 kHz and 6.3 kHz, the fourth mode (0, 2) at 6.9 kHz and 7.1 kHz,
and the fifth mode (3, 1) at 8.8 kHz and 9.1 kHz (Table 2). Comparing the simulation and
the experimental results, the errors are estimated due to non-ideal structural stability and
material properties and the inaccuracy of the measuring equipment.

3.2. Mixing Analysis

Because low temperature is an important parameter of the anodization process, it
is relevant to select a suitable mixing impeller to ensure uniform electrolyte temperature
throughout the reactor volume. A mechanical rotary stirrer is often used to create forced
flow in the reactor [48]. The mixing process simulations were performed using ANSYS
17 software. The simulation model of the mixing process (with a coordinate system)
is presented in Figure 4a. Theoretical velocity vectors in different planes are shown in
Figure 4b. The whole volume is mixed. A mixing experiment was performed to confirm the
theoretical results. The experimental results of the mixing process are shown in Figure 4c.

Voksty wie

Figure 4. Mixing analysis. (a) Simulation model of mixing process (with a coordinate system):
1: intemnal volume of the reactor (the first zone of the model), 2: impeller zone (the second zone of
the model); (b) Velocity vectors in different planes; (¢) Experimental results of mixing process: 1-the
mixing process is not running, 2: 0.5 s after the start of mixing, 3: 1 5 after the start of mixing, 4: 1.55
after the start of mixing,.

Whereas the electrochemical reactor is composed of stainless steel, its corps is not
transparent; as a result, the mixing process is not visible. Therefore, it was necessary to
create a transparent experimental reactor with a stirred process inside. An experimental
model has been developed that corresponds to the dimensions of the real reactor. Water
and acrylonitrile butadiene styrene (ABS) thermoplastic polymer pellets that allowed the
visualization of particle movement were used in the mixing experiment. ABS polymer was
chosen because its density of 1032-1380 kg/ m* [49] is similar to that of water.

For visual analysis, to monitor the distribution of plastic particles throughout the
mixing volume, it was decided to use ABS pellets (the size was approximately 2 mm) to
occupy approximately one-third of the total reactor volume. Originally, the plastic particles
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sink into the water. When the mixing process begins, ABS polymer particles begin to
move and mix throughout the reactor volume (Figure 4c). The specific motions of the
particles were not clearly visible during the experiment, but it is assumed that the mixing
experiment is consistent with the theoretical mixing results obtained by the ANSYS 17
software simulation because, in the case of mixing, the particles were distributed and
moved throughout the reactor volume.

3.3. Temperature Analysis

To create nanoscale pores in the membrane, a low temperature is required inside the
electrochemical reactor [46]. For this purpose, an automatic temperature control system
was used. During the anodization process, it is crucial to maintain the temperature around
5-8 °C [33]. During the experiment, the temperature of 5 °C in the temperature control
device was set. Temperature analysis was performed using two methods: when the liquid
inside the reactor was not stirred and when it was stirred. The results of the temperature
measurements are shown in Figure 5.

25
¥
-
i B e e i e S S S upm e not stirred
5 5 ——— stirred
0

012345678 91011121314151617181920
Time, min

Figure 5. Temperature changes over time inside the reactor.

In the case when the liquid in the reactor was not stirred, the uniform temperature of
5 °C was not reached during the experiment. The temperature sensor near the aluminum
plate recorded the lowest temperature at 7.7 “C, but as it was set at 5 °C, the automatic
control system was constantly working trying to reach the intended temperature, but due
to the unmixed liquid, the areas of different temperatures were formed. Additionally, in
some places, the temperature in the reactor was significantly lower, and ice formed in the
refrigeration zone. Wh the temperature near the anodization zone was important, the
automatic temperature control system could not reach the target temperature of 5 °C when
the liquid was not stirred because the temperature distribution in the reactor’s volume was
insufficient for the electrochemical process. When the liquid in the reactor was stirred, the
temperature inside the reactor ranged from 4.5 °C to 6.0 °C with a functioning automatic
temperature control system. Such temperature changes are permissible during the anodiza-
tion process. Therefore, the temperature control system is suitable for the design of the
reactor as it provides the ability to maintain the required temperature during electrochemi-
cal processes. The results of the temperature analysis confirm that the mixing process is
important in maintaining a constant liquid temperature throughout the reactor volume.

3.4. Fabrication of AAO Nanoporous Membrane

A high-purity aluminum alloy (1050A, 99.5%) sheet of 0.5 mm thickness was the
main material used for the fabrication of the AAO nanoporous membrane (radius 20 mm).
For fabrication, the experimental setup for the two-step anodization process (Figure 2)
was used.

For the experiment, the aluminum sheet was cut into square specimens (5 cm x 5 cm).
The specimens were annealed at 400 °C for 4 h in a conventional furnace in a nitrogen
atmosphere. After that, the specimens were degreased in acetone. In the novel electro-
chemical reactor with a vibrating functional element, the aluminum sheet was used as the
anodic electrode, whereas the corps of the reactor was used as the cathodic electrode. In the
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first-step anodization, the aluminum sheet was anodized at 60 V and 5 °C temperature for
1hin 0.3 M oxalic acid (HyC,0y) electrolyte. After the first-step anodization, the obtained
oxide layer was removed by chemical etching in a mixture of 35% concentrated phosphoric
acid (H3POy) and 2% chromium anhydride (CrO;) acid solution (by volume) in water at
20 °C for 1 h. After etching, the specimen was rinsed with distilled water. Then, the second
anodization was carried out on the same aluminum sheet at 60 V and 5 °C temperature
for 8§ hin 0.3 M oxalic acid. Then, the specimen was removed from the reactor, rinsed with
distilled water, and dried in air.

The same procedure was performed in the two-step anodization process using high-
frequency excitation. The first and second mode shape methods were chosen to monitor for
significant changes in the AAO nanoporous membranes. The frequency was set at 3.1 kHz
and 4.1 kHz, respectively.

AAOQO morphology and surface chemical composition were determined by scanning
electron microscopy (SEM) and energy dispersive spectroscopy (EDS), respectively. The
Hitachi S-3400N scanning electron microscope with an integrated Bruker energy dispersive
X-ray spectroscopy (EDS) system was used. SEM images of AAQ nanoporous membranes
are shown in Figure 6.

(b) (c)

Figure 6. SEM images of AAO nanoporous membrane. (a) AAO nanoporous membrane after the
two-step anodization process; (b) AAQ nanoporous membrane after the two-step anodization process
using 3.1 kHz frequency excitation; (¢) AAO nanoporous membrane after the two-step anodization
process using 4.1 kHz frequency exdtation.

Using the image processing program “Image]”, the pore diameter (D) and the distance
between the pores (D) were determined. To characterize the AAO structure of nanopores,
the parameter of porosity was used. Porosity (P) can be defined as the ratio of the surface
area occupied by pores and the whole surface area. The P value can be calculated as
follows [50]:

P =0.907 - (Dp /D)%, M
where D;;: pore diameter, D,: interpore distance.

The morphological parameters (Dp, D¢, and P) of the nanoporous membranes are
shown in Table 3.

Table 3. Morphological parameters (Dy, D, and P) of the AAO nanoporous membrane obtained
during the two-step anodization process.

Parameter

No Frequency Excitation Frequency Excitation at 3.1 kHz  Frequency Excitation at 4.1 kHz

Pore diameter (nm) 550+ 10 826 =10 86.1 +£10
Interpore distance (nm) 1214=20 1200+ 20 1205 = 20
Parosity (%) 19 43 46

78

The obtained AAQ membrane had a pore diameter of 55.0 £+ 10 nm, the interpore
distance of 121.4 £ 20 nm, and 19% porosity. Using the frequency excitation of 3.1 kHz,
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the obtained AAQ membrane had a pore diameter of 826 = 10 nm, an interpore distance
of 120.0 + 20 nm, and 43% porosity. Likewise, using frequency excitation of 4.1 kHz, the
obtained AAQ membrane had a pore diameter of 86.1 + 10 nm, an interpore distance
of 120.5 £ 20 nm, and 46% porosity. Overall, these results reveal that, when frequency
excitation is used, the pore diameter increases, leading to an increase in porosity. However,
the interpore distance has been found to be independent of the frequency.

Analysis of energy dispersive X-ray spectroscopy (EDS) allowed the qualitative
and quantitative determination of chemical composition. The chemical compositions
of nanoporous AACQ are shown in Table 4. The analysis showed that Aly( predominates.
Other peaks showed a lower carbon and sulfur content (carbon and sulfur are impurities
due to amorphous anodic aluminum oxide). There are no significant changes in the chem-
ical composition of AAD membranes. Thus, the elemental composition of porous mem-
branes has been found to be independent of the frequency. Moreover, the detailed chemical
composition indicates the successful fabrication of AAQ using frequency excitation.

Table 4. Chemical composition of AAD nanoporous membrane.

Mo Frequency Frequency Excitation at 3.1 kHz Frequency Excitation at 4.1 kHz

Flement Cnn:eﬁtl::;n, ata Fos Enn:z:::i::q at% T, CmnenA::;km at% Bira %
Carbon 1.37 0.2 202 0.5 136 03
Orxygen 62.77 6.1 65.18 78 [l [T
Aluminum 3557 24 25 24 3567 23
Sulfur 0.30 0.0 0.29 01 029 (151

Since the porosity of the oxide was increased by frequency excitation, it is important
to perform hardness measurements to confirm that the porosity affects the mechanical
properties of aluminum oxide.

The hardness measurements were taken with Vickers indentations with a diamond tip
{Micro Vickers Hardness Testing Machine: HM-200, Mitutovo, Japan). Each specimen was
measured at least five times, and the average was taken. The hardness measurements wene
recorded in software and represented in Vickers hardness units.

The hardness tests showed a decrease in hardness from 4.73 GFPa to 1.40 GPa comparing
the AAQ nanoporous membrane after the two-step anodization process without frequency
excitation and AAQ nanoporous membrane after the two-step anodization process with
frequency excitation at 4.1 kHz. Studies performed by other researchers have shown similar
results in which the hardness value depends on porosity. The hardness shows a decreasing
trend with increasing porosity [51]. In another study, hardness measurements revealed no
significant cracks around the indentation [52]. Furthermore, only minor cracks between the
pores could be observed inside the indentation [53].

Thus, the obtained results reveal that under the same anodization conditions and using
high-frequency excitation, the hardness of the AAQ membrane decreases, and the porosity
increases. Analyzing the brittleness of the AAQD membrane, no additional studies were
performed, but based on the researchers’ insights that as porosity increases and hardness
decreases, brittleness also decreases, we assumed that the AAQ membrane produced using
high-frequency excitation was less brittle, but hard enough to be used for template synthesis
or other applications.

Furthermore, considering the theoretical model of the porous aluminum growth mech-
anism, it can be assumed that the resonant frequency excitation to the AAD nanoporous
membrane promotes better mixing of the electrolyte on the oxide and electrolyte interface.
At the oxide/electrolyte interface, the electrolyte concentration is constantly renewed. As
a result, high-efficiency oxide growth is obtained. In the future, theoretical calculations
should be performed to confirm the theory of high-frequency excitation during the an-
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odization process and the effect of high frequency on the growth mechanism of porous

aluminum oxide.

4. Conclusions

The development and analysis of an innovative electrochemical reactor with a vi-
brating element are presented. The reactor to produce nanoporous AAQ membranes by
the two-step anodization method was proposed. To produce less brittle oxide, the high-
frequency excitation method was used; therefore, a vibrating element (piezoceramic ring)
was integrated into the reactor's structure. [t generates vibrations in the aluminum sheet
during anodization. Whereas it is necessary to ensure a temperature of 5-8 “C during the
electrochemical process, a Peltier element and a temperature control system were installed
in the reactor to ensure the uniform temperature of the liquid throughout the reactor’s
volume. The reactor also includes a mixing system with a four-blade impeller. In addition,
the reactor’'s corps was composed of stainless steel to ensure its resistance to electrolytes.

Vibration, mixing, and temperature analyses were performed. Mathematical models
were simulated using COMSOL Multiphysics 5.4 and ANSYS 17 software. Theoretical
calculations were experimentally verified. The following results of the reactor design
analysis were obtained:

s The high-frequency excitation method was used during the vibration experiment. Five
vibration mode shapes were obtained at different frequencies: the first mode shape
(0, 1) at 3.0 kHz and 3.1 kHz, the second mode shape (1, 1) at 4.8 kHz and 4.1 kHz,
the third mode shape (2, 1) at 6.5 kHz and 6.3 kHz, the fourth mode shape (0, 2) at
6.9 kHz and 7.1 kHz, and the fifth mode shape (3. 1) at 88 kHz and 9.1 kHz. The
simulation and the experimental results of membrane surface displacements were
close, but not identical, because of nonideal structural stability and material properties
and the inaccuracy of the measuring equipment;

s [t was found that the designed impeller was sufficient for the mixing process. The
whaole volume in the reactor was mixed. However, specific particle motions were not
clearly captured during the experiment. When the mixing device was turned off, the
particles did not move throughout the reactor volume, but in the case of the mixing
process, the particles were distributed throughout the reactor volume. It was assumed
that the mixing experiment was related to the simulation results;

s [nthe case where the liquid in the reactor was not stirred, the uniform temperature
of 5 “C was not reached during the experiment. In addition, in some places, the
temperature in the reactor was significantly lower, and cold zones with ice were
formed. The temperature sensor recorded the lowest temperature of 7.7 “C. In the case
where the liquid was stirred inside the reactor, the temperature ranged from 4.5 °C
to 6.0 °C using an automatic temperature control system. Such temperature changes
were acceptable.

The results of the vibration, mixing, and temperature analysis confirmed that the
design of the novel electrochemical reactor met the requirements. Analyses have shown
that the use of the high-frequency excitation method offers a real opportunity to develop
functional nanoporous AACQ membranes. A novel aluminum anodization technology,
which uses high-frequency excitation in the two-step anodization process, results in AAO
membranes with 2.6 + 10 nm pore diameters and 43% porosity using frequency excitation
at 3.1 kHz and AAQ membranes with 86.1 =10 nm pore diameters and 46% porosity using
frequency excitation at 4.1 kHz. The chemical composition of the membranes remained un-
changed, but the pore diameter increased, resulting in higher porosity and lower hardness.
It can be assumed that the nanoporous AAQ has become less brittle but hard enough to be
used for template synthesis.

The results obtained under the controlled and well-described two-step anodization
process with high-frequency excitation conditions will be useful in synthesizing and im-
proving the structure and quality of AAQ nanoporous membranes.
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Abstract: In recent years, many research achievements in the field of anodic aluminum oxide (AAQ)
membranes can be observed. Nevertheless, it is still an interesting research topic due to its high
versatility and applications in various fields, such as template-assisted methods, filtration, sensors, etc.
Nowadays, miniaturization is an integral part of different technologies; therefore, research on micro-
and nanosized elements Is relevant in areas such as LEDs and OLEDs, solar cells, etc. To achieve an
efficient mixing process of fluid flow in straight S, & fluidic physics has attracted great
interest in recent decades. Unfortunately, the mnewal of the electrolyte concentration at the bott

of a pore is limited. Thus, excitation is used to improve fluid mixing along nanosized diameters.
The effect of excitation by high-frequency vibrations on pore g try is also investigated. In this
study, theoretical simulations were performed. Using theoretical calculations, the acoustic pressure,
acoustic velocity, and velocity magnitude were obtained at frequencies of 2, 20, and 40 kHz. Moreover,
nanoporous AAO branes were synthesized, and the influence of high-frequency vibrations
on the geometry of the pores was determined. Using a high-frequency excitation of 20 kHz, the
thickness of the AAO membrane increased by 17.8%. In addition, the thickness increased by 31.1% at
40 kHz and 33.3% at the resonant frequency of 40 kHz. Using high-frequency vibrations during the
anodization process, the electrolyte inside the pores is mixed, and as a result, a higher oxide growth
rate and a deeper structure can be achieved. On the other hand, to obtain pores of the same depth,
the reaction can be performed in a shorter time.

Keywords: AAO nanoporous membrane; two-step anodization method; high-frequency excitation
method

1. Introduction

Porous anodic aluminum oxide (AAQ) structures were first observed by Keller, Hunter,
and Robinson in 1953 [1]. Then, a number of scientists, including Sir Nevill Francis Mott,
who won the Nobel Prize in Physics in 1977, Hoar and Mott [2], and Dewald [3], proposed
a mechanism for the formation of porous AAQ. In 199, Masuda, Tanaka, and Baba
reported for the first time the fabrication process of highly ordered porous structured
AAQO membranes in oxalic acid [4]. Since then, new conditions have been discovered
using different anodization regimes to obtain nanopores with different geometries. For
example, anodization was performed using different types of acid electrolytes [5], changing
experimental conditions such as the anodization temperature [6,7], the applied anodization
potential [5], and the current [¥], as well as the dependencies of the diameter of the pores
and the distance between the pores, and the thickness of the AAO membranes on these
parameters was discovered.

In recent years, researchers have made many achievements in the field of porous
AAO membranes, so it is still an interesting research topic due to its great versatility and
applications in various fields such as the fabrication of micro- and nanosized elements using
the template-assistant approach [10-13], filtration [14-18], different types of sensors [19-21],
tissue engineering [22], etc.

Micromachines 2022, 13, 2236. https:/ /dot.ong/10.3390/mi 13122236
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Moreover, looking at today’s technologies and their development, miniaturization is an
integral “economic driver” of today [23-27], and research related to micro- and nanosized
elements is relevant in areas such as mini-LEDs and OLEDs [25], solar cells [29,30), electrother-
apy and drug delivery [31], sensors [32], etc. The growing potential of these technologies
encourages the study of microchannels, which differ from conventional channels in their
channel diameter [33-36]. Since flow regimes in small fluid volumes are often laminar, fluid
heat exchange is limited, and it is likely that the fluid temperature increases along the length
of the microchannel [37]. Therefore, to achieve an efficient and rapid fluid flow mixing
process in straight microchannels, acoustofluidic physics has gained much interest in recent
decades [38,39]. Surface acoustic waves (SAW) apply the effects of ultrasonic waves and
have received a lot of attention from researchers due to their noninvasive nature and the
advantages of efficient fluidic control [40]. Researchers have shown that mixing efficiency
of the hot and cold fluid laminar flows can be improved by using acoustic streaming [41].

In terms of AAQO pore geometry, the peculiarity of the AAQO structure is the pore
width-to-length ratio. Synthesized AAO membranes have been reported with pore diam-
eters in the range of tens to several hundreds of nanometers, and the length can reach
several tens of micrometers [13]. Therefore, the renewal of fluid at the bottom of the pore
during anodization is limited. Given these points, the application of acoustofluidics in the
fabrication of porous AAQO membranes during the anodization process could be used to
overcome this limitation. Moreover, the effect of excitation by high-frequency vibrations
used during the anodization process on the pore geometry has not yet been widely investi-
gated, because high-frequency vibrations usually are used for treatment processes before
or after the anodization [42,43].

Taking into account different theoretical models [44] that explain AAO formation and
provide insight into oxide dissolution at the oxide/electrolyte interface and ion migration
under high-field conditions, as well as based on changes in findings on temperature and
pH along the nanopore, it is important to ensure the mixing process and renewal of fluid
flow along the length of the pore with nano- and microsized length. Moreover, considering
the wide application of micro- and nanomaterials in various fields and the current research
related to better mechanical strength, brittleness, and other improved properties of porous
AAO membranes [45,46], the problem related to the temperature and pH value differences
of the electrolyte flow inside the pore during the anodization process is analyzed in this
paper. As the problem is relevant, and further research is needed, the solution to ensure a
more uniform flow temperature and pH value in the pore of the AAQ membrane when
AAOQ is fabricated by the two-step anodization process is presented.

Therefore, in this article, two techniques (high-frequency excitation and chemical
anodization) are combined to study fluid mixing inside the pores and to study the changes
in the geometry of the AAO pores using high-frequency excitation during the well-known
two-step anodization process using 0.3 M oxalic acid at a constant temperature of 5 °C and a
constant voltage at 60 V. The structure of the paper is as follows. The theoretical simulation
method, boundary conditions, equations used, as well as experimental AAO membrane
fabrication technology are presented in Section 2. The theoretical simulations and the
experimental results are presented in Section 3. The results of the influence of vibrations on
the fluid mixing inside the pore and the influence of vibrations on the geometry of AAO
membrane pores are presented. Conclusions are drawn in Section 4.

2. Materials and Methods
2.1. Simulation Method and Conditions of Vibration Process

In this paper, the fluid flow inside nanopores was simulated using COMSOL Multi-
physics 6.0 software. The numerical model consisted of two pores with a 105 nm diameter
and an electrolyte container (part of the reactor volume). Two pores were chosen to deter-
mine the more realistic behavior of the electrolyte flow between the pores compared to the
flow presented by a single pore. The model was meshed by finite tetrahedron elements
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with fixed support constraint boundary conditions. The computational mesh for the pores
and the boundary conditions of the numerical model are presented in Figure 1.

1 e

(b}

Figure 1. Simulation model. (a) Geometry and computational mesh for nanopores; (b) boundary
conditions.

Thus, the walls of the pores were solid surfaces with no-slip and isothermal bound-
ary conditions. Therefore, the properties of the boundary layer were applied around the
perimeter, where 3 layers were stretched (Figure 1a). The model consisted of 2764 elements
with 320 boundary elements. Additionally, velocity and isothermal fortifications were
used in the area marked in blue (Figure 1b). The velocity boundary conditions in the y
direction were constrained, and movements in the x direction were unconstrained (periodic
oscillation was selected). The entire domain was continuous and selected as a Thermowis-
cous Acoustics Model in which the equilibrium pressure was 1 atm, and the temperature
was 5 “C. The properties of the electrolyte fluid were selected from Material Libraries
in COMSOL Multiphysics 6.0. The parameters of the simulation model are presented
in Table 1.

Table 1. Parameters of the model of fluld Aow simulation in nanopores.

Parameter Symbaol Inseription Value Units
2 [kHz] 2000
Frequency fl 20 [kHz] 20,000 Hz
40 [kHz] 40,000
Ambient
sl To 5 [degC] 278.15 K
Aohicnt pd 1 [atm] 10133 x 10° Pa
pressune
12,566
EA“Su::"“ omegal 25 pl x 1257 x 1P Hz
i 2513 x 10°
Mesh viscous 2236 = 10°F
penatration dvisell “II]‘][]UE:EJ;H]} 7071 = 100 m
depth at f) - 5.000 x 10-#
Speed of sound
s el 14953 [m /5] 14953 m/s
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Table 1. Coud.
Parameter Symbaol Inscription Value Units
0747650
Wavelength Lam ) /i LOT4TRS m
LIBT363
84039
Wave number ki 2 x piflami 84.039 1/m
168.08
Channel cross 5
SR W 105 [rm] 105 x 10 i
Chanmel m Eﬂm= ; i 33 :
s-aeC o L K
g5 oht & B 30,000 [nen ] 30 % 10-# m
55,000 [nm] 55 x 10-%
Wall 1 [nm] 1x 1077
displacement 0 5 [nm]) 5% 1077 "

Simce an acid electrolyte is used during anodization, the thermophysical properties of
water have been used in the simulation. The thermophysical properties of fluid (water) are
shown in Table 2.

Table 2 Thermophysical properties of fluld {water).

Heat
Drynamic Bulk Ratio of Capacity at Thermal
Fluid i g Viscosity,  Viscosity, Specific Constant  Conductivity, P
Pas Pa-s Heats Presgure, Wim-K) "
Jikg-K)
Water 1000 00018 Qs 1 4200 056 1400

In this study, two sets of governing equations were used to obtain the results. Based
on the temporal and spatial scales, the acoustic velocity field was first calculated using
the thermoviscous acoustics module in the frequency domain. Then, the streaming flow
velocity field was calculated by applying the creeping flow module.

In the Thermoviscous Acoustics mathematical model, the following equations were
used. Assuming small harmonic oscillations about the steady background properties, the
dependent variables could be written as

Pt=Pi1+Pb (11
Uy = Uy + Uy (2)
T1=T1+Tb {3:I

where p is the pressure, u is the velocity field, and T is the temperature. The prime variables
{subscript 1) are the acoustic variables, and the variables accompanied by subscript b
represent the background mean flow quantities.

In the Thermoviscous Acoustics interface, the continuity equation could be written as

Pr=p1+ppiwp+ ¥V xippu)=0 4

where w is the frequency of actuation, po is the equilibrium density, u: is the acoustic
velocity field, and p; is the density at temperature Ty:

m=po(Brpr —ap Ty {5)
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Br=(1/pg) — (v/) (6)
ap = (1/¢) — ((cp (v — 1)/ To)*’? @)
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where fit is the isothermal compressibility coefficient, «p is the coefficient of thermal
expansion, ¢ is the speed of sound in the fluid, and pr is the equilibrium pressure. Equation
(5) shows related variations in pressure, temperature, and density. The momentum equation
could be written as

o= —pel+u(Vu+(Vu)") - (2/3 0 — pg) (V x ug) 1 (8)

where u is the dynamic viscosity, and ug is the bulk viscosity. The right side of the equation
indicates the divergence of the stress tensor.
In the frequency domain, multiplication with iw corresponds to differentiation with
respect to time
iwppu=V—-o 9)
Then, the energy conservation equation could be written as
PoCpliwTi+u x VTp) — o Ty lwpr +u, x Vpp) =V x (kVT)+Q  (10)

where Cp, is the heat capacity at constant pressure, k is the thermal conductivity, «p is the
coefficient of thermal expansion (isobaric), and Q is a possible heat source.

Because creeping flow, also known as Stokes flow, could occur in the systems with
small geometrical length scales, the following equations were used:

0=V x[-p21+K]+F (11)
pV xuy=0 (12)
K=u(Vuy+(Vu)) (13)

where p is density of the fluid, p is the fluid pressure field, u is velocity field of the fluid,
and F is external force.

In the first study, frequencies of 2, 20, and 40 kHz were used. During the second
study, the results obtained from the first simulation were used (each frequency was
simulated separately).

2.2, Fabrication of AAQO Nanoporous Membranes

AAO nanoporous membranes were fabricated using the two-step anodization process
(Figure 2). A high-purity annealed aluminum foil (1050A, 99.5%) with a thickness of
0.5 mm was used for experiments. At first, aluminum foil was cut into 5 cm x 5 cm square
specimens, which were annealed at 400 °C for 4 h under nitrogen ambient. Annealing was
carried out in a conventional furnace. Then, the specimens were degreased in acetone and
rinsed with distilled water. The prepared specimens were anodized in the electrochemical
reactor. Anodization was performed at a voltage of 60 V and a temperature of 5 °C using
0.3 M oxalic acid (H2C>0;) as the electrolyte. The first anodization step lasted 1 h. Then,
the synthesized oxide layer was chemically etched in a mixture of 3.5% concentrated
phosphoric acid (H3P0;) and 2% chromium anhydride (CrOs) acid solution in water at
80 °C for 10 min. After being washed with distilled water, the specimens were placed in an
electrochemical reactor, where the second step of anodization at 60 V and 5 °C temperature
for 8 h was performed. Then, the aluminum layer from the AAO membrane was removed
using a solution of a concentrated hydrochloric acid (HCl), copper chloride dihydrate
(CuCly x 2H,0), and distilled water (1:0.3:1). Finally, the specimens were rinsed with
distilled water and air-dried.



Micromachines 2022, 13, 2236

6of 13

Thermal anealing at 400 *C

(oia gany  ford hina comvensional The first step of anedization (1 hi
scithh & thicknass of fusmace in 2 nateogen ata voltage of 60 V and a temperatuse of 5 °C
B i usirg 0.5 M oxalsc aced (HxCxON) as electrolyte
Acetone
Distilled water Coalant
I8 m- =1 -
! ot |- —
Masrer cooler radsatos
Coolast
DC powwr anit Dustilled Erching sobution of
Sobuticn of 4 concentrated water 35% concentrated phosphocic acd (HPO4)
hydrochlosic acid (HCT),  Distilled water & and 2% cheomsum anhydede (CeOh) acid

copper chloaide dibdrate

solutson in wates at 80 °C for 10 misvutes

(CuCl IHO. -
and distilled wator | =) [
031
-
Frequency P
generator and .
valtage ampistier DC power unst

The second step of anodization (3 )
at a voltage of 60 V and a temperatuge of 5 °C
using 0.3 M oxalic actd (H:CON) as edectrolyte

Figure 2. Illustration of the two-step anodization process.

Under the same anodization conditions, AAQO membranes were fabricated using high-
frequency excitation during the first and second steps of anodization. The high-frequency
oscillations were generated using a piezoceramic ring, which was excited by the signal
from the frequency generator and the voltage amplifier. A piezoceramic ring was installed
inside the reactor.

3. Results and Discussion
3.1. Influence of Vibration on Fluid Flow Inside the Pores

In this section, the simulations performed and the results obtained are described in
order to verify the effect of high-frequency vibrations on the mixing process of the fluid
flow inside membrane pores.

First, a line was drawn through the center of the entire length of the pore, which
allowed for the collection of finite element method plot values. Three parameters were
analyzed: total acoustic pressure, total acoustic velocity, and velocity magnitude. The
simulations were performed at different frequencies of 2, 20, and 40 kHz. Considering the
growth of oxide during the electrochemical process and the deepening of the pores, the
simulations were also performed at different depths (1, 5, 30, and 55 um) to evaluate how
the total acoustic pressure, the total acoustic velocity, and velocity magnitude change with
the change in the depth of the pores. At1and 5 um depth, data were recorded at 4-5 nm,
and at 30 and 55 um depth, data were recorded at 7-8 nm. To evaluate changes in fluid flow
at different excitation frequency values and pore depths, and to process large amounts of
data, the calculation of mean values was used. Therefore, the dependencies of the variation
in the average values of acoustic pressure, acoustic velocity, and velocity magnitude were
obtained. The dependencies of different parameters on frequency and depth are presented
in Figure 3.

The acoustic pressure decreased (Figure 3a) in all cases as the pore deepened. The
highest acoustic pressure values were obtained at the resonant high-frequency excitation of
40 kHz. When evaluating the acoustic velocity (Figure 3b), the obtained results showed
that the velocity slightly increased with the depth of the pore. The maximum value of the
acoustic velocity was obtained at the resonant frequency of 40 kHz. When evaluating the
velocity magnitude (Figure 3c), the maximum average values of the fluid flow velocity
were also obtained at the resonant frequency of 40 kHz.
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Figure 3. Comparative curves of different frequencies. (a) Acoustic pressure; (b) acoustic velocdity;
(¢) velocity magnitude.

Since the highest values were obtained at the resonant frequency of 40 kHz, the
variation in the velocity value inside the pore at different pore depths is analyzed below.
Comparative velocity curves are shown in Figure 4.

40
3B 1pn
- N -5 um 2
525 . ~30 um ;
£20 il \
215 e 0 - —
2 10 , 0o 10 20 30
5
0 e
U] 10 20 30 40 50 6l

Pore depth, um
Figure 4. Comparative velocity curves of different pore depths.

When evaluating the velocity dependence along the length of the pore, the velocity
decreased uniformly as the pore deepened. In all the cases, close to the bottom of the
pore, the velocity values decreased to zero and started to rise steadily until the fluid flow
approached the bottom of the pore. At the point at which the flow velocity was zero,
a barrier zone of unmixed flow appeared. At a depth of 1 um, there was no unmixed
barrier fluid flow, so the electrolyte could be intensively refreshed all the time. At a
resonant frequency of 40 kHz, the velocity contours of fluid flow at different pore depths
are presented in Figure 5.
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Figure 5. Fluid flow velocity contour at resonant frequency excitation of 40 kHz at different pore
depths: (a) 1 umy; (b) 5 um; (¢) 30 wm; (d) 55 um.

As the pore depth increased, the speed and direction of the flow in the pore changed.
At the beginning of the anodization process, when the depth of the pore was 1 um, the
electrolyte flowed throughout the length of the pore, and mixing also occurred at the
bottom of the pore. As aluminum oxide formed, the pores became deeper. In the deeper
pore, the barrier appeared, and the direction of fluid flow changed. Moreover, the results
of the analysis showed that the highest speed was at the beginning of the pore. Inside the
pore, the electrolyte flow rate was low (the mixing process was relatively slow) while the
liquid outside (in the reactor) was intensively mixed. Such movement of the liquid during
excitation was beneficial, because the electrolyte near the pore was intensively mixed with
the entire reactor liquid, and the flow in the pore was constantly renewed. The results of the
numerical simulations showed that mixing of the fluid flow inside the pore was ensured by
using high-frequency excitation. Therefore, the electrolyte concentration inside the pore
was also refreshed during the mixing process. Based on theoretical models of oxide growth,
it was concluded that the pH value and the temperature change along the length of the
pore. Therefore, high-frequency excitation during the anodization process could ensure a
more uniform distribution of the electrolyte temperature and pH values along the entire
length of the pores.
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3.2. Influence of Vibration on Pore Geometry

After evaluating the theoretical fluid flow velocities and pressures inside the pore at
different frequencies, experimental studies were carried out, during which it was possible to
determine the effect of high-frequency vibrations on the pore geometry of AAQ membrane.
Since the most significant theoretical results were obtained at the frequency of 40 kHz, this
frequency was further analyzed experimentally, and the frequency of 20 kHz was used
for comparison.

Scanning electron microscopy (SEM) and energy dispersive spectroscopy (EDS) were
used to determine the morphology and surface chemical composition of the nanopores of
the AAO membranes. For analysis, the Hitachi S-3400N scanning electron microscope with
an integrated Bruker energy dispersive X-ray spectroscopy (EDS) system was used. Using
the “Image|” data-processing program, the diameters of the membrane pores, the distances
between the pores, and the thickness of the obtained membranes were determined, and the
results are presented in Table 3.

Table 3. Pore diameter, interpore distance, and thickness of AAO nanoporous membranes.

P cter Pore Di Interpore Di Thickness
(nm) (nm) (um)
No excitation 4 £ 10 3410 45405
Excitation frequency 20 kHz 106 £ 10 140 & 10 53405
Excitation frequency 40 kHz 105 £ 10 140 £ 10 594L05
Resonant excitation frequency 40 kHz 105 £ 10 5210 &0 £ 05

Using frequencies of 20 kHz and 40 kHz and the resonance frequency of 40 kHz,
the pore diameters of the fabricated membrane were obtained. Respectively, they were
103 £ 10 nm, 105 = 10 nm, and 105 + 10 nm. Consequently, the interpore distances were
140 = 10 nm, 140 %= 10 nm, and 145 £ 10 nm, and the thicknesses were 53 + 0.5 um,
59 £ 0.5 um, and 60 £ 0.5 um. It can be concluded that the pore diameter and the
interpore distance remained unchanged under different anodization conditions. However,
the thickness of the AAO membrane increased by 17.8% at 20 kHz. Furthermore, the
thickness increased by 31.1% at 40 kHz and 33.3% at the resonant frequency of 40 kHz. The
thickness of the AAO membrane was also measured using a microscope (Nikon Eclipse

w150, Tokyo, Japan). Images of the thickness of the AAO membrane are shown in Figure 6.
(b) (<) (d)

Figure 6. Images of the thickness of the AAO membrane when the membranes were fabricated under
different anodization conditions: (a) no frequency excitation; (b) excitation at 20 kHz; (¢} excitation at
40 kHz; (d) resonant frequency excitation at 40 kHz.

53 um

]

The chemical compositions of the nanoporous AAO membranes are shown in Table 4.

Analysis of EDS showed that two elements (aluminum and oxygen) predominated.
It confirmed the formation of A;03. Due to amorphous aluminum oxide, two elements,
sulfur and carbon, were identified as impurities. After the EDS analysis, it can be stated
that the frequency did not affect the chemical composition of the membrane.
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Table 4. Chemical composition of AAD nanoporous membranes.

Element
Aluminum Oxygen Carbon Sulfur

Atomic
G concentration, at% B 6315 118 028
Error, % 23 6.9 03 (IR ]
Atombe
Exrll.ah?;:':‘lh[]-lmzquency concentration, at% 3L, 64.78 290 n41
Error, % 23 79 [T (IR ]
Atomic
Excltation frequency R 3 b 02 21 043
e Error, % 22 74 04 o
Atombe
Resomant exceitation - £k -] bh.73 0.23 [T
frequency 40 kHz concentration, at%
& Error, % 21 73 03 (IR ]

Biased on the analysis and comparisons of the complex “current-time” (I-t) curves,
valuable conclusions about the established self-organization regime and ion migration, as
well as new insights about the self-ordering oxide formation under different anodization
conditions, were provided. Thus, during the second step of the anodization process, the
anodization current was measured and observed. Current-time curves are presented
in Figure 7.

0.14

0.13 — Mo frequency
012 i kHz
i 40 kHz
. 40 kH= Re
1

<009

gﬂ.m h

S0.07 o, s
i M
0.0 eSS
0.03 R,
.02

Figure 7. Current-time curves recorded during the second step of the anodization process.

In Figure 7, the curves of the current measurement in four different fabrication regimes
were presented. The first curve, when anodization was performed without the use of high-
frequency excitation, can be named the standard anodization curve. First, the curve was
increased, and then the curve steadily decreased, revealing a slowing process. Slight current
fluctuations were caused by changing the reactor temperature in the range of 4.5-6.0 *C.
Using a high-frequency excitation of 200 kHz, it was possible to conclude from the increasing
current curve that the anodization reactions intensified. This could be explained by faster
ion migration. At a higher frequency of 40 kHz, in the first hour of anodization, the current
was increased, which could be influenced by the increased frequency and the increased
oscillating amplitude. At a resonant frequency of 40 kHz, the current was even more
intense. As the current started to decrease, its value approached the standard current curve
{when the frequency was not used), but the current remained slightly higher throughout
the process. Such a change in the current could have been influenced by the liquid barrier
that formed that is reviewed in the theoretical simulations. Although the refreshing process
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was not as intensive as at the beginning of the anodization, the electrolyte concentration
was still updated due to the high frequency.

The experimental results and the current curves discussed above lead to the conclusion
that the rate of the reaction and the rate of oxide formation are directly dependent on the
concentration of the electrolyte. By renewing the electrolyte inside the pore, higher growth
rates and deeper structure can be achieved. On the other hand, to obtain a pore of the same
depth, the reaction can be performed in a shorter time when high-frequency vibrations
are used.

4. Conclusions

A well-known two-step anodization process was proposed in which the excitation by
high-frequency vibrations was used to ensure mixing of the fluid flow inside nanopores,
thus ensuring a uniform temperature and pH value along the entire length of the pore.
Further, the influence of the high-frequency vibrations on the geometry of AAO membrane
pores was determined. The obtained results of the theoretical calculations showed that
fluid flow inside the pores could be mixed more efficiently when high-frequency vibrations
were used. The highest acoustic pressure, acoustic velocity, and velocity magnitude were
obtained when the high-frequency excitation was applied at a resonant frequency of 40 kHz
Further, fabricated AAO membranes under different frequency conditions showed that
the membrane thickness increased. The thickness of the AAO membrane increased by
17.8% at 20 kHz. The thickness also increased by 31.1% at 40 kHz and 333% at the resonant
frequency of 40 kHz. The obtained experimental results agreed with the theoretical ones,
which showed that at a resonant frequency of 40 kHz, due to the best mixing of the liquid
flow in the pore, the reaction speed was the most intense, and therefore, the AAO membrane
thickness was the highest during the same fabrication time. Moreover, it could be concluded
that the pore diameter and the interpore distance remained unchanged using a frequency at
20 kHz and 40 kHz. Furthermore, after EDS analysis, it could be stated that the frequency
did not affect the chemical composition of the AAO membrane. Current-time curves led
to the conclusion that the rate of reaction and the rate of oxide formation were directly
dependent on the concentration of the electrolyte in the pore. By renewing the electrolyte
inside the pore, higher growth rates and a deeper structure could be achieved. On the
contrary, in order to obtain a pore of the same depth, the reaction could be performed in a
shorter time when high frequency vibrations were used.
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Abstract: Much attention has been paid to the surface modification of artificial skin barriers for the
treatment of skin tissue damage. Chitosan is one of the natural materials that could be characterized
by its biocompatibility. A number of methods for the preparation of chitosan membranes have
been described in sclentific articles, including solvent casting methods. This study investigates an
Improved technology to produce chitosan membranes. Thus, chitosan membranes were prepared
using a vibration-assisted solvent casting method. First, aqueous acetic acid was used to pretreat
chitosan. Then, free-standing chitosan membranes were prepared by solvent casting on nanoporous
anodized aluminum oxide (AAQ) membrane templates, allowing for the solvent o evaporate. Using
finlte element methods, a study was obtained showing the influence of chitosan solutions of different
concentrations on the fuid Bow into nanopores using high-frequency excitation. The height of
the nanopillars and the surface area of the chitosan membrane were also evaluated. In this study,
the surface area of the chitosan membrane was found to increase by 15, 10 and 6 times compared
to the original flat surface area. The newly produced nanopillared chitosan membranes will be
applicable in the fabrication of skin barrers due to the longer nanopillars on their surface and the
larger surface area.

Keywords: chitosan membrane; nanoporous AAD template; high-frequency excitation; two-step
anodization method; solvent casting method; surface area

1. Introduction

Skin is a human organ that acts as a physical barrier against external damage [1].
However, injuries can easily deform the multilayered structure and complications such
as infections, melanoma, or the formation of scar tissue may result from the wound [2].
To treat wounds, artificial skin barriers could be applied [3]. These barriers can support
cellular activity in a moist environment, allow for the transport of gaseous species, and
simultaneously prevent the transmission of pathogens [4].

To create artificial skin barriers, different films and membranes are being developed |5].
Unlike other materials, nanomaterials have unique physical (nanoscale size, high surface-to-
volume ratin, diversity of morphology and structure, etc.), chemical {corrosion resistance,
high reactivity, etc.), and biological properties (biocompatibility, low immunogenicity,
etc.) which allow for nanomaterials to be widely used in tissue engineering [6]. With the
increasing emphasis on environmental friendliness, nanomaterial templates are receiving a
lot of attention and are considered one of the most promising techniques [7]. Moreover, the
template allows for the structure to be reconstructed with the best possible reproducibility
and plays the role of a skeleton, which can be used to develop various functions and
adapt the created nanostructure in different areas [5,9]. In recent years, there has been a
lot of interest in the potential application of nanopillars to membranes and films [10]. In
fact, nanopillar surfaces have properties that make them more valuable than conventional

planar surfaces in biclogical applications, such as medical therapy, tissue engineering,
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and antibacterial agents [11-14]. The nanopillars have three effects on surface biological
processes: increase the surface area, increase cell adhesion and growth, and increase the
ability to penetrate the cell [15].

One of the possibilities to fabricate nanopillars is the template method. Nanoma-
terials templates can be made using a variety of methods (additive manufacturing (3D
printing) [16,17], lithography [15]), but most of them are relatively complex and expensive
compared to the anodization process, which can be characterized by high efficiency, simplic-
ity, low cost, and the notable qualities of the obtained nanostructures [19]. The anodization
process in the fabrication of anodic aluminum oxide (AAO) nanoporous membranes is supe-
rior because structural changes can be obtained by controlling the electrochemical process
conditions (type of electrolyte, electrolyte concentration, temperature, anodization time,
anodizing potential, current density, etc.) during the fabrication process [20,21]. Further-
more, AAO nanoporous membranes have exceptional properties, such as a high thermal
stability, mechanical hardness, and chemical inertness [22]. The use of the nanoporous
AAOQ membrane as a template has several advantages over other types of templates, such as
a nanometer-sized diameter and straight micropore length, low cost, and thermal stability
over a wide temperature range without loss of porous structure, even after processing
above 1000 °C; in addition, porous alumina can be used with a barrier layer on one side
and a main porous oxide layer on the other side, or base materials can be removed on both
sides to obtain a self-sustaining nanohole structure that can be used as a template [23-25].

Research has shown that chitosan is a promising candidate for the development of
biocompatible, bactericidal, and bio-adhesive skin barriers and is already widely used in
commercial wound dressings [10,26-25], hemostatic dressings [29] or drug delivery systems
for wound healing [30]. At present, many types of commercial products based on chitosan
(OneStop™ Bandage Rx, Hemcon® Bandage PRO, HemCon ChitoDot®, ChitoGauze® XR
PRO (Tricol Biomedical, Portland, OR, USA)) are available for wound care [31]. To improve
its properties, various derivatives of chitosan can be produced [32]. For example, the
combination of chitosan and gelatin not only produces a biomatrix that is more durable,
but also allows for the controlled release of biological agents and protects the wound from
contaminating molecules [33]. The antimicrobial activity of chitosan and its potential for
osteogenesis in stem cell culture environments were also p ted by hers [34].
Due to the less transferable nanostructure on the chitosan membrane, there are few studies
on the micro/nanopatterning of chitosan membranes and films; therefore, two methods are
commonly used: low-pressure, low-temperature nanoimprinting and solvent casting [35].
However, the low-pressure, low-temperature nanoimprinting method required careful
control of the viscosity and the use of a nanoimprinter; therefore, the solvent casting
method is the easiest and most-used method to transfer the nanostructure onto the chitosan
membrane when the polymer solution is poured onto the patterned template [36]. When
the bottom of the pores of the AAO template is closed, it is difficult to ensure the flow
of the solution into the nanopores, so different chitosan derivatives could be used for
this purpose [37], or the AAO template could be modified with surface energy-reducing
agents [34].

Because chitosan membranes with nanopillars are promising in the creation of bar-
riers for skin protection, it is important to develop fabrication technologies that involve
controlling the geometry of nanopillars. This study presents the fabrication of a chitosan
membrane with nanopillars using the nanoporous AAO membrane as a template. Because
the solvent casting method was performed without high-frequency excitation in previous
studies, the novelty of this study is that a free-standing chitosan membrane was prepared
using a vibration-assisted solvent casting method and the influence of high-frequency exci-
tation on the geometry of the nanopillars is analyzed. Moreover, in this study, the velocity
of the chitosan solution into the closed nanopore was calculated mathematically. Therefore,
to control the geometry of the nanopillars and expand the application of templates in mem-
brane production, free-standing nanopillared chitosan membranes were produced, using
1 wi6, 2 wt and 3 wt% concentrations of chitosan solutions to determine the influence on
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the formation of nanopillar using high-frequency excitation of 40 kHz for 5 s. Moreover,
the effect of vibration on the surface area of the nanopillared chitosan membrane was also
investigated. Furthermore, the velocity of the fluid flow into the nanopore, the height of
the nanopillars, and the surface area of a single nanopillar were theoretically evaluated
using COMSOL Multiphysics 6.0 software.

2. Materials and Methods
2.1. Fabrication of Nanoporous AAQ Template

To control the geometry of the nanopillars and expand the application of templates
in membrane fabrication, nanopillared chitosan membranes were fabricated using the
nanoporous AAQ templates. A facile and cost-effective two-step anodization process was
used to fabricate the nanoporous AAO templates. The synthesis route of the nanoporous
AAOQ template is shown in Figure 1.

Thermal aneali ANODIZATION ANODIZATION
Alumisum foil e
. . in a conventional
with a thickness
furnace
of 0.5 mm

. 55 man
%“Smm

Frequency generator and voltage amplifier

Figure 1. The synthesis route of nanoporous AAQ template.

In this study, annealed aluminum foil of high purity (>99%) was used. First, the
specimens of aluminum foil with a size of 55 x 55 x (.5 mm were annealed at 400 °C for
4 h in a nitrogen environment in a conventional furnace. The samples were then cleaned
with distilled water after being degreased with acetone. An electrochemical reactor was
used to prepare the nanoporous AAQ templates. The novel design of the electrochemical
reactor is presented in Figure 2.

1 Ultrasonsc Mixing Ay
:‘.‘,m. Ml:ln::lm pezoolectric device  heel  Uliasonic
ceramsg transducer / piezoelectric
ceramic
transducr

Nut M3 ‘4"‘

Reactor Screw [
Reactor corps M3« 50 R’:::’
oo . covr s
Nut M3 P Serew

M3 =50

Figure 2. A novel design of the electrochemical reactor.
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Using a 0.3 mol/L oxalic acid solution (HyC,0y) as the electrolyte, the two-step
anodization process was conducted at a voltage of 60 V and a temperature of 5 °C. The
initial anodization process took one hour. A solution of 3.5% concentrated phosphoric acid
(H3POy) and 2% concentrated chromium anhydride (CrOj3) acid in water was used to etch
the oxide layer. The chemical etching process was performed at 80 “C for 10 min. The
second step of the anodization process was carried out in the electrochemical reactor at 60 V
and 5 “C for 4 h after they had been cleaned with distilled water. During the second step of
anodization, high-frequency excitation was used. More information on the anodization
process using high-frequency excitation is given in [35]. Lastly, the produced nanoporous
AAQ templates were washed with distilled water and air-dried.

Additionally, using the Hitachi S-3400N (Hi-Tech Instruments, Bandar Bukit Puchong,
Malaysia) scanning electron microscope (SEM), the geometry of the AAO pores was exam-
ined. By evaluating the pore diameters and interpore distances of the entire 45 mm diameter
AAO membrane area and calculating the normal distribution of the pore diameters and
interpore distances, the average values of the pore diameters and interpore distance were
determined using the “Image]” data-processing program. Futhermore, the surface chemical
composition of the AAO template was examined using Bruker Quad 5040 EDS energy
dispersive X-ray spectroscopy.

2.2. Fabrication of Nanopillared Chitosan Membrane

1 wt%, 2 wt% and 3 wt% chitosan (high molecular weight, deacetylation degree
>95%) were dissolved in 1 wt% acetic acid solution. The preparation procedure for the
nanopillared chitosan membrane is shown in Figure 3.

4

FERELe
Lwhaceic o) 0.5 mol NaOH s e v
acd solutson,  Mixng st 20 solution L n
for1h for 30 man

(a)

Y

1wt acetic

acid solugion  Mixing s 20 °C

forth

Figure 3. Fabrication of nanopillared chit b (a) standard preparation procedure;
(b) preparation procedure using high-frequency excitation.

The mixtures were stirred at 20 “C for 1 h, until the chitosan was completely dissolved.
In the next step, the chitosan solution was added dropwise (casting temperature 20 “C) onto
the prepared nanoporous AAQ templates (diameter 45 mm) and dried at the temperature of
20°C for 24 h. To dissolve the template, the samples were immersed in the (.5 mol/L NaOH
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solution. Finally, the nanopillared chitosan membranes were cleaned by ultrasonication in
distilled water. The geometry of chitosan nanopillars was examined using SEM.

To determine the influence of vibration on the geometry of the nanopillars, after
dropping chitosan onto the nanoporous AAO template, the chitosan, together with the
AAQ template, was vibrated at the frequency of 40 kHz for 5 s, and then all procedures
were conducted as usual. The device for chitosan and AAQ template vibrations is presented

in Figure 4.

AAO
temnplate Plates of corps
{ 7a8)

/

Ultrasonic }nrzoefk\‘trit:
ceramic transducer

Figure 4. The device for the high-frequency excitation of chitosan solution and AAQ template.

The structures of nanopillars are primarily responsible for their unique properties.
Numerous vertically aligned nanopillars considerably increase the surface area of an
original surface without altering the original substrate’s size. Formula (1) could be used to
determine the surface area (S) of the nanopillared surface [16]:

S=Su+n(2‘m‘l) (])

where S is the area of the original flat surface, r is the radius of each nanopillar, | is the
height of the nanopillars, and n is the number of nanopillars on the flat surface.

2.3. Simulation Method and Conditions of Vibration Process

Due to recent advances in the production of microfluidic systems, acoustics are used
to control microparticles, living cells, and other particles [39]. Using acoustics, an acoustic
streaming flow is created in the microchannels, which also affects the particles with a
viscous drag force [4]. The forces of viscous drag and acoustic radiation control the
particle trajectories [41]. Due to the non-linear terms in the governing equations, the
acoustic radiation force is the effect of the transfer of momentum from the acoustic field
to the particles [42]. As a result, the acoustic radiation force acts as a net force on the
particles [43].

Acoustic streaming is a term for the net time-averaged flow that results from harmonic
disruption of the flow due to non-linear factors in the Navier-Stokes equations [44]. A
second-order (nonlinear) acoustic effect is acoustic streaming [45]. The viscous drag force
on the particles is influenced by the acoustic streaming and the balance between the
acoustic radiation force and the viscous drag force {(from the streaming flow) dominates the
trajectory of the particles [46].

In this study, the theoretical model was a multiphysics task that included three main
stages. The first stage was related to the determination of the first-order acoustic field in the
domain, the second included the acoustic streaming flow in the domain, and the third stage
was related to the flow of the fluid (also evaluating the streaming flow) inside the pore.

Firstly, the first-order acoustics field was solved by the Thermoviscous Acoustics and
Frequency Domain interface in the model [47]. The acoustic boundary layer was deter-
mined, and the streaming flow in this layer was obtained. Then, the relevant source terms
from the first-order fields were added to the Laminar flow interface to solve the second-
order time-averaged net flow. Pressure Acoustics, Frequency Domain, and Thermoviscous
Boundary Layer Impedance were used to account for the damping in the thin viscous
boundary layers.
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The steady-state streaming flow is described by the formulas:

0==V"(ppu)— V- (<py uy>) 2

0=V 02— V- (pg<uu">) 3

102

where p is the density (kg/m?), u is the fluid velocity (m/s), T is the temperature (K),
<...>is the time averaging and subscript 2 is the streaming flow variables.
Formula (4), governing the transport and reinitialization of ¢, can be written as [45]:

ap/dt+u-V=yV - (Vb-¢(1-0)(Ve/IVI)) 4)

where ¢ is the isocontour (determines the position of the interface), t is the time (s), v is the
reinitialization parameter (m/s), which determines the amount of reinitialization, and ¢ is
the reinitialization parameter (m), which determines the layer thickness surrounding the
interface where ¢ goes from zero to one).

An interface thickness can be described by the following formula:

e=h./2 (5)

where h, is the characteristic mesh size in the area passed by the interface.
The parameter ¢ is also used to calculate the density and dynamic viscosity:

P=pPch+(Pa — pen) § (6)

U= leh + (M2 — ) § (7)
where pp, W, Pa, 1a are the constants of density and viscosity of chitosan solution and air,
respectively.

The incompressible Navier-Stokes equations, which include surface tension, regulate
the transfer of mass and momentum in the Laminar Two-Phase Flow and Level Set interface:

p(aulanu-Vu):—Vp+V~u(Vu+VuT)+pg+Fa (8)

V.u=0 (9)

where p is the pressure (Pa), p is the viscosity (Pa-s), pg is the gravity (m/s?), Fa is the
surface tension force components.
The surface tension force can be described by the following formula:

Fu=V -T=V-[c(l+(-nn")] 8] (10)

where o is the surface tension coefficient, | is the identity of the matrix, n is the interface
unit normal, 3 is a Dirac delta function (nonzero only at the fluid interface).
The interface normal could be calculated from the following formula:

n=V¢/IVp! (1)
The parameter ¢ can be used to approximate the delta function:
5=61d(1—¢)l 1V (12)

In this study, COMSOL Multiphysics 6.0 software was used to simulate the behaviour
of fluids in the nanopore. The deposition of the chitosan solution on the porous AAO
structure and the flow of liquid into the pores was simulated using high frequencies. The
mathematical model was composed of one pore with a diameter of 100 nm and a chitosan
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reservoir. The model was meshed by free triangular elements with a boundary layer inside
the structure. The finite element mesh is shown in Figure 5.

A,
A A A AT W, o (4D AT
A AV ATATAVAVAYAVAY, PAWATL s AR

VAV AV AV AV AT AVATAVA) FLNAT "
AT AV AYAYAVAVAVAYAY, Vi AV

A R o ™ W

B [
F

T

Pore Beservoir of chitosan
Figure 5. The finite element mesh of the simulation model.

The inner wall of the AAQ nanopore was determined to be solid surfaces with no-slip
and isothermal boundary conditions. The walls of the chitosan reservoir were determined
to be a wetted wall with a navier slip condition. The model was composed of 4213 domain
elements and 453 boundary elements. Movement in the ¥ direction was constrained, and
periodic movements occurred in the X direction. The main model parameters are presented
in Table 1.

Table 1. The model parameters.

Parameter Symbol Inscription Value
Frequency 0 40 [kHz] 400000 Hz
Amnbient lemperatire O 20[+C] 293.15K
Ambient pressure po 1 [atrn] 10133 = 107 Pa
Study angular frequency omegall 2xpixf0 25132 x 10F Hz
Channel cross-section width w 100 [nm] 110" m
Channel cross-section height H 1000 [rem] 1x 10 %m
Wall displacement diy 100 [nm] 1x 10 7 m
Time 1 4 5] 43

Thermoviscous acoustics, laminar flow, and level set physics were applied to the
entire model. In the multiphysics discipline, the two-phase flow was selected. Here, the
laminar flow was selected as the fluid flow and the level set as the moving interface. The
temperature of the model was set at room temperature, at 20 “C.

3. Results and Discussion
3.1. Investigation of Porous AAQ Template

In this section, the fabricated nanoporous AAQ template is described. To produce
nanopillared chitosan membranes, nine identical nanoporous AAC templates were fab-
ricated. For the pore diameter, the distance between pores and thickness analysis, the
“Image]” data-processing program was used. The average values of the pore diameters and
interpore distance were obtained by evaluating the pore diameters and interpore distances
of the entire 45 mm diameter AAQ membrane area, and the normal distribution of pore
diameters and interpore distances were calculated. The results of the geometry of the
nanoporous AAQD template are presented in Table 2.
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Table 2 Average pore diameter and interpore distance of porous AAQ templates.

Parameter Value
Pore diameter, nm 100 + 10
Interpore distance, nm 150+ 10
Thickness, um 4511

To determine the chemical elements and their quantity in the porous AAQ template,
EDS analysis was used. The elements determined during EDS analysis are presented in

Table 3 and Figure 6.

Table 3. Chemical composition of AAD template.

Element
Aluminum Oxygen Carbon Sulfur
Maormalized concentration, wi 44.90 B338 124 0.48
Atomie concentration, at% 325 6518 202 029
Error, % 24 78 0.5 [ ]
P
2.0+
1.5
£ 5
1.0
0.5+
0.0 T T T T
1 2 3 4 3 [ 7 ]

'

Figure 6. The EDS curve of AAQ template.

According to Table 3 and Figure 6, two elements (aluminum and cxygen) predom-
inmated. This confirmed the formation of As0y. Sulfur and carbon were identified as
impurities due to amorphous Ay Oy,

3.2 Theoretical Results of the Flow of Different Concentrations of Chitosan Solution into the
AAD Nanopores

The results of the first and second simulations showed the distribution of acoustic
velocity and streaming velocity. The acoustic velocity showed the propagation of the sound
waves through the air in the pore and the chitosan solution. Affected by the streaming
velocity, the chitosan solution gained enough energy to flow into the pore. The flow of
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chitosan solutions of different concentrations into the pore was calculated during the last
simulation, and the volume fraction of fluid was obtained. The resulting images of the
simulations are presented in Figure 7.

ia) (b} () (d)

Figure 7. Flow of different concentrations of chitosan solution into the nanopore using the high-
frequency excitation of 40 kHz in 4 s: (a) 1 wi chitosan solution; (b) 2 wi% chitosan solution;
() 3 withc chitosan solution; {d) any concentration of chitosan solution without high-frequency excita-
ton. The blue represents chitosan solution, and red represents the air.

The results related to the velocity, the height of the nanopillars, and the surface area of
a single nanopillar are presented in Table 4.

Table 4. Simulation results of chitosan solution with concentrations of 1 s, 2 wi and 3 wi%.

Parameter 1w 2with Iwtla

Velockty, nm /s 250 164 a4

Helght of nanopillars, nm 1000 675 3rs
Surface area of a single nanopillar, pm® 0314 022 0118

Using the high-frequency excitation of 40 kHz in 4 5, the velocity of the 1 wi®: chitosan
solution was 250 nm /s, while the velocity of the 2 wt% chitosan solution was 169 nm/s
under the same conditions. The speed of the 3 wi% chitosan solution was the lowest and
reached 94 nm/s. However, when high-frequency excitation was not used, the flow of
the chitosan solution into the closed nanopore was not ensured and a flat surface was
obtained. Using high-frequency excitation, the results showed that as the concentration of
the solution decreased, the height of the nanopillars increased, which led to an increase
in the surface area. When the concentration varied from 3 wi to 1 wi', the surface area
of the single nanopillar increased more than twice under the same conditions. The results
led to an increase in the surface area of the chitosan membrane compared to a flat chitosan
membrane. Furthermore, by changing the concentration of the chitosan solution during
production, the required surface area can be calculated and obtained according to the

surface area shown in Formula (1).

3.3. Investigation of Nanopillared Chitosan Membramne

The nine free-standing chitosan membranes (three membranes of each concentration)
were prepared by the vibration-assisted solvent casting method. Nanopillared chitosan
membranes were experimentally prepared from different concentrations of chitosan solu-
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tions to determine their influence on the formation of nanopillars using high-frequency
excitation. SEM images of the nanoporous AAO templates, chitosan membranes, and
nanopillars are presented in Figure 5.

1 wit% chitosan solution

100 nm
—

2 wit% chitosan solution

o
&
)
=)
=]

100.nm
100 nm (W]
F—

3 wt?% chitosan solution J00 y,
20 ng,

(b) )

wun01

Figure 8. SEM images of: (a) nanoporous AAQ template; (b) chitosan membrane; (¢) nanopillar of
chitosan membrane (cross-section).

The experimental results of chitosan membranes using 1 wt, 2 wt%, and 3 wt%
chitosan solutions are presented in Table 5.

Table 5. Experimental Its of chitos: b
Parameter 1wt 2 wit% 3wit%
Diameter of nanopillars, nm 9 =10 101 =10 100 =10
Height of nanopillars, nm 1007 = 10 665 = 10 377 =10
Average surface area of a single nanopillar, pm? 0313 0.211 0.118
Calculated experimental velocity, nm/s 201 133 75
Calculated surface area, em? 1505 1028 6.26

In all cases where a high-frequency excitation of 40 kHz was used during the solvent
casting method, nanopillared chitosan membranes were obtained. Depending on the
concentration of the prepared chitosan solution, nanopillars of different heights were
obtained. It can be assumed that the diameter of the nanopillars did not depend on
the concentration, and the obtained nanopillar diameters were 100 + 10 nm in all cases.
However, changes in the height of the nanopillars were observed.

To obtain the height of nanopillars as in the theoretical calculations, high frequency
was applied for 5 s. Experimental liquid flow velocities were obtained, at 201 nm/s,
133 nm/s and 75 nm /s, respectively, for concentrations of 1 wt, 2 wt% and 3 wt%. With
the experimental velocities of chitosan solutions into the pore and the concentration of
the chitosan solution, the heights of the nanopillars could be controlled by high-frequency
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excitation. It was experimentally found that high-frequency excitation ensured fluid flow
into the nanoporous AAQ template, and the heights of the nanopillars could be controlled
by changing the concentration of the chitosan solution.

As a result of the changing height of the nanopillars, the surface area of the membrane
changed, and the research contributes to the wider application of chitosan membranes as
an artificial skin barrier. To develop artificial skin barriers, surface area calculations were
performed for the free-standing chitpsan membrane with a size of 10 x 10 mm (Figure 9).

W W
zf‘ [ ]lJ.

= o

—
10 mim A

S5 nm

1o ey
—

Figure 9. Free-standing chitosan membrane.

According to Formula (1), the surface areas were calculated when the height of the
nanopillars was 377, 665 and 1007 nm. In all cases, the area of the original flat surface was
1cm?, the number of nanopillars was 4.4 - 109, and the radius of each nanopillar was 50 nm.
Based on the experimental data, the values of the calculated surface area are given in Table 5.
Compared to the original flat surface area, the surface area of the nanopillared chitosan
membrane could be increased by &, 10, and 15 times when chitosan solution with different
concentrations was poured onto the nanoporous AAQ template using a high-frequency
excitation of 40 kHz for 5 5.

4. Conclusions

In this study, free-standing nanopillared chitosan membrane was fabricated using the
improved solvent casting method on the nanoporous AAQ template. The high-frequency
excitation of 40 kHz was used during the solvent casting method to improve the flow of
liquid into the nanopore. Nanopillared chitosan membranes were successfully fabricated
using 1 wi't, 2 with and 3 wt solutions of chitosan in acetic acid. SEM images confirmed
the formation of AAQ nanopores and chitosan nanopillars. Three types of chitosan mem-
branes were experimentally obtained when the height of the nanopillars was 1007, 665, and
377 nm. From the obtained heights of the nanopillars, according to the surface area formula,
the surface areas of the free-standing nanopillared chitosan membranes (with a size of
10 = 10 mm) were calculated, which were 15.05, 10.28 and 6.26 cm®. Compared to the flat
membrane surface, the nanopillared surface area was increased by 15, 10, and & times.
Furthermore, the experimental velocities of chitosan solution into the pore were 201, 133
and 75 nm /s, determined at concentrations of 1 wit%, 2 wit and 3 wit'% chitosan solution,
respectively. The experimentally determined liquid flow velocities into the nanopore make
it possible to form nanopillars of the desired height, which leads to precise control of the
surface area. Due to the easily controlled surface area, these studies contribute to the
development of artificial skin barriers for commercial use.
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g

pavasario semestra.

2. Mechanikos inZinerijos mokslo krypties 2-0 kurso doktoranty atestacija uz 2022/2023 m. m.
pavasario semestrg.
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3. SVARSTYTA. I1l-o kurso KTU doktoranty: Pauliaus Skério, Tomo Vaitkfine, Justo Cigano,
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