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ABSTRACT 
Macro and structural features of the fish nanostructured surface were studied (using the example of Kutum fish). It has been shown that 
nanostructures having a height of about 15-20 nm of fish scales may lead to reduction in energy consumption to overcome the resistance 
of the aqueous medium. The surface morphology of fish has fractal nature, with the presence of structures with irregular "tree" character 
close to polymers like dendrites. Analysis surface morphology of fins and scales of Kutum fish showed that their structure is similar to 
polymer nanocomposites. This is evidenced by the morphological features of ordered surface trunks and plastical binding elastic 
polymeric nanostructures of the Kutum fin. 
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1. INTRODUCTION 
 Studies in recent years [1-5] showed that the morphology 
of fish scales remind the structure of corals and wood, exhibiting a 
regular character, being ranked as dendrimers [3-4].  In [5] the 
structure analysis of sensory systems and sidelines channels on 
scales of the Caspian Kutum has shown that nanostructures on the 
surface of the scales are not only self-similar, but also fractal. 
Fractal trajectories originate from the primary nucleus and extend 
to the sprawling rarefied structure radially toward the edges of the 
scales like "Lichtenberg" figures. However, unlike the 
"Lichtenberg" figures fractal stripes fish scales for the next years 
are surrounded by concentric threads. The most likely mechanism 
for formation of structural self-organization on the surface of 
scales can be Witten-Sander model [5]. It is expected that the 
fractal permitted surface of the Kutum scales has a biopolymer 
structure. When considering the processes of formation of polymer 
flakes of fish a quasifractal distribution of these structures is 
possible. It has been shown that fish scales rarefied surface has a 
quasifractal biopolymer structure and performs the function of 
sensory systems [2-4]. Dynamics regulation of fish moving in 
space is performing by reducing or trunk muscles, or muscles of 
the pectoral fins. It is known that the structure of all parts of the 
body, including all paired and unpaired fins, carrying function 
steering, has a fractal nature [3]. 

 In this regard, let us consider some of the specific features 
of the hydrodynamic motion of  fish [6-7]. Movement of living 
objects in the water encounters a small resistance, reason for 
which aquatic animals like fish have some hydrodynamic features. 
The flow of a viscous liquid can be of two types: layered (laminar) 
and turbulent with rapid mixing layers. Naturally, in the second 
case, the hydrodynamic resistance movement will be much 
greater. The introduction of polymeric additives in an aqueous 
medium can prevent the transition from laminar to turbulent flow 
and also change the physical properties of the fluid. Effect of 
polymer additives may be twofold [7-8]. The traveling wave 
depends on body and phase velocity and can reduce but also 
increase resistance [7-8]. When a viscous liquid is formed near the 
surface of the so-called boundary layer the flow velocity varies 
from zero at the wall to a constant value at a distance from it [7]. 
The fish with the outer rough surface increases the adhesion 
between the body and the water. It is important to understand how 
nature formed surface structure of aquatic organisms effectively 
reduce hydrostatic resistance. Thus, the purpose of the work was 
to identify nanoscale structures on the surface of the fish scales 
and fins taking as an example of Kutum and their role in reducing 
resistance when moving in the aquatic environment. 

2. EXPERIMENTAL SECTION 
 Washed underwater scales of fish were dried at 50ºC and 
further investigated by electron microprobe microscope of brand 
"Solver Next". Simultaneous investigations were carried out on an 
optical microscope (OM). The morphology of surface in the 2D- 
and 3D- scale was studied and recorded as profilograms of size 
distribution of lateral line and fins of fish. As a result, studies have 
provided images of the surface of fish scales, and the analyses 
were conducted based on the concept of polymer composite 
materials. 

 Imaging of the optical and electron probe microscopy 
provided information on the natural processes of aggregation, 
restricted diffusion leading to the formation of polymer 
nanocomposites on the fins of fish – following the Witten-Sander 
model. The atomic force microscope and optical microscope 
clearly showed the distribution of the individual areas of 
composite systems in fish scales and fins. 
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3. RESULTS SECTION 
 Figure 1 shows the caudal fin of Kutum fish which play a 
special role in the dynamics of movement. Characteristic features 
morphology consist of the following: growth of scales begins with 
the central nucleus, then forme new nanostructures required for 
sensor systems on the surface.  

 
Figure 1. Photo of Caspian Kutum fish caudal. Detail of 
typical parts of fin (shown in the middle). Such structural 
formations marked by vertical arrows. Horizontal arrows 
mark fiber core around which the nanowires are formed. 

 Ensembles of particles on the surface of scales in the 
process of aggregation formed objects with highly branched 
fibrous structure, unified in filamentary streams (Fig.1). These 
images represent a certain interest as physical quasi-fractals. 
Sensitive cages receptors of bodies of the lateral line can form the 
isolated clusters in skin, but more often they are found through 
some intervals in troughs of the body. Channels can be fully 
enclosed in skin depressions. Part of the lateral line receptors are 
transformed to electro-receptors and can detect the electrical 
oscillations of the environment (see Figures 2-3). Each lateral line 
is a channel or groove filled with mucus, which facilitates the 
fractal nature of the porous morphology of the lateral lines, 
collected in a kidney group and hidden in the channels, which are 
washed with water [3].  

 
Figure 2. AFM images fragment in 3D surface of Kutum 
scales: longitudinal channels (they are marked with white 
lines) provided link from head to tail. Individual nano-
islands marked by vertical arrows. Black line marked 
matted nano-formations – macro clusters. Scan: 7x7 mkm. 

 A major role in the dynamics of movement is played by 
nanostructures on the surface of scales and fins. The scales of 
Kutum fish are riddled with holes leading into the skin (see Fig. 
2.3), and beneath them runs a channel that extends to the head and 
exhibits branches around the eyes and mouth cavity. Branched 
channels on the head and bones are inside and have to go outside. 

The AFM images of visible lateral line organs (Fig. 2, 3) show the 
extending along the outer surface of the scale of this hole in the 
lateral line scales, as well as the longitudinal channel of the lateral 
line sensory cells and nerves. Lateral line scales are containing 
channels filled with a liquid of specific ion composition.  

 
Figure 3. Longitudinal section of AFM images in 2D- scale 
surface of Kutum scales: pore sizes ranging ≈ 80 nm, the 
maximum height of structures within ≈ 100 nm. 

 

 
Figure 4. Image of upper fin closer to the head of the fish. 
From left to right (indicated by arrows) are images like 
fractal structures in small sizes (dendrons). In the lower 
figure left horizontal arrows indicate the generation of 
branching. 
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Figure 5. Dendrimer macromolecules stabilized image. (a) 
macro belonging to class tridendron; bottom in Fig. (b) 
shows a graph of the chemical. According to [4] the 
following notations are made: I- core, G- generation 
branching; A, B, C, P dendrons, Z- terminal functional 
groups. 

 
Figure 6.  Types of fractal umbrella trees constructed 
according to [9]. 

 
Figure 7. Image fragment of upper fin, vertical arrows 
marked "fingers" at the end of the fin, a dedicated range of 
the smallest fragment to like dendrimer polymer.  
 
As we already noted, through the walls of the channels pass 
the nervous terminations on which signals from 
environment are transmitted. The main mechanoreceptor 
units of the lateral line organs are neyromast, each of which 
containing several sensory hair cells. These hair cells are 
similar to the sensory cells of hearing. At the end of the 
receptor cells neyromast branching efferent nerve fibers. 
Irritant receptors are streams of water and low-frequency 
oscillations of the medium.  

 
Figure 8. Fragments of branching rods fin. Vertical 
arrows marked "fingers" at the end of the fin. 

 
Figure 9. Detail of "finger" of the fin end, ellipse marked 
final generation branches of dendrid like polymers. 

  
Some features of their nanoledges and signs of fractality are given 
in headings of figures (1-4) and the analysis of AFM  images of 
the surface scales of Kutum fish, located in the caudal fin. Fig.5-9 
show the shapes and forms, which resemble a "tree" of Pythagoras. 
First a tree was built by Bosman A.E, [9]. Here the construction of 
Pythagorean tree is associated with a binary system. Figures are 
based on the addition of each toga squares. When constructing the 
tree of Pythagoras some simplification was done, by discarding 
and replacing them with squares segments connecting the "center 
of the triangle" (the triangles are not shown). As a result, obtained 
naked tree, the first stage of construction of which is shown in [8]. 
In work [9] is given a realistic model image fractal tree constructed 
by Mandelbrot (see Fig. 6). The surface morphology of the fins is: 
inhomogeneous distribution of branching fibers on the scales and 
fins of similar structure dendrimer polymers (Fig.5). Comparing 
the structure of polymeric dendrimer imaging scales and fins (see 
fig. 3-9) of fish can detect a marked resemblance branching (like 
trees). In Figure 6 is given the image in which branching is 
regular, refers to a polymer - dendrimers - new classes of polymers 
[4]. However, the distribution branch in the scales and fins is 
inhomogeneous, although the nature of branching has common 
features like the naked tree Pythagoras (Fig.5) [9]. Fins branching 
morphology are closest to the fractal umbrella trees and fractal 
crowns. These samples are given in the monograph of B.B. 
Mandelbrot [10] and are presented in Figure 7. Every tree in this 
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figure has infinitely thin trunk and constant angle between the branches.    

4. CONCLUSIONS 
 Analysis of the surface morphology of fish showed that 
they have nanostructures that have a size of 15-20 nm and have a 
fractal nature inherent fish skeletons and muscles, helping to 
improve the driving dynamics of fish. The nano-objects are placed 
heterogeneous and each surface nanofragment plays a specific 
role. Nanoledges increase adhesion between the scales and fins 
(and overall body) and the contact portion of the water that 
interacts with a traveling wave of small size (of ~ 500 nm), 
respectively, this interaction reduces the hydrostatic resistance 

with the body motion. Concerning the principles that govern the 
dynamics of spreads using the fins. It is assumed that the sensitive 
cells of lateral line organs may form dendrimers clusters. The 
nanoscale surface of fish, as well as the location of scales and fins 
on the body with secretes mucus provide for running small waves 
such hydrodynamic link that leads to the minimum expenditure of 
energy. Scales on the surface of the fins of Kutum, consisting of 
solid dielectrics following a non-Euclidean complex formation 
have also a nanocomposite character. 
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	Studies in recent years [1-5] showed that the morphology of fish scales remind the structure of corals and wood, exhibiting a regular character, being ranked as dendrimers [3-4].  In [5] the structure analysis of sensory systems and sidelines channels on scales of the Caspian Kutum has shown that nanostructures on the surface of the scales are not only self-similar, but also fractal. Fractal trajectories originate from the primary nucleus and extend to the sprawling rarefied structure radially toward the edges of the scales like "Lichtenberg" figures. However, unlike the "Lichtenberg" figures fractal stripes fish scales for the next years are surrounded by concentric threads. The most likely mechanism for formation of structural self-organization on the surface of scales can be Witten-Sander model [5]. It is expected that the fractal permitted surface of the Kutum scales has a biopolymer structure. When considering the processes of formation of polymer flakes of fish a quasifractal distribution of these structures is possible. It has been shown that fish scales rarefied surface has a quasifractal biopolymer structure and performs the function of sensory systems [2-4]. Dynamics regulation of fish moving in space is performing by reducing or trunk muscles, or muscles of the pectoral fins. It is known that the structure of all parts of the body, including all paired and unpaired fins, carrying function steering, has a fractal nature [3].

	In this regard, let us consider some of the specific features of the hydrodynamic motion of  fish [6-7]. Movement of living objects in the water encounters a small resistance, reason for which aquatic animals like fish have some hydrodynamic features. The flow of a viscous liquid can be of two types: layered (laminar) and turbulent with rapid mixing layers. Naturally, in the second case, the hydrodynamic resistance movement will be much greater. The introduction of polymeric additives in an aqueous medium can prevent the transition from laminar to turbulent flow and also change the physical properties of the fluid. Effect of polymer additives may be twofold [7-8]. The traveling wave depends on body and phase velocity and can reduce but also increase resistance [7-8]. When a viscous liquid is formed near the surface of the so-called boundary layer the flow velocity varies from zero at the wall to a constant value at a distance from it [7]. The fish with the outer rough surface increases the adhesion between the body and the water. It is important to understand how nature formed surface structure of aquatic organisms effectively reduce hydrostatic resistance. Thus, the purpose of the work was to identify nanoscale structures on the surface of the fish scales and fins taking as an example of Kutum and their role in reducing resistance when moving in the aquatic environment.



2. EXPERIMENTAL SECTION



	Washed underwater scales of fish were dried at 50ºC and further investigated by electron microprobe microscope of brand "Solver Next". Simultaneous investigations were carried out on an optical microscope (OM). The morphology of surface in the 2D- and 3D- scale was studied and recorded as profilograms of size distribution of lateral line and fins of fish. As a result, studies have provided images of the surface of fish scales, and the analyses were conducted based on the concept of polymer composite materials.

	Imaging of the optical and electron probe microscopy provided information on the natural processes of aggregation, restricted diffusion leading to the formation of polymer nanocomposites on the fins of fish – following the Witten-Sander model. The atomic force microscope and optical microscope clearly showed the distribution of the individual areas of composite systems in fish scales and fins.







3. RESULTS SECTION



	Figure 1 shows the caudal fin of Kutum fish which play a special role in the dynamics of movement. Characteristic features morphology consist of the following: growth of scales begins with the central nucleus, then forme new nanostructures required for sensor systems on the surface. 



Figure 1. Photo of Caspian Kutum fish caudal. Detail of typical parts of fin (shown in the middle). Such structural formations marked by vertical arrows. Horizontal arrows mark fiber core around which the nanowires are formed.

	Ensembles of particles on the surface of scales in the process of aggregation formed objects with highly branched fibrous structure, unified in filamentary streams (Fig.1). These images represent a certain interest as physical quasi-fractals. Sensitive cages receptors of bodies of the lateral line can form the isolated clusters in skin, but more often they are found through some intervals in troughs of the body. Channels can be fully enclosed in skin depressions. Part of the lateral line receptors are transformed to electro-receptors and can detect the electrical oscillations of the environment (see Figures 2-3). Each lateral line is a channel or groove filled with mucus, which facilitates the fractal nature of the porous morphology of the lateral lines, collected in a kidney group and hidden in the channels, which are washed with water [3]. 



Figure 2. AFM images fragment in 3D surface of Kutum scales: longitudinal channels (they are marked with white lines) provided link from head to tail. Individual nano-islands marked by vertical arrows. Black line marked matted nano-formations – macro clusters. Scan: 7x7 mkm.

	A major role in the dynamics of movement is played by nanostructures on the surface of scales and fins. The scales of Kutum fish are riddled with holes leading into the skin (see Fig. 2.3), and beneath them runs a channel that extends to the head and exhibits branches around the eyes and mouth cavity. Branched channels on the head and bones are inside and have to go outside. The AFM images of visible lateral line organs (Fig. 2, 3) show the extending along the outer surface of the scale of this hole in the lateral line scales, as well as the longitudinal channel of the lateral line sensory cells and nerves. Lateral line scales are containing channels filled with a liquid of specific ion composition. 



Figure 3. Longitudinal section of AFM images in 2D- scale surface of Kutum scales: pore sizes ranging ≈ 80 nm, the maximum height of structures within ≈ 100 nm.





Figure 4. Image of upper fin closer to the head of the fish. From left to right (indicated by arrows) are images like fractal structures in small sizes (dendrons). In the lower figure left horizontal arrows indicate the generation of branching.



Figure 5. Dendrimer macromolecules stabilized image. (a) macro belonging to class tridendron; bottom in Fig. (b) shows a graph of the chemical. According to [4] the following notations are made: I- core, G- generation branching; A, B, C, P dendrons, Z- terminal functional groups.



Figure 6.  Types of fractal umbrella trees constructed according to [9].



Figure 7. Image fragment of upper fin, vertical arrows marked "fingers" at the end of the fin, a dedicated range of the smallest fragment to like dendrimer polymer. 



As we already noted, through the walls of the channels pass the nervous terminations on which signals from environment are transmitted. The main mechanoreceptor units of the lateral line organs are neyromast, each of which containing several sensory hair cells. These hair cells are similar to the sensory cells of hearing. At the end of the receptor cells neyromast branching efferent nerve fibers. Irritant receptors are streams of water and low-frequency oscillations of the medium. 



Figure 8. Fragments of branching rods fin. Vertical arrows marked "fingers" at the end of the fin.



Figure 9. Detail of "finger" of the fin end, ellipse marked final generation branches of dendrid like polymers.

	

Some features of their nanoledges and signs of fractality are given in headings of figures (1-4) and the analysis of AFM  images of the surface scales of Kutum fish, located in the caudal fin. Fig.5-9 show the shapes and forms, which resemble a "tree" of Pythagoras. First a tree was built by Bosman A.E, [9]. Here the construction of Pythagorean tree is associated with a binary system. Figures are based on the addition of each toga squares. When constructing the tree of Pythagoras some simplification was done, by discarding and replacing them with squares segments connecting the "center of the triangle" (the triangles are not shown). As a result, obtained naked tree, the first stage of construction of which is shown in [8]. In work [9] is given a realistic model image fractal tree constructed by Mandelbrot (see Fig. 6). The surface morphology of the fins is: inhomogeneous distribution of branching fibers on the scales and fins of similar structure dendrimer polymers (Fig.5). Comparing the structure of polymeric dendrimer imaging scales and fins (see fig. 3-9) of fish can detect a marked resemblance branching (like trees). In Figure 6 is given the image in which branching is regular, refers to a polymer - dendrimers - new classes of polymers [4]. However, the distribution branch in the scales and fins is inhomogeneous, although the nature of branching has common features like the naked tree Pythagoras (Fig.5) [9]. Fins branching morphology are closest to the fractal umbrella trees and fractal crowns. These samples are given in the monograph of B.B. Mandelbrot [10] and are presented in Figure 7. Every tree in this figure has infinitely thin trunk and constant angle between the branches.   
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	Analysis of the surface morphology of fish showed that they have nanostructures that have a size of 15-20 nm and have a fractal nature inherent fish skeletons and muscles, helping to improve the driving dynamics of fish. The nano-objects are placed heterogeneous and each surface nanofragment plays a specific role. Nanoledges increase adhesion between the scales and fins (and overall body) and the contact portion of the water that interacts with a traveling wave of small size (of ~ 500 nm), respectively, this interaction reduces the hydrostatic resistance with the body motion. Concerning the principles that govern the dynamics of spreads using the fins. It is assumed that the sensitive cells of lateral line organs may form dendrimers clusters. The nanoscale surface of fish, as well as the location of scales and fins on the body with secretes mucus provide for running small waves such hydrodynamic link that leads to the minimum expenditure of energy. Scales on the surface of the fins of Kutum, consisting of solid dielectrics following a non-Euclidean complex formation have also a nanocomposite character.
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