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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 μm thickness was obtained at a frequency of 20 kHz, and a membrane 
thickness of 59 μm 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 10×10 mm of chitosan membrane mimicking the artificial skin barrier is 
presented. The surface areas of chitosan were obtained as 15.05 cm2, 10.28 cm2, and 
6.26 cm2 with nanopillar heights of 1007 nm, 665 nm, and 377 nm, respectively.  
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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, AAO 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. 
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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 ImageJ 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 ImageJ 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, 
Karmėlava, 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: 
[A1] Ciganė, Urtė; Palevičius, Arvydas; Janušas, Giedrius. Review of 

nanomembranes: materials, fabrications and applications in tissue engineering 
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[A2] Cigane, Urte; Palevicius, Arvydas; Jurenas, Vytautas; Pilkauskas, Kestutis; 
Janusas, Giedrius. Development and analysis of electrochemical reactor with 
vibrating functional element for AAO nanoporous membranes fabrication // 
Sensors. Basel: MDPI. ISSN 1424-8220. 2022, vol. 22, iss. 22, art. No. 8856, 
p. 1–14. DOI: 10.3390/s22228856. Impact factor 3.900, Q2. 

[A3] Cigane, Urte; Palevicius, Arvydas; Janusas, Giedrius. Vibration-assisted 
synthesis of nanoporous anodic aluminum oxide (AAO) membranes // 
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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. 

 

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 Tamulevičius 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: 

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. 
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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. Ciganė, A. Palevičius, and G. Janušas. The 
contribution of U. Ciganė 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. 
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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 

(a)  

 
(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 ºC 
and 40 V voltage when using 0.3 M oxalic acid (H2C2O4) 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 ºC 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. 

 
Fig. 5. Illustration of the two-step anodization process 
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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 μm. Changes in the membrane thickness were 
observed at frequencies of 20 kHz and 40 kHz. A 53 μm AAO membrane thickness 
was obtained at a frequency of 20 kHz, whereas a membrane thickness of 59 μm was 
obtained at a frequency of 40 kHz. Images of the thickness of the AAO membrane are 
presented in Fig. 6. 

   
(a) (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.  

 

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 



29 

of 10×10 mm were obtained as 15.05 cm2, 10.28 cm2, and 6.26 cm2 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. 

 

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 μm. Changes in the membrane thickness were 
observed at 20 kHz and 40 kHz. AAO membrane thicknesses of 53 μm and 59 μm 
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 10×10 mm. The surface areas were 15.05 cm2, 10.28 cm2, and 6.26 cm2 with 
nanopillar heights of 1007 nm, 665 nm, and 377 nm, respectively. 
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4. SANTRAUKA 

ĮVADAS 
Įvairios nanostruktūrizuotos membranos sulaukia didelio mokslininkų dėmesio 

dėl savo universalumo, stabilumo ir galimybės kontroliuoti struktūros parametrus, 
nulemiančius unikalių struktūrų kūrimą. Skirtingos membranos yra plačiai 
naudojamos įvairiose srityse, tokiose kaip vandens valymas, saulės elementai, slėgio, 
temperatūros ir biojutikliai, lankstūs optoelektroniniai prietaisai ir medicina. 
Pastaruoju metu didelis proveržis pastebimas ir bioinžinerijos srityse, kur 
nanostruktūrizuotos membranos praktiškai pritaikomos kaulų ir odos audinių 
inžinerijose bei vaistų tiekimo sistemose.  

Atsižvelgiant į mechaninę inžineriją, vis dar trūksta žinių apie 
nanostruktūrizuotų membranų mechaninį stiprumą ir biologinį suderinamumą. 
Kadangi ryšys tarp nanostruktūrizuotų membranų mechaninio stiprumo ir biologinio 
suderinamumo priklauso nuo medžiagos ir gamybos būdo, aktualu parinkti tinkamą 
technologiją šioms membranoms gaminti ir jas pritaikyti komerciškai. Kuriant 
sintetines membranas, svarbu užtikrinti tvarkingą vidinę struktūrą, nes tai nulemia 
unikalias kiekvienos membranos savybes. Tam tikslui yra naudojami įvairūs gamybos 
metodai, tokie kaip litografija, 3D spausdinimas, cheminis nusodinimas garais, 
elektrinis verpimas ir pan. Tačiau šiems gamybos būdams yra reikalinga sudėtinga ir 
brangi įranga, o patys procesai sudėtingai kontroliuojami ir dažnai nenuspėjami. 
Todėl kita gerai žinoma ir dažnai taikoma alternatyva – dviejų etapų aliuminio 
anodavimo procesas, kai elektrocheminiu būdu formuojami metalo oksido sluoksniai. 
Porėta AAO membrana yra gerai žinoma dėl savo sąlyginai nedidelės gamybos 
kainos, didelio paviršiaus ploto, tvarkingai išsidėsčiusių nanostruktūrų ir galimybės 
keisti nanoporų matmenis kontroliuojant anodavimo proceso parametrus, tokius kaip 
įtampa, srovė, elektrolito koncentracija, pH, elektrolito tipas, temperatūra. Tačiau vis 
dar išlieka iššūkių siekiant kontroliuoti ir užtikrinti vienodus membranos nanoporų 
geometrijos parametrus, nes šie priklauso ne tik nuo gamybos technologijos, bet ir 
nuo parinktų gamybos sąlygų. Kadangi daugumai inžinerinių medžiagų stiprumas ir 
kietumas yra esminiai reikalavimai, nanoporėtas AAO priskiriamas keramikai ir 
pasižymi kietumu ir stiprumu. Dėl šių priežasčių, norint pritaikyti nanoporėtą AAO 
šablonų gamybai, susiduriama su dar vienu iššūkiu – membranos trapumu. Todėl, 
modeliuojant gamybos parametrų įtaką membranos porų geometrijai, svarbu ne tik 
kontroliuoti membranos porų dydžius, bet ir pagaminti kuo lankstesnę nanoporėtą 
membraną iš trapaus aliuminio oksido. Siekiant pagaminti mažiau trapų oksidą, reikia 
analizuoti skirtingus teorinius modelius, kurie paaiškina AAO susidarymą ir suteikia 
įžvalgų apie oksido struktūros formavimosi priklausomybę nuo skirtingų parametrų.  

Vis labiau akcentuojant ekologiškumą, nanomedžiagų šablonai sulaukia daug 
dėmesio ir yra laikomi vienu perspektyviausių metodų, todėl technologiškai AAO 
membrana toliau naudojama kaip šablonas. Tačiau susiduriama su dar vienu aktualiu 
iššūkiu – kaip tiksliai ir su kuo didesniu atkuriamumu perkelti sukurtą AAO 
membranos geometriją į medžiagą, kuri pasižymėtų biosuderinamumu. Tam tikslui 
pasirenkama plačiai mokslininkų tiriama medžiaga – chitozanas, kuris perspektyvus 
kuriant biologiškai suderintus, baktericidiniu poveikiu pasižyminčius odos barjerus. 
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Be to, šiuo metu chitozano membranos jau yra naudojamos komerciniams žaizdų 
tvarsčiams ir pleistrams. Norint pagerinti chitozano membranų savybes, gali būti 
modifikuojamas paviršius arba kuriami įvairūs kompozitai. Norint chitozano 
membranas naudoti odos tvarsčiams ir pleistrams kurti, svarbu užtikrinti kuo didesnį 
membranos paviršiaus plotą. Tam tikslui vietoje įprastinių lygių paviršių pranašesni 
tampa paviršiai su nanostulpeliais, kurie gali padidinti paviršiaus plotą kelis ar net 
kelias dešimtis kartų. Kadangi chitozano membranos su nanostulpeliais yra 
perspektyvios kuriant odos apsaugos barjerus, aktualu sukurti ir gamybos 
technologiją, kuri apimtų nanostulpelių geometrijos valdymą. 

Tyrimai, susiję su nanostruktūrizuotomis membranomis, sulaukia didelio 
mokslininkų ir verslo atstovų dėmesio, todėl svarbu plėtoti technologijas ir gilinti 
žinias apie gamybos metu vykstančius cheminius ir fizikinius procesus, kad būtų 
galima išspręsti aktualius iššūkius, susijusius su membranomis. Šioje disertacijoje 
pristatoma nauja nanoporėtų AAO membranų gamybos technologija, naudojanti 
virpesius, apimanti gamybos procesus, jų parametrus ir pagamintų membranų savybių 
aprašymą. Taip pat disertacijoje pristatoma AAO membranos geometrijos atkartojimo 
biosuderinamoje chitozano membranoje technologija, kai membranos paviršiuje 
suformuojami nanostulpeliai. Be to, pristatomi tiriami įvairių parametrų ryšiai ir 
sąveika, pateikiant eksperimentinių rezultatų rinkinius. 
Darbo tikslas 

Daktaro disertacijos tikslas – sukurti ir ištirti bioinžinerijoje taikomų 
nanostruktūrinių membranų gamybos technologiją. 
Darbo uždaviniai 

Daktaro disertacijos tikslui pasiekti iškelti šie uždaviniai: 
1. Sukurti kontroliuojamos temperatūros vibroelektrocheminį reaktorių, skirtą 

nanoporėtų AAO membranų gamybai, kai dviejų etapų elektrocheminio anodavimo 
metu naudojami virpesiai. 

2. Pagaminti nanoporėtas AAO membranas naudojant aukšto dažnio virpesius 
dviejų etapų elektrocheminio anodavimo metu ir įvertinti virpesių įtaką membranos 
porėtumui, storiui, kietumui ir cheminei sudėčiai. 

3. Pagaminti chitozano membraną su nanostulpeliais kaip šabloną naudojant 
nanoporėtą AAO membraną ir nustatyti skirtingos chitozano koncentracijos tirpalų 
tekėjimo greičius į nanoporas ir įtaką susiformavusių nanostulpelių aukščiui, kai 
tirpalo liejimo (ang. solvent casting) metodo gamybos metu naudojami virpesiai. 

4. Sukurti dirbtinį odos barjerą imituojantį pleistro prototipą, pasižymintį 
biologišku suderinamumu ir didesniu paviršiaus plotu. 
Tyrimo metodai 

Nanoporėtų AAO membranų gamybai, kai dviejų etapų elektrocheminio 
anodavimo oksalo rūgštyje metu naudojami virpesiai, naudotas sukurtas 
kontroliuojamos temperatūros vibroelektrocheminis reaktoriaus stendas. 
Eksperimentiniais tyrimais įvertinta temperatūros, maišymo proceso ir virpesių įtaka 
ir reaktoriaus tinkamumas AAO membranų gamybai. Pagamintų AAO membranų 
paviršiaus cheminei sudėčiai ir porų 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“ programinę 
įrangą. AAO membranų paviršiaus mikrokietumo matavimams naudotas Vikerso 
metodas su deimantiniu antgaliu (Micro Vickers Hardness Testing Machine: HM-200, 
Japonija). Teorinėms AAO membranų virpesių modoms nustatyti naudota „Ansys 
17.0“ (Ansys®, Pensilvanija, Jungtinės Valstijos) ir „COMSOL Multiphysics 5.4“ 
(COMSOL®, Berlingtonas, Jungtinės Valstijos) programinės įrangos, o 
eksperimentinėms membranų virpesių modoms stebėti naudota holografinė 
interferometrinė „PRISM“ sistema (Hytec, Los Alamosas, Jungtinės Valstijos). 

Chitozano membranos gamintos tirpalo liejimo ant AAO šablono metodu, 
naudojant skirtingos koncentracijos chitozano tirpalus. Gamybai naudotas sukurtas 
vibrostendas. Pagamintų chitozano membranų paviršiaus geometrijai nustatyti 
naudotas skenuojamasis elektroninis mikroskopas „Hitachi S-3400N“ (Hitachi Ltd., 
Tokijas, Japonija) ir vaizdų analizavimo „ImageJ“ programinė įranga. Teoriniams 
skirtingos koncentracijos chitozano tirpalų tekėjimo į poras greičiams įvertinti 
naudota „COMSOL Multiphysics 5.4“ (COMSOL®, Berlingtonas, Jungtinės 
Valstijos) programinė įranga. 

Tyrimai atlikti Mechanikos inžinerijos ir dizaino fakultete (Kauno technologijos 
universitetas, Kaunas, Lietuva), Lietuvos energetikos institute (Kaunas, Lietuva) ir 
UAB „Hella Lithuania“ Kokybės laboratorijoje (Karmėlava, Lietuva). 
Mokslinis darbo naujumas 

1. Įvertinta dviejų etapų elektrocheminio anodavimo proceso gamybos metu 
taikytų virpesių įtaka AAO membranos porėtumui, storiui, kietumui ir cheminei 
sudėčiai. 

2. Nustatyti skirtingos chitozano koncentracijos tirpalų tekėjimo greičiai į 
nanoporas bei koncentracijos įtaka susiformavusių nanostulpelių aukščiui, kai tirpalo 
liejimo metodo gamybos metu naudoti virpesiai. 
Ginamieji teiginiai 

1. Naudojant aukšto dažnio virpesius galima kontroliuoti nanoporėtos AAO 
membranos porėtumą, storį ir kietumą, nekeičiant membranos paviršiaus cheminės 
sudėties. 

2. Elektrocheminio anodavimo proceso metu naudojant virpesius užtikrinamas 
elektrolito maišymo procesas išilgai nanoporos, kas lemia skysčio srauto atnaujinimą 
poros viduje. Taip užtikrinamas efektyvus ir greitas elektrolito srauto maišymasis 
nanoporoje. 

3. Gaminant chitozano membranas su nanostulpeliais, naudojami aukšto dažnio 
virpesiai didesniam membranos paviršiaus plotui užtikrinti ir nanostulpelių aukščiui 
kontroliuoti. 
Praktinė vertė 

1. Sukurtas kontroliuojamos temperatūros vibroelektrocheminis reaktorius, 
skirtas nanoporėtų AAO membranų gamybai. Taip pat pagamintas reaktorius gali būti 
naudojamas ir kitiems procesams, kur reikalingas temperatūros, įtampos ir skysčio 
maišymo proceso valdymas. 
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2. Sukurta ir aprašyta nanoporėtų AAO membranų technologija, leidžianti 
užtikrinti reikalingą nanoporų geometriją kontroliuojant temperatūros, įtampos ar 
virpesių dažnio vertes. 

3. Sukurti teoriniai membranos virpesių modų, elektrolito tekėjimo į nanoporas 
taikant virpesius ir skirtingos koncentracijos chitozano tirpalo tekėjimo į nanoporas 
naudojant virpesius modeliai, kurie suteikia vertingos informacijos ir žinių 
tolimesniems technologiniams procesams plėtoti.  

4. Sukurtas dirbtinį odos barjerą imituojančio pleistro prototipas, pasižymintis 
biologiniu suderinamumu ir didesniu paviršiaus plotu. 
Tyrimo aprobavimas 

Disertacijos rezultatai paskelbti 4 moksliniuose straipsniuose, kurie publikuoti 
tarptautiniuose žurnaluose, įrašytuose į „ISI Web of Science“ duomenų bazę ir turi 
citavimo indeksą. Visi keturi straipsniai paskelbti „2 kvartilio“ žurnaluose.  

Disertacijos autorės ir bendraautorių keturios publikacijos patvirtintos 
Mechanikos inžinerijos mokslo krypties Kauno technologijos universiteto ir Vytauto 
Didžiojo universiteto ŽŪA bendros doktorantūros komiteto kaip tinkamos rašyti 
disertaciją mokslinių straipsnių rinkinio pagrindu (kaip tai nurodyta Kauno 
technologijos universiteto Senato 2020 m. lapkričio 30 d. nutarimo Nr. V3-S-37 KTU 
mokslo doktorantūros reglamento 61 psl.). Komiteto posėdžių protokolų Nr. ST16-
T009-12 ir ST16-T009-14 kopijos pateiktos atitinkamai 1 ir 2 prieduose. 

Rezultatai taip pat pristatyti 8 tarptautinėse konferencijose, 2 tarptautiniuose 
moksliniuose seminaruose ir 1 parodoje. 
Disertacijos struktūra ir apimtis 

Disertaciją sudaro abstraktas, įvadas, literatūros apžvalga, pagrindiniai keturi 
skyreliai (keturių publikacijų apžvalgos), bendrosios baigiamojo darbo išvados, 
santrauka lietuvių kalba, literatūros sąrašas, publikacijų kopijos, gyvenimo 
aprašymas, padėka ir priedai. Iš viso 120 puslapiai, 9 paveikslai, 4 lentelės, 97 
literatūros šaltiniai ir 4 mokslinių publikacijų kopijos. 

MOKSLINIŲ STRAIPSNIŲAPŽVALGA 
Moksliniame straipsnyje „Review of nanomembranes: materials, 

fabrications and applications in tissue engineering (bone and skin) and drug 
delivery systems“ (publikacija nr. [A1]), kuris paskelbtas 2021 m. Springer 
leidyklos žurnale Journal of Materials Science, 56(24), 3479–13498 [IF: 4,682; Q2], 
pateikiama sintetinių nanostruktūrizuotų membranų, taikomų bioinžinerijos įvairiose 
srityse, biologinio nesuderinamumo ir nepakankamo mechaninio tvirtumo problema. 
Mechaninėje inžinerijoje membranų mechaninėms savybėms įtaką gali turėti 
membranos medžiaga, gamybos būdas ir poringumas (tuo atveju, jeigu membrana yra 
porėta). Todėl šiame straipsnyje pateikiama sintetinių nanostruktūrizuotų membranų 
medžiagų klasifikacija išsamiai aprašant kiekvieną medžiagų grupę su pavyzdžiais. 
Taip pat straipsnyje išsamiai aprašytos įvairios skirtingų nanostruktūrizuotų 
membranų gamybos technologijos, pateikiant kiekvienos technologijos esminius 
principus, privalumus ir trūkumus. Taip pat darbe pristatomas sintetinių 
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nanostruktūrizuotų membranų taikymas odos ir kaulų audinių inžinerijos srityse bei 
vaistų tiekimo sistemose, nurodant konkrečias membranas ir jų taikymą. Straipsnis 
parašytas remiantis 143 moksliniais darbais, kurių daugiau nei 60 % publikuoti per 
pastaruosius penkerius metus. Išsamiai atlikus literatūros analizę ir atsižvelgus į 
vyraujančius biosuderinamumo ir nepakankamo mechaninio tvirtumo iššūkius, 
identifikuotos medžiagos ir gamybos technologijos, kurias nuspręsta tobulinti ir 
sukurti membraną, kuri pasižymėtų biologiniu suderinamumu ir būtų pakankamai 
tvirta, kad galėtų būti taikoma bioinžinerijoje. Tam tikslui pasirinkta anodacijos 
technologija ir porėtos AAO membranos gamyba. Ši technologija pasirinkta dėl 
galimybės nesudėtingai gaminti AAO membranas naudojant nebrangią įrangą ir 
kontroliuoti membranų nanoporų skersmenį, gaunant tvarkingai išsidėsčiusią 
nanoporėtą struktūrą. Taip pat atlikus analizę identifikuotos biologiškai suderinamos 
medžiagos ir viena jų pasirinkta membranos gamybai. Tai chitozanas – natūrali 
biomedžiaga, kuri turi didelį pranašumą, palyginti su kitomis medžiagomis, dėl mažo 
toksiškumo ir mažo lėtinio uždegiminio atsako siekiant taikyti odos audinių 
inžinerijos srityje. Šiame straipsnyje pateiktoje apžvalgoje nustatytas 
nanostruktūrizuotų membranų gamybos tobulinimo poreikis, kad būtų gautos 
pakankamai tvirtos biologiškai suderinamos nanostruktūrizuotos membranos 
bioinžinerijos reikmėms. Todėl kitame straipsnyje pristatomas sukurtas 
vibroelektrocheminis reaktorius ir patobulinta nanoporėtų AAO membranų gamybos 
technologija, kur AAO membrana toliau naudojama kaip šablonas gaminant 
pakankamai tvirtą biologiškai suderinamą membraną. 

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 žurnale Sensors, 
22(22), 8856 [IF: 3,900; Q2], apima pirmąjį ir antrąjį darbo uždavinius, susijusius su 
kontroliuojamos temperatūros vibroelektrocheminio reaktoriaus kūrimu ir nanoporėtų 
AAO membranų gamyba. Taip pat analizuojama virpesių įtaka AAO membranos 
porėtumui, kietumui ir cheminei sudėčiai. Šio tyrimo tikslas – nustatyti žemesnio nei 
10 kHz dažnio virpesių įtaką AAO membranos parametrams. Moksliniame 
straipsnyje aprašomas sukurtas elektrocheminis reaktorius su vibruojančiu elementu, 
skirtas nanoporėtų AAO membranų gamybai dviejų etapų anodavimo proceso metu. 
Išsamiai aprašyta reaktoriaus konstrukcija pateikiant brėžinį ir pagaminto 
elektrocheminio reaktoriaus nuotraukas. Reaktoriaus tinkamumui įvertinti atlikti 
temperatūros kitimo, reaktoriaus maišymo proceso tyrimai ir virpesių tyrimai, skirti 
susidarančioms modoms stebėti. Taip pat atlikti aliuminio oksido nanoporėtos 
membranos teoriniai virpesių modeliavimai, naudojant „COMSOL Multiphysics 5.4“ 
(COMSOL®, Berlingtonas, Jungtinės Valstijos) programinę įrangą. Gauti teoriniai 
virpesių modeliavimo rezultatai palyginti su eksperimentiniais tyrimais, kurie atlikti 
naudojant bekontaktę holografinę matavimo sistemą „PRISM“ (Hytec, Los Alamosas, 
Jungtinės Valstijos). Atlikus tyrimus nustatyta, kad naujo dizaino elektrocheminis 
reaktorius atitinka keliamus anodavimo procesui reikalavimus ir yra tinkamas 
nanoporėtoms AAO membranoms gaminti. Taip pat straipsnyje aprašomas atliktas 
dviejų etapų anodavimo procesas 5 ºC temperatūroje, esant 40 V įtampai, kaip 
elektrolitą naudojant 0,3 M koncentracijos oksalo rūgštį (H2C2O4). Siekiant pagaminti 
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mažiau trapias membranas, kurios būtų tinkamos naudoti šablonams, identiška 
anodacija atlikta naudojant virpesius. Aukšto dažnio virpesiai taikyti aliuminio 
plokštelei, kuri įtvirtinta reaktoriuje taip, kad vienoje plokštelės pusėje vyksta 
anodacijos procesas ir formuojasi oksido sluoksnis, o kitoje pusėje pritvirtintas 
vibruojantis elementas. Straipsnyje pateikiamas membranų palyginimas, kai 
anodacija atlikta netaikant virpesių ir taikant pirmąją bei antrąją aliuminio plokštelės 
virpesių modas. Netaikant virpesių pagamintos nanoporėtos AAO membranos, kurių 
porų skersmuo 55,0 ± 10 nm, o poringumas 19 %. Taikant 3,1 kHz dažnį (pirmoji 
virpesių moda) anodacijos metu, pagamintos nanoporėtos AAO membranos, kurių 
porų skersmuo 82,6 ± 10 nm, o poringumas 43 %. Naudojant 4,1 kHz dažnį (antroji 
virpesių moda), gautos AAO membranos, kurių porų skersmuo 86,1 ± 106,1 nm, o 
poringumas 46 %. Membranų cheminė sudėtis išliko nepakitusi, tačiau rezultatai 
parodė, kad porų skersmuo didėja, o tai lemia didesnį poringumą. Taip pat atlikti AAO 
membranos kietumo matavimai naudojant Vikerso įdubas su deimantiniu antgaliu 
(Micro Vickers Hardness Testing Machine: HM-200, Mitutoyo, Japonija). Kietumo 
testai parodė, kad kietumas sumažėja nuo 4,73 GPa iki 1,40 GPa, lyginant nanoporėtą 
AAO membraną po dviejų etapų anodavimo proceso be aukšto dažnio virpesių ir 
nanoporėtą AAO membraną po dviejų etapų anodavimo proceso su 4,1 kHz dažnio 
virpinimu. Nustatyta, kad kietumo vertė priklauso nuo poringumo. Membranos 
paviršiaus kietumas mažėja didėjant poringumui. Atsižvelgiant į teorinį aliuminio 
oksido formavimosi mechanizmo modelį, pateikiama išvada, kad rezonansinis dažnis 
skatina geresnį elektrolito maišymosi procesą oksido ir elektrolito sąsajoje, todėl 
oksido ir elektrolito sąsajoje elektrolito koncentracija nuolat atnaujinama ir dėl to 
efektyviau vyksta cheminiai procesai. Straipsnyje taip pat pateikta išvada, kad 
nanoporėtos AAO membranos naudojant aukšto dažnio virpesius yra mažiau trapios, 
bet pakankamai tvirtos, kad būtų toliau naudojamos kaip šablonai. Šiame straipsnyje 
pateikti rezultatai patvirtina, kad aukšto dažnio virpesiai (iki 10 kHz) turi įtakos AAO 
membranos savybėms. Todėl kitame straipsnyje pagrindinis dėmesys skiriamas 
aukšto dažnio virpesių (virš 10 kHz) įtakos svarbiausiems AAO membranos 
parametrams, tokiems kaip porų skersmuo, atstumas tarp porų, poringumas, 
membranos storis ir paviršiaus cheminė sudėtis, analizei ir tyrimui. 

Straipsnis „Vibration-Assisted Synthesis of Nanoporous Anodic Aluminum 
Oxide (AAO) Membranes“ (publikacija nr. [A3]), kuris paskelbtas 2022 m. MDPI 
leidyklos žurnale Micromachines, 13(12), 2236 [IF: 3,400; Q2], apima antrąjį darbo 
uždavinį, susijusį su nanoporėtų AAO membranų gamyba ir virpesių įtaka membranos 
porėtumui, storiui ir cheminei sudėčiai. Šio tyrimo tikslas – nustatyti virpesių, 
naudojant aukštesnį nei 10 kHz dažnį, įtaką AAO membranos parametrams. 
Moksliniame straipsnyje aprašomas atliktas dviejų etapų anodavimo procesas 
aliuminio plokštelę virpinant 20 kHz ir 40 kHz dažniu, kai anodavimo proceso 
parametrai: 5 ºC temperatūra, 40 V įtampa, 0,3 M koncentracijos oksalo rūgštis 
(elektrolitas). Taikant 20 kHz ir 40 kHz dažnius, nustatyta, kad AAO membranų porų 
skersmuo, atstumas tarp porų ir poringumas nesikeičia. Be to, atlikus energijos 
sklaidos rentgeno analizę padaryta išvada, kad aukšto dažnio virpesiai neturi įtakos 
AAO membranos cheminei sudėčiai. Anodacijos proceso metu netaikant virpesių, 
nanoporėtos AAO membranos storis gautas 45 μm. Membranos storio pokyčiai 
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pastebėti taikant 20 kHz ir 40 kHz dažnius. Esant 20 kHz dažniui gautas 53 μm AAO 
membranos storis, o esant 40 kHz dažniui gautas 59 μm membranos storis. Gauti 
eksperimentiniai rezultatai sutapo su teoriniais. Esant 40 kHz dažniui, dėl geresnio 
skysčio srauto porose maišymosi užtikrinama vienodesnė elektrolito temperatūra ir 
pH vertė per visą poros ilgį. Reakcijos greitis yra didesnis. Todėl AAO membranos 
storis eksperimentiškai gautas didesnis, kai reakcija vykdoma vienodą laiko intervalą. 
Papildomi eksperimentiniai srovės matavimo anodacijos proceso metu rezultatai 
parodė, kad reakcijos greitis ir oksido susidarymo greitis tiesiogiai priklauso nuo 
elektrolito koncentracijos porose. Naudojant 20 kHz dažnio virpesius 
eksperimentiškai užfiksuota didėjanti srovė parodė, kad anodavimo reakcijos 
sustiprėjo. Tai galima paaiškinti greitesne jonų migracija. Esant 40 kHz dažniui, 
pirmąją anodavimo valandą srovė buvo didesnė, palyginti su 20 kHz dažniu. Tam 
įtakos turėjo padidėjęs dažnis ir padidėjusi virpesių amplitudė. Anodacijos proceso 
metu srovei pradėjus mažėti, jos vertė artėjo prie standartinės srovės kreivės (kai 
virpesiai nenaudojami), tačiau viso proceso metu srovė išliko šiek tiek didesnė. Nors 
visą procesą elektrolito atnaujinimas nebuvo toks intensyvus kaip anodavimo 
pradžioje, tačiau dėl aukšto dažnio virpesių elektrolito koncentracija visą procesą 
atnaujinama. Atnaujinus elektrolitą porų viduje, galima pasiekti didesnį oksido 
augimo greitį ir gilesnę struktūrą. Kita vertus, kai naudojami aukšto dažnio virpesiai, 
norint gauti tam tikro gylio struktūrą, reakcija gali būti atlikta per trumpesnį laiką. 
Šiame straipsnyje pateikti rezultatai rodo, kad aukšto dažnio virpesiai turi įtakos AAO 
membranos savybėms. Priklausomai nuo poreikio, AAO membranos charakteristikos 
gali būti kontroliuojamos. Kadangi AAO membranos nepasižymi biologiniu 
suderinamumu, šios membranos toliau naudojamos kaip šablonai biologiškai 
suderinamoms membranoms gaminti. Todėl kitame straipsnyje pateikiama 
patobulinta biologiškai suderinamos membranos gamybos technologija, naudojant 
pagamintą AAO membraną kaip šabloną. 

Straipsnis „A Free-Standing Chitosan Membrane Prepared by the 
Vibration-Assisted Solvent Casting Method“ (publikacija nr. [A4]), kuris 
paskelbtas 2023 m. MDPI leidyklos žurnale Micromachines, 14(7), 1419 [IF: 3,400; 
Q2], apima trečiąjį ir ketvirtąjį darbo uždavinius, susijusius su chitozano 
membranomis. Šio tyrimo tikslas – pagaminti chitozano membranas su nanostulpelių 
struktūra kaip šabloną naudojant porėtą AAO membraną. Šiam tikslui naudota nauja 
technologija, susijusi su naudojamais aukšto dažnio virpesiais tirpalo liejimo metodo 
metu. Tyrimo metu nustatyti skirtingos chitozano koncentracijos tirpalų tekėjimo 
greičiai į nanoporas. Taip pat buvo analizuojama virpesių įtaka nanostulpelių 
formavimo aukščiui. Galiausiai sukurtas dirbtinį odos barjerą imituojančio pleistro 
prototipas. Straipsnyje aprašoma nauja tirpalo liejimo metodo technologija, susijusi 
su naudojamais aukšto dažnio virpesiais. Taip pat pateikiamas sukurtas vibracinis 
įrenginys, skirtas membranoms gaminti tirpalo liejimo metodu. Pagamintos chitozano 
membranos su nanostulpeliais kaip šabloną naudojant nanoporėtą AAO membraną. 
Siekiant pagerinti tirpalo srauto tekėjimą į nanoporas, 40 kHz aukšto dažnio virpesiai 
taikyti 5 sekundes tirpalo liejimo metodo metu. Chitozano membranos su 
nanostulpelių paviršiumi sėkmingai pagamintos naudojant 1 %, 2 % ir 3 % chitozano 
tirpalus 1 % acto rūgšties tirpale. SEM vaizdai patvirtino AAO membranos nanoporų 
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ir chitozano membranos nanostulpelių susiformavimą. Eksperimentiškai gautos trijų 
tipų chitozano membranos, kur nanostulpelių aukštis 1007 nm, 665 nm ir 377 nm, 
atitinkamai naudojant 1 %, 2 % ir 3 % chitozano tirpalus. Taip pat straipsnyje teoriškai 
įvertinti skirtingos koncentracijos chitozano tirpalų tekėjimo į nanoporas greičiai ir 
įtaka susiformavusių nanostulpelių aukščiui. Turint 1 % chitozano tirpalą, tirpalo 
tekėjimo į poras teorinis greitis 250 nm/s, o susiformavusių nanostulpelių teorinis 
aukštis 1000 nm. Su 2 % chitozano tirpalu tirpalo tekėjimo į poras greitis gautas 169 
nm/s, susiformavusių nanostulpelių aukštis 675 nm. Turint 3 % chitozano tirpalą, 
tirpalo tekėjimo į poras greitis siekė 94 nm/s, susiformavusių nanostulpelių aukštis 
375 nm. Taip pat straipsnyje pristatyti eksperimentiniai chitozano tirpalo tekėjimo į 
poras greičiai 201 nm/s, 133 nm/s ir 75 nm/s, atitinkamai esant 1 %, 2 % ir 3 % 
chitozano tirpalo koncentracijoms. Remiantis paviršiaus ploto formule, iš 
eksperimentiškai gautų nanostulpelių aukščių buvo apskaičiuoti chitozano membranų, 
skirtų dirbtinį odos barjerą imituojančiam pleistro prototipui kurti, paviršiaus plotai. 
Dirbtinį odos barjerą, kurio dydis 10×10 mm, imituojančios chitozano membranos 
paviršiaus plotai gauti 15,05 cm2, 10,28 cm2 ir 6,26 cm2, kai nanostulpelių aukščiai 
atitinkamai 1007 ± 10 nm, 665 ± 10 nm ir 377 ± 10 nm. Palyginti su lygiu membranos 
paviršiumi, paviršiaus su nanostulpeliais plotas padidėjo 15, 10 ir 6 kartus. Straipsnyje 
eksperimentiškai nustatyti skysčio tekėjimo į nanoporas greičiai leidžia formuoti 
norimo aukščio nanostulpelius, kurie suteikia galimybę tiksliai valdyti chitozano 
membranos paviršiaus plotą. Dėl lengvai kontroliuojamo paviršiaus ploto tyrimai, 
aprašyti šiame darbe, prisideda prie dirbtinių odos barjerų, skirtų komerciniam 
naudojimui, kūrimo ir tobulinimo. 

IŠVADOS 
1. Pristatytas naujos konstrukcijos reguliuojamos temperatūros vibroelektrocheminis 

reaktorius, skirtas nanoporėtų AAO membranų gamybai. Reaktoriaus viduje 
įmontuotas pjezokeraminis žiedo pavidalo vibruojantis elementas, skirtas aliuminio 
plokštelę virpinti aukštu dažniu. Gautos penkios virpesių modos esant skirtingiems 
dažniams: pirmosios modos forma (0, 1) esant 3,1 kHz, antrosios modos forma (1, 
1) esant 4,1 kHz, trečiosios 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 nanoporėtų AAO membranų gamybai. 

2. Taikant naują anodavimo technologiją, naudojančią aukšto dažnio virpesius dviejų 
etapų anodavimo procese, gautos AAO membranos, kurių porų 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. Membranų storis ir cheminė 
sudėtis nepasikeitė, tačiau padidėjo porų skersmuo, todėl padidėjo poringumas, o 
kietumas sumažėjo. Nanoporėtos AAO membranos tapo mažiau trapios, bet 
pakankamai tvirtos, kad būtų taikomos kaip šablonai. Esant 20 kHz ir 40 kHz 
dažniui, nustatyta, kad dviejų etapų anodavimo proceso metu naudojant aukšto 
dažnio virpesius, AAO membranų porų skersmuo, atstumas tarp porų, poringumas 
ir paviršiaus cheminė sudėtis nepasikeitė. Tuo atveju, kai anodavimo proceso metu 
nebuvo taikomi virpesiai, nanoporėtos AAO membranos storis gautas 45 μm. 
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Membranos storio pokyčiai buvo matomi esant 20 kHz ir 40 kHz dažniams. AAO 
membranos storis 53 μm ir 59 μm buvo gautas atitinkamai esant 20 kHz ir 40 kHz. 
Apibendrinant gautus rezultatus, nustatyta, kad, naudojant aukšto dažnio virpesius 
iki 10 kHz, užtikrinamas geresnis elektrolito maišymosi procesas elektrolito ir 
oksido sąsajoje. Kai anodacijos metu taikomas aukštesnis nei 10 kHz dažnis, 
specifiniai elektrolito srautai sukuriami AAO membranos poros viduje, o tai lemia 
geresnį maišymosi procesą per visą poros ilgį.  

3. Laisvos chitozano membranos su nanostulpeliais pagamintos naudojant patobulintą 
tirpalo liejimo metodą, kaip šabloną naudojant nanoporėtą AAO membraną. 
Gamybos metu taikyti 40 kHz aukšto dažnio virpesiai (5 sekundes), kurie naudoti 
skysčių patekimui į nanoporas pagerinti. Chitozano membranos su nanostulpeliais 
sėkmingai pagamintos naudojant 1 %, 2 % ir 3 % chitozano tirpalus acto rūgštyje 
ir gautos trijų tipų biologiškai suderinamos chitozano membranos, kurių 
nanostulpelių aukštis atitinkamai 1007 nm, 665 nm ir 377 nm. Naudojant aukšto 
dažnio 40 kHz virpesius, eksperimentiniai chitozano tirpalo srauto į poras greičiai 
201, 133 ir 75 nm/s nustatyti, kai chitozano tirpalų koncentracijos atitinkamai 1 %, 
2 % ir 3 %. 

4. Siekiant kurti ir plėtoti pleistro prototipą, imituojantį dirbtinius odos barjerus, atlikti 
chitozano membranos, kurios dydis 10×10 mm, paviršiaus ploto skaičiavimai. Kai 
nanostulpelių aukštis 1007 nm, 665 nm ir 377 nm, chitozano membranos paviršiaus 
plotas atitinkamai yra 15,05 cm2, 10,28 cm2 ir 6,26 cm2. 
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