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{ǘǊǳŎǘǳǊŜǎ ǿƛǘƘ DǊŀŘŜŘ ²ŀƭƭ ¢ƘƛŎƪƴŜǎǎ ŀƴŘ /Ŝƭƭ {ƛȊŜ т 

моΥпр !ŘŀƳ YǾŀǇƛƭ ό{ύ {ǘŀƴƻǾŜƴƝ ƳŜŎƘŀƴƛŎƪȇŎƘ Ǿƭŀǎǘƴƻǎǟ 

  ƛƴǘǊŀƳŜŘǳƭłǊƴƝŎƘ ƘǌŜōǻ мл 
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ǾȅƘƻŘƴƻŎŜƴƝ ƻƘȅōƻǾŞƘƻ ƴŀǇŠǟ Ǿ ǇƻǘƪŀƴƝŎƘ ŦŜƳǳǊŜŎƘ мо 

мпΥол ς мрΥол  /ƻũŜŜ ōǊŜŀƪ  

{ŜƪŎŜ .  
¨ǘŜǊȇ мрΥол ς мтΥлл 

LƴƎΦ Wŀƪǳō YǊƻƴŜƪΣ tƘΦ5ΦΣ LƴƎΦ ±ƭŀǎǝƳƛƭ YǊłƭƝƪΣ tƘΦ5Φ 
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ƪǻȌŜ тт 
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Introduction 
3D printing, particularly through additive manufacturing methods like selecting laser melting 
(SLM), has revolutionized the design of bone implants by enabling the precise creation of 
complex, porous structures with tailored pore sizes and mechanical properties. Among these, 
gyroid structures stand out due to their unique triply periodic, continuous wall geometry, 
which allows them to function effectively as both trabecular and wall-based systems. Their 
design enhances osteointegration and bone-implant fixation while allowing control over 
implant stiffness and elasticity [1]. This capability to fabricate customized, organic porous 
structures signals a significant advancement in implant technology and represents the future 
of intraosseous medical devices. 
Previous studies have identified various imperfections and defects in specimens fabricated via 
3D printing technologies [2]. One critical factor influencing the final performance of such 
structures is the presence of partially melted powder particles adhering to surface features, 
which can compromise surface quality and structural integrity [3]. Additional defects, such as 
discontinuities in the load-bearing elements, have been observed and are known to 
significantly reduce the overall mechanical stability of the structures [4]. These structural 
imperfections not only diminish the load-bearing capacity but can also impair implant fixation 
within the bone, potentially leading to clinical complications such as poor osseointegration or, 
in severe cases, bone necrosis [5].  
These defects are commonly addressed through post-processing techniques. One such 
method is Hot Isostatic Pressing (HIP). HIP treatment improves Selective Laser Melting (SLM) 
components by eliminating internal pores, relieving residual stress, promoting favorable 
microstructural changes, enhancing ductility and toughness, and reducing mechanical 
anisotropy [6]. Subsequently, samples can be etched to remove loosely bonded surface 
particles and incompletely fused printing dust beads [7][7]. 
This study investigates two fundamental wall-type variations of gyroid structures fabricated 
by additive manufacturing using a Ti6Al4V alloy. The first variant features a gradient in wall 
thickness, while the second incorporates a gradient in unit cell size. The primary objective was 
to evaluate how these morphological differences influence mechanical performance and their 
potential to enhance osseointegration. Both structure types were subjected to uniaxial 
compression testing using cylindrical specimens with dimensions corresponding to real-world 
(specifically dental) implant geometries. All experimental samples were post-processed using 
Hot Isostatic Pressing (HIP). Subsequently, half of the printed samples were subjected to an 
etching process to assess the impact of surface modification on their mechanical properties. 

mailto:petr.bocan@fsv.cvut.cz
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Results and Discussion 
The specimen designs were based on the general gyroid equation, with modifications applied 
to create a smooth transition in gyroid morphology. Samples were fabricated in two main 
groups: one with a graded unit cell size and the other with a graded density, the latter of which 
modifies the wall thickness and enables a continuous transition from porous to solid regions, 
as shown in the Figure 1.  

 

Figure 1. Example of the specimens used in experiments, where Var A, Var B represent samples with graded walls  
and Var C, Var D represents samples with graded cells. 

The following figures present loadςdistance diagrams for both etched and non-etched 
specimens. Figure 2 illustrates the samples with graded cells, while  Figure 3. displays the 
specimens featuring graded walls. 

 

Figure 2. Load distance diagrams of a gyroid structure with graded cells. 
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Figure 3. Load distance diagrams of a gyroid structure with graded walls.  

Conclusion  
This study highlights the impact of structural morphology on the mechanical behavior of 3D-
printed Ti6Al4V gyroid structures with graded cell sizes and wall thicknesses, particularly 
under compressive loading. Specimens with graded wall thickness exhibited significantly 
higher load-bearing capacity prior to collapse compared to those with graded cell sizes. 
A comparison between the two types of grading revealed distinct deformation mechanisms: 
structures with graded wall thickness demonstrated enhanced mechanical stability, 
characterized by localized buckling or shear deformation, whereas cell-size graded specimens 
tended to undergo global collapse. 
Samples that underwent post-processing via HIP and after that by etching showed a slight 
reduction in load-bearing capacity, likely due to the thinning of load-bearing elements caused 
by material removal. Nevertheless, the results suggest that post-processing had a relatively 
minor impact on structural performance compared to the substantial influence of the grading 
type. 
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¨ǘŜǊȇ мтΦ сΦ нлнр моΥпр 

{ǘŀƴƻǾŜƴƝ ƳŜŎƘŀƴƛŎƪȇŎƘ ǾƭŀǎǘƴƻǎǘƝ ƛƴǘǊŀƳŜŘǳƭłǊƴƝŎƘ ƘǌŜōǻ 

Adam Kvapil1*Σ !ŘŀƳ YǊŀǘƻŎƘǾƝƭ1 
 
1 ¨ǎǘŀǾ ƳŜŎƘŀƴƛƪȅΣ ōƛƻƳŜŎƘŀƴƛƪȅ ŀ ƳŜŎƘŀǘǊƻƴƛƪȅΣ Cŀƪǳƭǘŀ ǎǘǊƻƧƴƝ 2±¦¢ Ǿ tǊŀȊŜΦ ¢ŜŎƘƴƛŎƪł пΣ 

160 00 Praha ς Dejvice.  
ϝ ŀŘŀƳΦƪǾŀǇƛƭϪŦǎΦŎǾǳǘΦŎȊ   

YƭƝőƻǾł ǎƭƻǾŀΥ ƛƴǘǊŀƳŜŘǳƭłǊƴƝ ŦƛȄŀőƴƝ ƘǌŜōȅΣ ƳŜŎƘŀƴƛŎƪŞ ǾƭŀǎǘƴƻǎǘƛΣ ƻǎǘŜƻǎȅƴǘŞȊŀΣ ȊƭƻƳŜƴƛƴŀ 

Abstrakt 
¢ŀǘƻ ǎǘǳŘƛŜ ǎŜ ȊŀōȇǾł ƳŜŎƘŀƴƛŎƪȇƳƛ ǾƭŀǎǘƴƻǎǘƳƛ ƴƻǾŞ ƎŜƴŜǊŀŎŜ ƛƴǘǊŀƳŜŘǳƭłǊƴƝŎƘ ŦƛȄŀőƴƝŎƘ 
ƘǌŜōǻ Ȋ ǘƛǘŀƴƻǾŞ ǎƭƛǘƛƴȅ Ti6Al4VΦ .ȅƭƻ ǇǊƻǾŜŘŜƴƻ ŜȄǇŜǊƛƳŜƴǘłƭƴƝ ƳŠǌŜƴƝ Ǿ ƻōƭŀǎǘƛ ǎǘŀǘƛŎƪȇŎƘ 
a ŘȅƴŀƳƛŎƪȇŎƘ ȊƪƻǳǑŜƪΣ ƧƛƳƛȌ ōȅƭƻ ǇƻŘǊƻōŜƴƻ ƴŠƪƻƭƛƪ ǾȊƻǊƪǻ ƴƻǾŞ ƎŜƴŜǊŀŎŜ ŦƛȄŀőƴƝŎƘ ƘǌŜōǻΦ 
bŀƳŠǌŜƴŞ ƘƻŘƴƻǘȅ ōȅƭȅ ȊǇǊŀŎƻǾłƴȅ ŘƭŜ Ǉƻƪȅƴǻ ǎǘŀƴƻǾŜƴȇŎƘ ƳŜȊƛƴłǊƻŘƴƝ ƴƻǊƳƻǳ !{¢a 
Cмнсп ŀ ǾȇǎƭŜŘƴŞ ƘƻŘƴƻǘȅ ǾȅƴŜǎŜƴȅ Řƻ ƎǊŀŦǳΦ bŀ ȊłǾŠǊ ōȅƭƻ ǇǊƻǾŜŘŜƴƻ ǎǊƻǾƴłƴƝ ǾȇǎƭŜŘƪǻ 
s ƘƻŘƴƻǘŀƳƛ ǎǘŀǊŞ ƎŜƴŜǊŀŎŜ ŦƛȄŀőƴƝŎƘ ƘǌŜōǻΦ 
 
  

mailto:adam.kvapil@fs.cvut.cz


   
 

мм 
 

Tabulka 1 ς tƻǊƻǾƴłƴƝ ǾȇǎƭŜŘƪǻ ƧŜŘƴƻǘƭƛǾȇŎƘ ƎŜƴŜǊŀŎƝ ǇǊƻ ǎǘŀǘƛŎƪƻǳ ȊƪƻǳǑƪǳ 

 
 

Tabulka 2 ς tƻǊƻǾƴłƴƝ ǾȇǎƭŜŘƪǻ ƧŜŘƴƻǘƭƛǾȇŎƘ ƎŜƴŜǊŀŎƝ ǇǊƻ ȊƪƻǳǑƪǳ ǵƴŀǾȅ 

  

 

 

hōǊłȊŜƪ 1 ς {ǊƻǾƴłƴƝ ƻƘȅōƻǾȇŎƘ ǾƭŀǎǘƴƻǎǘƝ 



   
 

мн 
 

 

hōǊłȊŜƪ 2 ς {ǊƻǾƴłƴƝ ǵƴŀǾƻǾȇŎƘ ǾƭŀǎǘƴƻǎǘƝ 

tƻŘŠƪƻǾłƴƝ 
¢Ŝƴǘƻ ǾȇȊƪǳƳ ƧŜ ǇƻŘǇƻǌŜƴ ǇǊƻƧŜƪǘŜƳ ¢!2w C²06010215 ±ȇȊƪǳƳ ŀ ǾȇǾƻƧ ǎǘŀōƛƭƛȊŀőƴƝŎƘ 
ƪƻǘǾƝŎƝŎƘ ǎȅǎǘŞƳǻ ǇǊƻ ȊŀƧƛǑǘŠƴƻǳ ƛƴǘǊŀƳŜŘǳƭłǊƴƝ ƻǎǘŜƻǎȅƴǘŞȊǳ ŀ ƎǊŀƴǘŜƳ {ǘǳŘŜƴǘǎƪŞ ǾŠŘŜŎƪŞ 
ƪƻƴŦŜǊŜƴŎŜ 2±¦¢ SVK 19/25/F2. 

¨ǘŜǊȇ мтΦ сΦ нлнр мпΥлл 

IƻŘƴƻŎŜƴƝ ŀŘƘŜȊŜ ƪƻǎǘƴƝƘƻ ŎŜƳŜƴǘǳ Ǉǌƛ ƻƘȅōƻǾȇŎƘ ȊƪƻǳǑƪłŎƘ 

WŀǊƻǎƭŀǾ ±ŀƧǎŜƧǘƭΣ YǊƛǎǘȇƴŀ YǳōłǑƻǾłΣ !ŘŀƳ YǊŀǘƻŎƘǾƝƭ 
 
1 ¨ǎǘŀǾ ƳŜŎƘŀƴƛƪȅΣ ōƛƻƳŜŎƘŀƴƛƪȅ ŀ ƳŜŎƘŀǘǊƻƴƛƪȅΣ Cŀƪǳƭǘŀ ǎǘǊƻƧƴƝ 2±¦¢ Ǿ tǊŀȊŜΦ ¢ŜŎƘƴƛŎƪł пΣ 

160 00 Praha ς Dejvice.  
*  jaroslav.vajsejtl@post.cz  

Abstrakt 
¢ŀǘƻ ǎǘǳŘƛŜ ǎŜ ȊŀƳŠǌǳƧŜ ƴŀ ƘƻŘƴƻŎŜƴƝ ŀŘƘŜȊŜ ƴƻǾŠ ǾȅǾƛƴǳǘȇŎƘ ƪƻǎǘƴƝŎƘ ŎŜƳŜƴǘǻ ŀ ǇƻǊƻǾƴłƴƝ 
ƧŜƧƛŎƘ ƳŜŎƘŀƴƛŎƪȇŎƘ ǾƭŀǎǘƴƻǎǘƝΦ .ȅƭŀ ƴŀǾǊȌŜƴŀ ƳŜǘƻŘƛƪŀ ǇǊƻ ǘŜǎǘƻǾłƴƝ мс ǾȊƻǊƪǻ ƭŜǇŜƴȇŎƘ 
ŎŜƳŜƴǘŜƳ ŀ мм ǾȊƻǊƪǻ ƛƴǘŀƪǘƴƝŎƘΣ ǇǌƛőŜƳȌ ōȅƭȅ ǎƭŜŘƻǾłƴȅ ǇŀǊŀƳŜǘǊȅ Ƨŀƪƻ ƻƘȅōƻǾŞ ƴŀǇŠǘƝΣ 
ƻƘȅōƻǾł ǘǳƘƻǎǘ ŀ ǇǊłŎŜ Řƻ ƭƻƳǳΦ ±ȇǎƭŜŘƪȅ ōȅƭȅ ǎǘŀǘƛǎǘƛŎƪȅ ŀƴŀƭȅȊƻǾłƴȅ ǎ ŎƝƭŜƳ ǾȅōǊŀǘ 
ƴŜƧǾƘƻŘƴŠƧǑƝ ŎŜƳŜƴǘ ǇǊƻ ǇƻǳȌƛǘƝ Ǿ ƪƻǎǘƴƝŎƘ ƴłƘǊŀŘłŎƘ ƴŀ ȊłƪƭŀŘŠ ƧŜƘƻ ƳŜŎƘŀƴƛŎƪȇŎƘ 
ǾƭŀǎǘƴƻǎǘƝΦ 
 
YƭƝőƻǾł slova: KƻǎǘƴƝ ŎŜƳŜƴǘΣ ƳŜŎƘŀƴƛŎƪŞ ǾƭŀǎǘƴƻǎǘƛΣ ŀŘƘŜȊŜΣ ƪŀƭŎƛǳƳ ŦƻǎŦłǘƻǾŞ ŎŜƳŜƴǘȅ 
  

mailto:jaroslav.vajsejtl@post.cz


   
 

мо 
 

tƻŘŠƪƻǾłƴƝ 
¢Ŝƴǘƻ ǾȇȊƪǳƳ ƧŜ ǇƻŘǇƻǌŜƴ ǇǊƻƧŜƪǘŜƳ MZ 2R ς AZV NW24-08-00367 YƻƳǇƭŜȄƴƝ ƛƴ ǾƛǘǊƻΣ ex vivo 
a in vivo ŜȄǇŜǊƛƳŜƴǘłƭƴƝ ǎǘǳŘƛŜ ƻǎǘŜƻƛƴŘǳƪǘƛǾƴƝƘƻ ŦƻǎŦłǘƻǾŞƘƻ ŀŘƘŜȊƛǾŀ ǳǊőŜƴŞƘƻ ǇǊƻ ƭŜǇŜƴƝ 
ȊƭƻƳŜƴƛƴ ƪƻǎǘƝ ŀ ǇǊƻǾłŘŠƴƝ ŀǊǘǊƻŘŞȊ a ƎǊŀƴǘŜƳ {ǘǳŘŜƴǘǎƪŞ ǾŠŘŜŎƪŞ ƪƻƴŦŜǊŜƴŎŜ 2±¦¢ SVK 
19/25/F2. 

¨ǘŜǊȇ мтΦ сΦ нлнр мпΥмр 

±ƭƛǾ ƳŜǘƻŘƛƪȅ ǳǊőŜƴƝ ǇǊǻǌŜȊƻǾȇŎƘ ŎƘŀǊŀƪǘŜǊƛǎǘƛƪ ƴŀ ǾȅƘƻŘƴƻŎŜƴƝ 
ƻƘȅōƻǾŞƘƻ ƴŀǇŠǘƝ Ǿ ǇƻǘƪŀƴƝŎƘ ŦŜƳǳǊŜŎƘ 

±ŜǊƻƴƛƪŀ 5ǊłǘƻǾǎƪł1*Σ YǊƛǎǘȇƴŀ YǳōłǑƻǾł1Σ tŀǾŜƭ wǻȌƛőƪŀ1 ŀ wŀŘŜƪ {ŜŘƭłőŜƪ1 
 
1 ¨ǎǘŀǾ ƳŜŎƘŀƴƛƪȅΣ ōƛƻƳŜŎƘŀƴƛƪȅ ŀ ƳŜŎƘŀǘǊƻƴƛƪȅΣ Cŀƪǳƭǘŀ ǎǘǊƻƧƴƝ 2±¦¢ Ǿ tǊŀȊŜΦ ¢ŜŎƘƴƛŎƪł пΣ 

160 00 Praha ς Dejvice.  
* veronika.dratovska@fs.cvut.cz  
 
tǌŜǎƴŞ ǳǊőŜƴƝ ǇǊǻǌŜȊƻǾȇŎƘ ŎƘŀǊŀƪǘŜǊƛǎǘƛƪ ƪƻǎǘƝ ƧŜ ƪƭƝőƻǾŞ ǇǊƻ ǾȇǇƻőŜǘ ƴŀǇŠǘƝ ǾȊƴƛƪŀƧƝŎƝƘƻ Ǉǌƛ 
ƳŜŎƘŀƴƛŎƪŞƳ ȊŀǘŠȌƻǾłƴƝ ŀ pro ƴłǎƭŜŘƴŞ ǾȅƘƻŘƴƻŎŜƴƝ ŜȄǇŜǊƛƳŜƴǘǻΦ ¢Ŝƴǘƻ ǇǌƝǎǇŠǾŜƪ ǎŜ 
ȊŀōȇǾł ǇƻǊƻǾƴłƴƝƳ ŘǾƻǳ ƳŜǘƻŘ ǳǊőŜƴƝ ǇǊǻǌŜȊƻǾȇŎƘ ŎƘŀǊŀƪǘŜǊƛǎǘƛƪ ǇƻǘƪŀƴƝŎƘ ŦŜƳǳǊǻ Ȋŀ 
ǵőŜƭŜƳ ǾȇǇƻőǘǳ ƴŀǇƧŀǘƻǎǘƛ Ǉǌƛ ǘǌƝōƻŘƻǾŞƳ ƻƘȅōǳΦ tǊǾƴƝΣ ȊƧŜŘƴƻŘǳǑŜƴł ƳŜǘƻŘŀ ǾȅǳȌƝǾł 
ǇǌƝƳŞƘƻ ƳŠǌŜƴƝ ǊƻȊƳŠǊǻ ǇƻƳƻŎƝ ǇƻǎǳǾƴŞƘƻ ƳŠǌƝǘƪŀ ŀ ǇǌŜŘǇƻƪƭłŘł ƛŘŜłƭƴƝ ƎŜƻƳŜǘǊƛŎƪȇ ǘǾŀǊ 
ǇǊǻǌŜȊǳΦ 5ǊǳƘł ƳŜǘƻŘŀ [1] ƧŜ ȊŀƭƻȌŜƴŀ ƴŀ naskenƻǾłƴƝ ƴŀōŀǊǾŜƴŞƘƻ ǇǊǻǌŜȊǳ ƪƻǎǘƛ ǇƻƳƻŎƝ 
ǎǘƻƭƴƝƘƻ ǎƪŜƴŜǊǳΣ ƴłǎƭŜŘƴŞ ǎŜƎƳŜƴǘŀŎƛ ƻōǊŀȊǳ ŀ ǾȇǇƻőǘǳ ǇǊǻǌŜȊƻǾȇŎƘ ŎƘŀǊŀƪǘŜǊƛǎǘƛƪ ŀ ƴŀǇŠǘƝ 
ǇƻƳƻŎƝ ǎƪǊƛǇǘǳ Ǿ ǇǊƻǎǘǌŜŘƝ a!¢[!. όhōǊłȊŜƪ мύΦ 
hōŠ ƳŜǘƻŘȅ ōȅƭȅ ǇƻǊƻǾƴłƴȅ Ȋ ƘƭŜŘƛǎƪŀ ǾȇǎƭŜŘƴȇŎƘ ƘƻŘƴƻǘ ƪǾŀŘǊŀǘƛŎƪȇŎƘ ƻǎƻǾȇŎƘ ƳƻƳŜƴǘǻ 
ǇǊǻǌŜȊǳ ŀ ƴƻǊƳłƭƻǾȇŎƘ ƴŀǇŠǘƝ Ǉǌƛ ƻƘȅōǳΦ 5łƭŜ ōȅƭŀ ǇǊƻǾŜŘŜƴŀ ŀƴŀƭȇȊŀ ŎƛǘƭƛǾƻǎǘƛΣ ƪǘŜǊł 
ƘƻŘƴƻǘƛƭŀ ǾƭƛǾ ǊǻȊƴȇŎƘ ǘȅǇƛŎƪȇŎƘ ŎƘȅō ǾȊƴƛƪŀƧƝŎƝŎƘ Ǉǌƛ ȊǇǊŀŎƻǾłƴƝ ǎƪŜƴǻ ς ƴŀǇǌƝƪƭŀŘ Ŏhyby 
v ǎŜƎƳŜƴǘŀŎƛΣ ƻǊƛŜƴǘŀŎƛ őƛ ǊƻȊƭƛǑŜƴƝ ς ƴŀ ǇǌŜǎƴƻǎǘ ǳǊőŜƴȇŎƘ ŎƘŀǊŀƪǘŜǊƛǎǘƛƪ ŀ ǾȇǇƻőŜǘ ƴŀǇŠǘƝΦ 
½ƝǎƪŀƴŞ ǾȇǎƭŜŘƪȅ ǇƻǳƪŀȊǳƧƝ ƴŀ ǾȇƘƻŘȅ ŀ ƭƛƳƛǘȅ ƧŜŘƴƻǘƭƛǾȇŎƘ ƳŜǘƻŘ ŀ ȊŘǻǊŀȊƶǳƧƝ ǾȇȊƴŀƳ ǎǇǊłǾƴŞ 
Ǿƻƭōȅ ǇƻǎǘǳǇǻ Ǉǌƛ ƘƻŘƴƻŎŜƴƝ ǾȇǎƭŜŘƪǻ ōƛƻƳŜŎƘŀƴƛŎƪȇŎƘ ŜȄǇŜǊƛƳŜƴǘǻ. 

 
hōǊłȊŜƪ 3 ±ȅōǊŀƴŞ ǇƛȄŜƭȅ ǎƪŜƴǳΣ ǘŠȌƛǑǘŠ ŀ ƘƭŀǾƴƝ ƻǎȅ ǇǊǻǌŜȊǳ όǾƭŜǾƻύΣ ǾȅǇƻőǘŜƴŞ ǊƻȊƭƻȌŜƴƝ ƴŀǇŠǘƝ Ǉǌƛ ƻƘȅōǳ όǾǇǊŀǾƻύΦ  
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мп 
 

 

tƻŘŠƪƻǾłƴƝ  
¢ŀǘƻ ǇǊłŎŜ ōȅƭŀ ǇƻŘǇƻǌŜƴŀ ǇǊƻƧŜƪǘŜƳ !½± 2w őΦ NW24-08-00367 ŀ ǇǊƻƧŜƪǘŜƳ {D{ 2±¦¢ 
őΦ SGS25/124/OHK2/3T/12.   

Literatura 
[1] .wh¦[LYΣ tΦ 5ΦΤ wh{9bYw!b/h±#Σ WΦΤ w®¿L2Y!Σ tΦ ŀ {95[#29YΣ wΦ Effects of 

Triiodothyronine and Estrogen Administration on Bone Mass, Mineral Content and 
Bone Strength in Male Rats. Online. Hormone and Metabolic ResearchΦ нллоΣ ǊƻőΦ орΣ 
őΦ фΣ ǎΦ рнт-531. ISSN 0018-рлпоΦ 5ƻǎǘǳǇƴŞ ȊΥ https://doi.org/10.1055/s-2003-42653. 
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¨¢9wº мтΦ сΦ нлнр 

мрΥол ς мтΥлл 
  



   
 

мс 
 

¨ǘŜǊȇ мтΦ сΦ нлнр мрΥол 

aŜŎƘŀƴƛŎƪŞ ȊƪƻǳǑƪȅ ŀƴŀǎǘƻƳƽȊȅ ƴŀǘƛǾƴƝ ǘŜǇƴȅ ŀ ǳƳŠƭŞ  
ŎŞǾƴƝ ƴłƘǊŀŘȅ 

Hynek Chlup1*, {ŀƴŘǊŀ wŜőƛőłǊƻǾł2,3, aƛŎƘŀŜƭ Wƻƴłƪ 2 a Ivan Netuka 2 
 
1 ̈ ǎǘŀǾ mechanikyΣ ōƛƻƳŜŎƘŀƴƛƪȅ ŀ ƳŜŎƘŀǘǊƻƴƛƪȅΣ Cŀƪǳƭǘŀ ǎǘǊƻƧƴƝ 2±¦¢ Ǿ tǊŀȊŜΦ ¢ŜŎƘƴƛŎƪł пΣ 

160 00 Praha ς Dejvice.  
2 Yƭƛƴƛƪŀ ƪŀǊŘƛƻǾŀǎƪǳƭłǊƴƝ ŎƘƛǊǳǊƎƛŜΣ Lƴǎǘƛǘǳǘ ƪƭƛƴƛŎƪŞ ŀ ŜȄǇŜǊƛƳŜƴǘłƭƴƝ ƳŜŘƛŎƝƴȅ όLY9aύΣ tǊŀƘŀ 
3 мΦ ƭŞƪŀǌǎƪł Ŧŀƪǳƭǘŀ ¦ƴƛǾŜǊȊƛǘȅ YŀǊƭƻǾȅΣ tǊŀƘŀ 
*  Hynek.Chlup@cvut.cz   

{ƘǊƴǳǘƝ 
Tato studie ukazuje ǾȇǎƭŜŘek ƛƴŦƭŀőƴŠ-ŜȄǘŜƴȊƴƝ ȊƪƻǳǑƪȅ ǎƻǳǎǘŀǾȅ ǎƭƻȌŜƴŞ ȊŜ ǘǌƝ ƳŀǘŜǊƛłƭƻǾŠ 
a ƎŜƻƳŜǘǊƛŎƪȅ ǊǻȊƴȇŎƘ ǎŜƎƳŜƴǘǻΥ ƴŀǘƛǾƴƝ ŎŞǾȅ ό±ύΣ ŀƴŀǎǘƻƳƽȊȅ ό!ύΣ ǳƳŠƭŞ ŎŞǾƴƝ ƴłƘǊŀŘȅ όDύΦ 
{ƻǳǎǘŀǾŀΣ ŜȄǇŜǊƛƳŜƴǘłƭƴƝ ǾȊƻǊŜƪ ±-A-DΣ ōȅƭŀ ȊŀǘŠȌƻǾłƴŀ ŎȅƪƭƛŎƪȅ ǾƴƛǘǌƴƝƳ ǘƭŀƪŜƳΦ .ȅƭȅ ȊƝǎƪłƴȅ 
ŀ ǇƻǊƻǾƴłƴȅ ƳŜŎƘŀƴƛŎƪŞ ƻŘŜȊǾȅ ƧŜŘƴƻǘƭƛǾȇŎƘ ǎŜƪŎƝ ŜȄǇŜǊƛƳŜƴǘłƭƴƝƘƻ ǾȊƻǊƪǳ Ǉǌƛ ǇǊǾƴƝƳ 
a ƻǎƳŞƳ Ŏȅƪƭǳ ŀ ǾŜ ǎƳŠǊǳ ƻōǾƻŘƻǾŞƳ ŀ ǇƻŘŞƭƴŞƳ όŀȄƛłƭƴƝƳύΦ 5ŀǘŀ ƭȊŜ ǳǇƭŀǘƴƛǘ ǇǊƻ ƴǳƳŜǊƛŎƪŞ 
ǎƛƳǳƭŀŎŜ ǎǇƻƧŜƴƝ ƴŀǘƛǾƴƝ ŎŞǾȅ ǎ ǳƳŠƭƻǳ ƴłƘǊŀŘƻǳΣ ƴŜōƻ ǇǊƻ ƳƻŘƛŦƛƪŀŎƛκƻǇǘƛƳŀƭƛȊŀŎƛ ǇǊƻǾŜŘŜƴƝ 
ŀƴŀǎǘƻƳƽȊȅ Ȋ ǇƻƘƭŜŘǳ ǇǌŜƴƻǎǳ ƳŜŎƘŀƴƛŎƪŞƘƻ ȊŀǘƝȌŜƴƝΦ tǊƻǾŜŘŜƴȇ ŜȄǇŜǊƛƳŜƴǘ ǎƛƳǳƭƻǾŀƭ 
ǎǇƻƧŜƴƝ ƴŀǘƛǾƴƝ ŎŞǾȅ ǎ ǳƳŠƭƻǳ ȊǇǻǎƻōŜƳ ŜƴŘ-to-ŜƴŘΦ 5ŀǘŀ ƭȊŜ Řƻ ƧƛǎǘŞ ƳƝǊȅ ǳǇƭŀǘƴƛǘ ƛ ǇǊƻ 
ǎǇƻƧŜƴƝ ŜƴŘ-to-side.  

¨ǾƻŘ 
tǌƛ ǎǇƻƧŜƴƝ ƴŀǘƛǾƴƝ ŎŞǾȅ ǎ ǳƳŠƭƻǳ ƴŜōƻ ōƛƻƭƻƎƛŎƪƻǳ ƴłƘǊŀŘƻǳΣ ȊǇǻǎƻōŜƳ ŜƴŘ-to-end i end-to-
ǎƛŘŜΣ ƳǻȌŜ Ǿ ƻōƭŀǎǘƛ ŀƴŀǎǘƻƳƽȊȅ ŘƻƧƝǘ ƪ ƴŜȌłŘƻǳŎƝ ǊŜŀƪŎƛΦ ½ ǇƻƘƭŜŘǳ ƳŜŎƘŀƴƛƪȅΣ ǇƻǊǳǑŜƴƝ 
ǎǘǊǳƪǘǳǊȅ ǎƭƻȌƛǘŞ ƪƻƳǇƻȊƛǘƴƝ ǎǘŀǾōȅ ŎŞǾƴƝ ǎǘŠƴȅΣ ƧŘŜ ƴŀǇǌΦ ƻ ƛƴǘƛƳłƭƴƝ ƘȅǇŜǊǇƭłȊƛƛ ƴŜōƻ ǇǌƝƳƻ 
ŘƛǎŜƪŎƛ ŎŞǾƴƝ ǎǘŠƴȅΦ tǌƛ ǾȇƪƻƴŜŎƘ ƴŀ ŀƻǊǘŠ ǎŜ ǾȅǎƪȅǘǳƧŜ Ƨŀƪƻ ƴŜōŜȊǇŜőƴł ǇƻƻǇŜǊŀőƴƝ 
ƪƻƳǇƭƛƪŀŎŜ ŦŀƭŜǑƴŞ ŀƴŜǳǊȅǎƳŀ ƘǊǳŘƴƝ ŀƻǊǘȅ ό¢!C!ύΦ wǻǎǘ ŀ ŜȄǇŀƴȊŜ ¢!C! Ƨǎƻǳ ǾŜƭƳƛ ƻōǘƝȌƴŠ 
ǇǌŜŘǾƝŘŀǘŜƭƴŞ ŀ ƳƻƘƻǳ ȊǇǻǎƻōƛǘ ƪƻƳǇǊŜǎƛ ƴŜōƻ ƛƴǾŀȊƛ ƻƪƻƭƴƝŎƘ ǎǘǊǳƪǘǳǊΣ ώмϐΦ ± фл ҈ ǇǌƝǇŀŘǻ 
pacient s ŘƛŀƎƴƻǎǘƛƪƻǾŀƴȇƳ ¢!C! ǇƻŘǎǘƻǳǇƛƭ ǇǌŜŘŎƘƻȊƝ ƪŀǊŘƛƻŎƘƛǊǳǊƎƛŎƪƻǳ ƻǇŜǊŀŎƛ ƴŀ ŀƻǊǘŠΣ 
ƴŀǇǌΦ .ŜƴǘŀƭƭƻǾŀ ƻǇŜǊŀŎŜ όрн ҈ ǇǌƝǇŀŘǻύΣ ƴłƘǊŀŘȅ ŀǎŎŜƴŘŜƴǘƴƝ ŀƻǊǘȅ ŀκƴŜōƻ ƻōƭƻǳƪǳ ŀƻǊǘȅΦ 
U Ȋōȅǘƪǳ ǇŀŎƛŜƴǘǻΣ ȊŜƧƳŞƴŀ Ǿ oblasti za obloukem aortyΣ ǎŜ ƳǻȌŜ ǇǎŜǳŘƻŀƴŜǳǊȅǎƳŀ ǾȅǘǾƻǌƛǘ 
Ǉƻ ǘǊŀǳƳŀǘƛŎƪŞƳ ǇƻǊŀƴŠƴƝ ƘǊǳŘƴƝƪǳΦ tƻǘŜƴŎƛƻƴłƭƴƝƳ ǊƛȊƛƪƻǾȇƳ ŦŀƪǘƻǊŜƳ ƳǻȌŜ ōȇǘ ǘŀƪŞ 
Ǿȇǎƪȅǘ ȊłƴŠǘǳ όŎŎŀ нр ҈ ǇǌƝǇŀŘǻύ ƴŜōƻ ǇƻǳȌƛǘƝ ǘƪłƶƻǾŞƘƻ ƭŜǇƛŘƭŀ ǎ ŎƝƭŜƳ ȊǇŜǾƴŠƴƝ ŀƴŀǎǘƻƳƽȊȅ 
ŀ ŘƻŎƝƭŜƴƝ ƘŜƳƻǎǘłȊȅ ǇŜǊƻǇŜǊŀőƴŠ ώнϐΦ Pouze u н ҈ ǇŀŎƛŜƴǘǻ ƴŜōȅƭȅ ȌłŘƴŞ ȊƴłƳŞ ǊƛȊƛƪƻǾŞ 
faktory a v ǊŜƭŀǘƛǾƴŠ ƳŀƭŞƳ Ǉƻőǘǳ ōȅƭ ǎǇƻǳǑǘŠőŜƳ ŀǳǘƻƛƳǳƴƛǘƴƝ ƻƴŜƳƻŎƴŠƴƝΣ [3, 4, 5]. K vzniku 
ŘƛǎŜƪŎŜ ŀ ǇǎŜǳŘƻŀƴŜǳǊȅǎƳŀǘǳ ŎŞǾƴƝ ǎǘŠƴȅ ŘƻŎƘłȊƝ ǇǊŜŘƛƭŜƪőƴŠ Ǿ ƳƝǎǘŠ ŀƴŀǎǘƻƳƽȊΦ bŀǇǌΦ 
u aorty v ƳƝǎǘŠ ǊŜƛƳǇƭŀƴǘƻǾŀƴȇŎƘ ƪƻǊƻƴłǊƴƝŎƘ ǘŜǇŜƴΣ Ǿ ƳƝǎǘŠ Ǉƻ ŀƻǊǘłƭƴƝ ƪŀƴȅƭŀŎƛ ƴŀ 
ƳƛƳƻǘŠƭƴƝ ƻōŠƘ ƴŜōƻ Ǿ ƳƝǎǘŠ ŎŜƴǘǊłƭƴƝ ŀƴŀǎǘƻƳƽȊȅ ōȅǇŀǎǎǳ Řƻ ŎŞǾƴƝ ǇǊƻǘŞȊȅ [1, 6]Φ hōŜŎƴŠ 
Ǉǌƛ ǌŜǑŜƴƝ ŦŀƭŜǑƴȇŎƘ ŀƴŜǳǊȅǎƳŀǘ ŜȄƛǎǘǳƧƝ ŘǾŠ ƘƭŀǾƴƝ ƳƻȌƴƻǎǘƛ ƭŞőōȅΣ ŀ ǘƻ ƪŀǊŘƛƻŎƘƛǊǳǊƎƛŎƪł 
ǊŜƻǇŜǊŀŎŜ ƴŜōƻ ƳŞƴŠ ƛƴǾŀȊƛǾƴƝ ŜƴŘƻǾŀǎƪǳƭłǊƴƝ ǘŜŎƘƴƛƪŀΦ tŀǘǌƝ ǎŜƳ ƴŀǇǌΦ ƛƳǇƭŀƴǘŀŎŜ 
ǎǘŜƴǘƎǊŀŦǘǳΣ Ŏƻƛƭ ŜƳōƻƭƛȊŀŎŜΣ ǳ ŀƻǊǘȅ ǘŀƪŞ !ƳǇƭŀǘȊŜǊǻǾ ƻƪƭǳŘŜǊΦ 
/ƝƭŜƳ ǘŞǘƻ ǇƛƭƻǘƴƝ studie bylo ȊƝǎƪŀǘ ǇǌŜŘǎǘŀǾǳ ƻ ǊƻȊƭƻȌŜƴƝ ŘŜŦƻǊƳŀŎƝ ŀ ƴŀǇƧŀǘƻǎǘƛ Ǿ ƧŜŘƴƻǘƭƛǾȇŎƘ 
oblastŜŎƘ όǎŜƪŎƝŎƘύ ŜȄǇŜǊƛƳŜƴǘłƭƴƝƘƻ ǾȊƻǊƪǳ όƴŀǘƛǾƴƝ ŎŞǾŀΣ ŀƴŀǎǘƻƳƽȊŀ, ǇǊƻǘŜǘƛŎƪȇ ǑǘŠǇύ. 
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мт 
 

!ƴŀƭȇȊƻǳ ŀ ǇƻǊƻǾƴłƴƝƳ ȊƝǎƪŀƴȇŎƘ ƳŜŎƘŀƴƛŎƪȇŎƘ ŎƘŀǊŀƪǘŜǊƛǎǘƛƪ Ǉŀƪ ȊǾłȌƛǘ, zda je 
ǇǊŀǾŘŠǇƻŘƻōƴł ƛƴƛŎƛŀŎŜ ǇƻǑƪƻȊŜƴƝ ŎŞǾƴƝ ǎǘŠƴȅ ŀ ǾȇǾƻƧ ŦŀƭŜǑƴŞƘƻ ŀƴŜǳǊȅǎƳŀǘǳ Ǿ ŀƴŀǎǘƻƳƽȊƴƝ 
őłǎǘƛΦ 

Metody 
tƻƳƻŎƝ ƛƴŦƭŀőƴŠ-ŜȄǘŜƴȊƴƝƘƻ ǘŜǎǘǳΣ ŎȅƪƭƛŎƪȇƳ ȊŀǘŠȌƻǾłƴƝƳ ǾƴƛǘǌƴƝƳ ǘƭŀƳΣ ōȅƭ ƳŜŎƘŀƴƛŎƪȅ 
ȊƪƻǳǑŜƴ ŜȄǇŜǊƛƳŜƴǘłƭƴƝ ǾȊƻǊŜƪ ±-A-DΣ ǾƛȊ ǎŎƘŞƳŀ hōǊłȊŜƪ м, [7, 8, 9, 10]. Stehy v ŀƴŀǎǘƻƳƽȊŜ 
ōȅƭȅ ƻŘ ǎŜōŜ ǾȊŘłƭŜƴȅ мΦооҕлΦом ƳƳ ŀ ōȅƭȅ ȊŀǘǌŜƴȅ ōƛƻƭƻƎƛŎƪȇƳ ƭŜǇƛŘƭŜƳΣ ǇƻŘƻōƴŠ Ƨŀƪƻ Ǉǌƛ 
ŎƘƛǊǳǊƎƛŎƪŞƳ ǾȇƪƻƴǳΦ ±ȊƻǊŜƪ ōȅƭ ǳƳƝǎǘŠƴ ǎǾƛǎƭŜ Ǿ ŜȄǇŜǊƛƳŜƴǘłƭƴƝ ƪƻƳƻǌŜΦ bŀƘƻǌŜ ōȅƭ ǳǇŜǾƴŠƴ 
Řƻ ǇŜǾƴŞƘƻ ǵŎƘȅǘǳΣ ǎ ǘƭŀƪƻǾȇ ǎŜƴȊƻǊ /ǊŜǎǎǘƻ Y¢{ ǎ rozsaƘŜƳ Řƻ ну ƪtŀΦ 5ƻƭŜ ōȅƭ ǳǇŜǾƴŠƴ Řƻ 
ǵŎƘȅǘǳ ǎ ƳƻȌƴƻǎǘƝ ǾŜǊǘƛƪłƭƴƝƘƻ ǇƻǎǳǾǳ ŀ ƴŀǘƻőŜƴƝ ƪƻƭŜƳ ǎǾƛǎƭŞ ƻǎȅΣ hōǊłȊŜƪ м. Bylo provedeno 
у Ŏȅƪƭǻ л ŀȌ нл ƪtŀ όл ŀȌ мрл ƳƳIƎύΦ tǊǾƴƝŎƘ ǎŜŘƳ Ŏȅƪƭǻ ƧŜ ōǊłƴƻ Ƨŀƪƻ ǇǊŜŎƻƴŘƛǘƛƻƴƛƴƎ ǾȊƻǊƪǳ 
ǇǊƻ ǳǎǘłƭŜƴƝ ƳŜŎƘŀƴƛŎƪŞ ƻŘŜȊǾȅΦ ±ȅƘƻŘƴƻŎŜƴȅ ōȅƭȅ ȊłǘŠȌƻǾŞ őłǎǘƛ мΦ ό/мύ ŀ уΦ ό/уύ ŎȅƪƭǳΣ ƪǘŜǊȇ 
ƴłǎ ȊŀƧƝƳŀƭ ǇǊƛƳłǊƴŠΦ ½Ŝ ǎƴƝƳƪǻ Ǿ ǊŜŦŜǊŜƴőƴƝ ƪƻƴŦƛƎǳǊŀŎƛ byly ǇǊƻ ƪŀȌŘƻǳ ǎŜƪŎŜ ȊƳŠǌŜƴ ǾƴŠƧǑƝ 
ǇǊǻƳŠǊ 5ŜΦ tƻƳƻŎƝ ƳƛƪǊƻƳŜǘǊǳ ōȅƭȅ ȊƝǎƪłƴȅ ǘƭƻǳǑǙƪȅ I ŀ ƴłǎƭŜŘƴŠ ǾȅǇƻőǘŜƴ ǇǊǻƳŠǊ ǎǘǌŜŘƴƛŎŜ 
ƪŀȌŘŞ ǎŜƪŎŜΣ Ǿƛz Tabulka 1. Z ǇƻǎǳǾǻ ƪƻƴǘǳǊ ǾȊƻǊƪǳ ŀ ƳŀǊƪŜǊǻ Ǿ ƪŀȌŘŞ ǎŜƪŎƛΣ hōǊłȊŜƪ м, byly 
ǾȅǇƻőǘŜƴȅ ƘƻŘƴƻǘȅ ƻōǾƻŘƻǾŞ ‐ ŀ ŀȄƛłƭƴƝ ŘŜŦƻǊƳŀŎŜ ‐Φ bŀǇŠǘƝ Ǿ ƻōǾƻŘƻǾŞƳ „ ŀ ŀȄƛłƭƴƝƳ 
ǎƳŠǊǳ „ ōȅƭƻ ǾȅǇƻőǘŜƴƻ ŘƭŜ ǾȊǘŀƘǻ ǇǊƻ ǘŜƴƪƻǎǘŠƴƴŞ ǾłƭŎƻǾŞ ǎƪƻǌŜǇƛƴȅ ǎ ǳǾŀȌƻǾłƴƝƳ 
ƴŜǎǘƭŀőƛǘŜƭƴƻǎǘƛ ƳŀǘŜǊƛłƭǻΣ {ǘŜƧƴȇ ǇƻǎǘǳǇ ǾȅƘƻŘƴƻŎŜƴƝ ōȅƭ ŀǇƭƛƪƻǾłƴ ƴŀ ƪŀȌŘƻǳ ǎŜƪŎƛ 
ŜȄǇŜǊƛƳŜƴǘłƭƴƝƘƻ ǾȊƻǊƪǳ ±-A-G.  
 

 
hōǊłȊŜƪ 4 {ŎƘŞƳŀ ƪƻƴŦƛƎǳǊŀŎŜ ƛƴŦƭŀőƴŠ-ŜȄǘŜƴȊƴƝƘƻ ŜȄǇŜǊƛƳŜƴǘǳ ǎ ǳǎǘŀǾŜƴȇƳ ǾȊƻǊƪŜƳ Ǿ ŜȄǇŜǊƛƳŜƴǘłƭƴƝ ƪƻƳƻǌŜΣ 

ƻȊƴŀőŜƴƝƳ ǇǊǻƳŠǊǻ ǾȊƻǊƪǳ Ǿ ǇǌƝőƴŞƳ ǇǊǻǌŜȊǳΣ ƴŀ ǾȊƻǊƪǳ Ȋƴŀőƪȅ ǇǊƻ ǾȅǇƻőŜǘ ŀȄƛłƭƴƝŎƘ όǇƻŘŞƭƴȇŎƘύ ŘŜŦƻǊƳŀŎƝ Ǿ ƧŜŘƴƻǘƭƛǾȇŎƘ 
ǎŜƪŎƝŎƘΣ ǳƪłȊƪŀ ŘŜǘŜƪƻǾŀƴȇŎƘ ƘǊŀƴ ǇƻƳƻŎƝ ōŀǊŜǾƴłŎƘ ƭƛƴŜƪΣ ǳǇǊŀǾŜƴƻ ώуϐΦ 

 
Tabulka 3 ½łƪƭŀŘƴƝ ǊƻȊƳŠǊȅ ǎŜƪŎƝ ŜȄǇŜǊƛƳŜƴǘłƭƴƝƘƻ ǾȊƻǊƪǳΣ  

kde De ς ǾƴŠƧǑƝ ǇǊǻƳŠǊΣ 5 ςǇǊǻƳŠǊ ǎǘǌŜŘƴƛŎŜΣ I ς ǘƭƻǳǑǙƪŀ ǎǘŠƴȅΣ ŘƭŜ ǎŎƘŞƳŀǘǳ ƴŀ hōǊłȊŜƪ 4. 

    De [mm] D [mm] H [mm] 

ŎŞǾŀ ό±ύ млΦн ҕ лΦо уΦфт ҕ лΦом мΦол ҕ лΦол 

ŀƴŀǎǘƻƳƽȊŀ ό!ύ млΦф ҕ лΦр фΦнф ҕ лΦпт мΦсф ҕ лΦлс 

ǳƳŠƭł ŎŞǾƴƝ ƴłƘǊŀŘŀόDύ фΦф ҕ лΦт фΦрр ҕ лΦто лΦоф ҕ лΦлн 

 
  



   
 

му 
 

±ȇǎƭŜŘƪȅ ŀ ŘƛǎƪǳǎŜ 
V ȊƝǎƪŀƴȇŎƘ ŎƘŀǊŀƪǘŜǊƛǎǘƛƪłŎƘ p ς De, „ ‐ ƧŜ ȊŀƧƝƳŀǾȇ ǎƪƭƻƴ ŀ ǘǊŜƴŘ ȊłǾƛǎƭƻǎǘƝ, hōǊłȊŜƪ н a 3.  
/ƘŀǊŀƪǘŜǊƛǎǘƛƪȅ ƴŀǘƛǾƴƝ ŎŞǾȅ ό±ύ ƳŀƧƝ ŘƭŜ ƻőŜƪłǾłƴƝ ǘȅǇƛŎƪȇ ƴŜƭƛƴŜłǊƴƝ ǇǊǻōŠƘ ŀ ƪƻƴǾŜȄƴƝ 
ŎƘŀǊŀƪǘŜǊΦ tǌƛ ȊǾȅǑǳƧƝŎƝƳ ǎŜ ȊŀǘƝȌŜƴƝ ƳŀǘŜǊƛłƭ ǘǳƘƴŜΣ ǎƪƭƻƴ ŎƘŀǊŀƪǘŜǊƛǎǘƛƪȅ ƧŜ ǎǘǊƳŠƧǑƝΦ 
aŜŎƘŀƴƛŎƪł ƻŘŜȊǾŀ ǳƳŠƭŞ ŎŞǾƴƝ ƴłƘǊŀŘȅ όDύ Ƴł ƳƝǊƴŠ ƪƻƴƪłǾƴƝ ŎƘŀǊŀƪǘŜǊΣ ǇƻŘƻōƴŠ jako 
ǳƳŠƭŞ ǇƻƭȅƳŜǊƴƝ ƳŀǘŜǊƛłƭȅΦ ±Ŝ ŦȅȊƛƻƭƻƎƛŎƪŞƳ ǊƻȊǎŀƘǳ ǘƭŀƪǳ Řƻ мс ƪtŀ όмнл ƳƳIƎύ ƧŜ ƳƻȌƴŞ 
ŎƘŀǊŀƪǘŜǊƛǎǘƛƪǳ ǇƻǾŀȌƻǾŀǘ Ȋŀ ƭƛƴŜłǊƴƝΦ aŜŎƘŀƴƛŎƪł ƻŘŜȊǾŀ ŀƴŀǎǘƻƳƽȊȅ ό!ύ ƧŜ ƴŜƧǎǘǊƳŠƧǑƝ 
όƴŜƧǘǳȌǑƝύ ŀ Ƴł ƭƛƴŜłǊƴƝ ŎƘŀǊŀƪǘŜǊ Ǿ ŎŜƭŞƳ ǇƻȊƻǊƻǾŀƴŞƳ ǊƻȊǎŀƘǳΦ ¦ ƴŀǘƛǾƴƝ ŎŞǾȅ ōȅƭȅ Ǉǌƛ 
ȊŀǘƝȌŜƴƝ ŘƻǎŀƘƻǾłƴȅ ƳƴƻƘŜƳ ǾŠǘǑƝ ȊƳŠƴȅ ǇǊǻƳŠǊǳ 5ŜΣ ǘƧΦ ƘƻŘƴƻǘȅ ƻōǾƻŘƻǾŞ ŘŜŦƻǊƳŀŎŜ ƴŜȌ 
ǳ ƴłƘǊŀŘȅΦ ± ƻōƭŀǎǘƛ ŀƴŀǎǘƻƳƽȊȅ ǎŜ 5Ŝ ǘŀƪǌƪŀ ƴŜȊƳŠƴƛƭΣ hōǊłȊŜƪ н a 3. V ƻōǾƻŘƻǾŞƳ ǎƳŠǊǳ 
ŘƻǎŀƘƻǾŀƭȅ ŘŜŦƻǊƳŀŎŜ ƴŀǘƛǾƴƝ ŎŞǾȅ т ҈ ŀ Ǿ ŀȄƛłƭƴƝƳ ǎƳŠǊǳ о ҈Φ ¦ƳŠƭł ŎŞǾƴƝ ƴłƘǊŀŘŀ 
dosahovala v ƻōǾƻŘƻǾŞƳ ǎƳŠǊǳ ŘŜŦƻǊƳŀŎƝ лΦо ҈ ŀ Ǿ ŀȄƛłƭƴƝƳ о ҈Σ ǘȊƴΦ Ǿ ƻōǾƻŘƻǾŞƳ ǎƳŠǊǳ 
ōȅƭȅ ŘŜŦƻǊƳŀŎŜ ƳŜƴǑƝ ƴŜȌ Ǿ ŀȄƛłƭƴƝΦ ¢ƻǘƻ ƧŜ ƻōǊłŎŜƴŠ ƴŠȌ ǳ ƴŀǘƛǾƴƝ ŎŞǾȅΦ ¢Ŝƴǘƻ ƧŜǾ ƳǻȌŜ 
ǎƻǳǾƛǎŜǘ ǎŜ ǎǘǊǳƪǘǳǊƻǳ ŀ ƎŜƻƳŜǘǊƛƛ ǎǘŠƴȅ ƴłƘǊŀŘȅΣ ƴŀǇǌΦ ǎ ǳǎǇƻǌłŘłƴƝƳ ǾƭłƪŜƴ ŀ ǾǊŀǇƻǾłƴƝƳΦ 
CȅȊƛƻƭƻƎƛŎƪȅΣ ƴŀǇǌΦ ǇǊƻ ǇǌŜƴƻǎ ǇǳƭȊƴƝ ǾƭƴȅΣ ƧŜ ŘǻƭŜȌƛǘł ƻōǾƻŘƻǾł ǇƻŘŘŀƧƴƻǎǘΦ 5ƭŜ ƻőŜƪłǾłƴƝ ōȅƭŀ 
ƴŜƧƳŞƴŠ ǇƻŘŘŀƧƴł ƻōƭŀǎǘ ŀƴŀǎǘƻƳƽȊȅΦ ± ƻōǾƻŘƻǾŞƳ ǎƳŠǊǳ ǎŜ ŘŜŦƻǊƳƻǾŀƭŀ Řƻ лΦр ҈ 
a v ŀȄƛłƭƴƝƳ ǎƳŠǊǳ Řƻ м ҈Φ bŀǘƛǾƴƝ ŎŞǾǳ ƛ ŎŞǾƴƝ ƴłƘǊŀŘǳ ƭȊŜ ǇƻǾŀȌƻǾŀǘ Ȋŀ ŀƴƛȊƻǘǊƻǇƴƝ ƳŀǘŜǊƛłƭΦ 
aŜŎƘŀƴƛŎƪł ƻŘŜȊǾŀ Ǿ ƻōǾƻŘƻǾŞƳ ŀ ŀȄƛłƭƴƝƳ ǎƳŠǊǳ ƧŜ ƧƛƴłΦ ± ƻōƭŀǎǘƛ ŀƴŀǎǘƻƳƽȊȅ ǘƻ ƴŜƴƝ ǘŀƪ 
ƧŜŘƴƻȊƴŀőƴŞΣ hōǊłȊŜƪ н ŀ оΦ ½Ɲǎƪŀƴł Řŀǘŀ ƳŀƧƝ ǾŠǘǑƝ ǊƻȊǇǘȅƭΦ wƻȊŘƝƭ ƳŜȊƛ ƳŜŎƘŀƴƛŎƪƻǳ ƻŘŜȊǾƻǳ 
мΦ ŀ уΦ Ŏȅƪƭǳ ōȅƭ ƳŀƭȇΦ /ƘŀǊŀƪǘŜǊƛǎǘƛƪȅ /м ŀ /у ƭŜȌƝ ōƭƝȊƪƻ ǎŜōŜΦ tǌƛ ǾȅǑǑƝƳ ȊŀǘƝȌŜƴƝ όǇ Ґ 10ς18 

kPa, s = 35ς60 ƪtŀύ ƳŀƧƝ ŎƘŀǊŀƪǘŜǊƛǎǘƛƪȅ ƴŀǘƛǾƴƝ ŎŞǾȅ ŀ ǳƳŠƭŞ ƴłƘǊŀŘȅ Ǿ ŀȄƛłƭƴƝƳ ǎƳŠǊǳ 
ǇƻŘƻōƴȇ ǘǊŜƴŘ όǎƪƭƻƴύ ƳŜŎƘŀƴƛŎƪŞ ƻŘŜȊǾȅΦ ± ƻōǾƻŘƻǾŞƳ ǎƳŠǊǳ Ƨǎƻǳ ǊƻȊŘƝƭƴŞΦ ½ŘŜ ƧŜ ǇƻŘƻōƴȅ 
ŎƘŀǊŀƪǘŜǊ ƻŘŜȊǾȅ ŀƴŀǎǘƻƳƽȊȅ ŀ ǳƳŠƭŞ ƴłƘǊŀŘȅΦ 
 

 
hōǊłȊŜƪ 5 ½ƝǎƪŀƴŞ ŎƘŀǊŀƪǘŜǊƛǎǘƛƪȅ tlak ς ǾƴŠƧǑƝ ǇǊǻƳŠǊ ǇǊƻ 
ƳƻƴƛǘƻǊƻǾŀƴŞ ǎŜƪŎŜ ό±-ŎŞǾŀΣ !-ŀƴŀǎǘƻƳƽȊŀΣ D-ǳƳŠƭł ŎŞǾƴƝ 
ƴłƘǊŀŘŀύΣ ȊŀǘŠȌǳƧƝŎƝ őłǎǘ мΦ ŀ уΦ Ŏȅƪƭǳ ƻȊƴŀőŜƴŞ /м ŀ /уύΦ 

 
hōǊłȊŜƪ 6 ±ȅǇƻőǘŜƴŞ ŎƘŀǊŀƪǘŜǊƛǎǘƛƪȅ ƴŀǇŠǘƝ-deformace 

v ƻōǾƻŘƻǾŞƳ όƻōύ ŀ ŀȄƛłƭƴƝƳ όŀȄύ ǎƳŠǊǳ ǇǊƻ ǎŜƪŎŜ ǾȊƻǊƪǳ 
ό±Σ !Σ Dύ Ǿ ǇǊǾƴƝƳ /м ŀ ƻǎƳŞƳ /у Ŏȅƪƭǳ ȊŀǘŠȌƻǾłƴƝΦ 

½łǾŠǊ 
9ȄǇŜǊƛƳŜƴǘłƭƴƝ ǾȊƻǊŜƪ ±-A-DΣ ǘƧΦ ǎƻǳǎǘŀǾŀ ƴŀǘƛǾƴƝ ŎŞǾŀ ς ŀƴŀǎǘƻƳƽȊŀ ς ǳƳŠƭł ŎŞǾƴƝ ƴłƘǊŀŘŀΣ 
ōȅƭŀ ǇƻƳƻŎƝ ƛƴŦƭŀőƴŠ-ŜȄǘŜƴȊƴƝƘƻ ǘŜǎǘǳ ŎȅƪƭƛŎƪȅ ȊŀǘŠȌƻǾłƴŀ ǾƴƛǘǌƴƝƳ ǘƭŀƪŜƳΦ .ȅƭȅ ȊƝǎƪłƴȅ 
a ǇƻǊƻǾƴłƴȅ ŜȄǇŜǊƛƳŜƴǘłƭƴƝ ŎƘŀǊŀƪǘŜǊƛǎǘƛƪȅ Ǉ ς De, „ ‐Φ .ȅƭ ǇǊƻƪłȊłƴ Ƴŀƭȇ ǊƻȊŘƝƭ ƳŜȊƛ 
ƳŜŎƘŀƴƛŎƪƻǳ ƻŘŜȊǾǳ ȊŀǘŠȌǳƧƝŎƝ őłǎǘƛ ǇǊǾƴƝƘƻ /м ŀ ƻǎƳŞƘƻ /у ȊŀǘŠȌƻǾŀŎƝƘƻ ŎȅƪƭǳΦ ¦ ƴŀǘƛǾƴƝ 
ŎŞǾȅ ŀ ŎŞǾƴƝ ƴłƘǊŀŘȅ ōȅƭŀ ǇƻȊƻǊƻǾłƴŀ ŀƴƛȊƻǘǊƻǇƴƝ ƻŘŜȊǾŀ ƳŀǘŜǊƛłƭǳ ǎǘŠƴȅΦ bŀǘƛǾƴƝ ŎŞǾŀ ǎŜ Ǉǌƛ 
ȊŀǘƝȌŜƴƝ ŘƻƳƛƴŀƴǘƴŠ ŘŜŦƻǊƳƻǾŀƭŀ Ǿ ƻōǾƻŘƻǾŞƳ ǎƳŠǊǳΣ ŎŎŀ т ҈ ŀ ǳƳŠƭł ŎŞǾƴƝ ƴłƘǊŀŘŀ ǾŜ 
ǎƳŠǊǳ ŀȄƛłƭƴƝΣ ŎŎŀ о ҈Φ ±Ŝ ǎƳŠǊǳ ƻōǾƻŘƻǾŞƳ ōȅƭŀ ŘŜŦƻǊƳŀŎŜ ŎŞǾƴƝ ƴłƘǊŀŘȅ ǇƻǳȊŜ Řƻ лΦо ҈Σ 
ǘƧΦ ŘŜŦƻǊƳŀŎŜ ōȅƭŀ ƻ ǌłŘ ƳŜƴǑƝ ƴŜȌ ǳ ƴŀǘƛǾƴƝ ŎŞǾȅΦ hōƭŀǎǘ ŀƴŀǎǘƻƳƽȊȅ ōȅƭŀ ǾŜƭƳƛ ǘǳƘł ŀ ǘŀƪǌƪŀ 



   
 

мф 
 

ǎŜ ƴŜŘŜŦƻǊƳƻǾŀƭŀΦ tǌƛ ƳŀȄƛƳłƭƴƝƳ ȊŀǘƝȌŜƴƝ ǾƴƛǘǌƴƝƳ ǘƭŀƪŜƳ нл ƪtŀ όмрл ƳƳIƎύ ōȅƭŀ 
ŘƻƳƛƴŀƴǘƴƝ ŀȄƛłƭƴƝ ŘŜŦƻǊƳŀŎŜ Řƻ -м ҈Φ ½ƴŀƳŜƴł ǘƻΣ ȌŜ ǎŜ ƻōƭŀǎǘ ŀƴŀǎǘƻƳƽȊȅ ƧŜƴ ƴŜǇŀǘǊƴŠ 
ȊƪǊłǘƛƭŀΦ [ȊŜ ǇǌŜŘǇƻƪƭłŘŀǘΣ ȌŜ ȊƪǊłŎŜƴƝƳ ǎŜƪŎŜ ŀƴŀǎǘƻƳƽȊȅ ǎŜ ƳƻƘƻǳ ȊǾȇǑƛǘ ǎƛƭƻǾŞ ǵőƛƴƪȅ na 
stehy. V ǘŜŎƘƴƛŎƪŞ ǇǊŀȄƛ ōȇǾł Ǿ ƳƝǎǘŜŎƘ ǎƪƻƪƻǾȇŎƘ ȊƳŠƴ ǘǳƘƻǎǘƝ ƳŀǘŜǊƛłƭǻ ƛƴƛŎƛŀŎŜ ǇƻǊǳŎƘȅΣ ǘƧΦ 
ƴŀǇǌΦ ƳƝǎǘƻ Ǉƻőłǘƪǳ ǑƝǌŜƴƝ ǘǊƘƭƛƴȅΦ ½ƳŠƴŀ ǘǳƘƻǎǘƛ Ǉƻ ŘŞƭŎŜ ǘǳōǳƭłǊƴƝ ǎǘǊǳƪǘǳǊȅ Ƴł ǾƭƛǾ ƛ ƴŀ 
ȊƳŠƴǳ ƘŜƳƻŘȅƴŀƳƛŎƪȇŎƘ ǇŀǊŀƳŜǘǊǻ ǇǊƻǳŘƝŎƝƘƻ ƳŞŘƛŀΣ ǳ ŎŞǾ ƪǊǾŜΣ ǘŜŘȅ ƛƴǘŜǊŀƪŎŜ ƪŀǇŀƭƴŞ 
a ǘǳƘŞ ŦłȊŜΦ 5ǻǎƭŜŘƪŜƳ ƳǻȌŜ ōȇǘ ƭƻƪłƭƴƝ ȊǾȇǑŜƴƝ ǊȅŎƘƭƻǎǘƛ ƴŜōƻ ǘƭŀƪǳΣ ȊƳŠƴŀ ǇǊƻǇŀƎŀŎŜ 
ŘȅƴŀƳƛŎƪȇŎƘ ǵőƛƴƪǻ ǑƝǌƝŎƝŎƘ ǎŜ ǾȊǊǳŎƘǻ Ǿ ƪŀǇŀƭƴŞƳ ŀ ǘǳƘŞƳ ǇǊƻǎǘǌŜŘƝΦ ±ȇǑŜ ǳǾŜŘŜƴŞ ƳǻȌŜ 
ǾŞǎǘ ƪ ƳƻȌƴŞƳǳ ƴłǊǻǎǘǳ ǊƛȊƛƪŀ ƛƴƛŎƛŀŎŜ ƳŜŎƘŀƴƛŎƪŞƘƻ ǇƻǊǳǑŜƴƝ ŎŞǾƴƝ ǎǘŠƴȅΦ 

tƻŘŠƪƻǾłƴƝ  
SǘǳŘƛŜ ōȅƭŀ ǇƻŘǇƻǌŜƴŀ ƎǊŀƴǘem MZ 2R NW24-02-00206.  
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¨ǘŜǊȇ мтΦ сΦ нлнр мсΥлл 

aŜŎƘŀƴƛŎƪŞ Ǿƭŀǎǘƴƻǎǘƛ ŀƴŜǳǊȅǎƳŀǘƛŎƪȇŎƘ Ȍƛƭ ǘŜǇŜƴƻȌƛƭƴƝƘƻ ȊƪǊŀǘǳ 

½ōȅƴŠƪ {ƻōƻǘƪŀ1*, [ǳƪłǑ IƻǊƴȇ1Σ bƛƪƻƭŀ tŜǘǊƻǾł1,2,3, Karel Filip2Σ WƛǌƝ ¦Ǌōŀƴ2 a Hynek Chlup1 
 
1 ¨ǎǘŀǾ ƳŜŎƘŀƴƛƪȅΣ ōƛƻƳŜŎƘŀƴƛƪȅ ŀ ƳŜŎƘŀǘǊƻƴƛƪȅΣ Cŀƪǳƭǘŀ ǎǘǊƻƧƴƝ 2±¦¢ Ǿ tǊŀȊŜΦ ¢ŜŎƘƴƛŎƪł пΣ 

160 00 Praha ς Dejvice.  
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¨ǾƻŘ 
!ǊǘŜǊƛƻǾŜƴƽȊƴƝ ȊƪǊŀǘȅ Ƨǎƻǳ ǾȅǘǾłǌŜƴȅ ǳ ǇŀŎƛŜƴǘǻ ǾȅȌŀŘǳƧƝŎƝŎƘ ƘŜƳƻŘƛŀƭȇȊǳ Ȋŀ ǵőŜƭŜƳ 
ǳƳƻȌƴŠƴƝ ȌƛƭƴƝƘƻ ǇǌƝǎǘǳǇǳ ǇǊƻ ŘƛŀƭȅȊŀőƴƝ ǇǌƝǎǘǊƻƧΦ ½ƳŠƴȅ ƳŜŎƘŀƴƛŎƪŞƘƻ ȊŀǘŠȌƻǾłƴƝ ȌƝƭȅ 
ȊǇǻǎƻōŜƴŞ ȊǾȇǑŜƴƝƳ ƪǊŜǾƴƝƘƻ ǘƭŀƪǳ ŀ ǇǊǻǘƻƪǳ Ƴł ǾŜ ǾŠǘǑƛƴŠ ǇǌƝǇŀŘǻ Ȋŀ ƴłǎƭŜŘŜƪ ǾȊƴƛƪ ǾȇŘǳǘŠ 
όŀƴŜǳǊȅǎƳŀǘǳύ ŎŞǾȅΦ {ǘǳŘƛǳƳ ƳŜŎƘŀƴƻōƛƻƭƻƎƛŎƪȇŎƘ ƛƴǘŜǊŀƪŎƝ ǾŜŘƻǳŎƝŎƘ ƪŜ ǾȊƴƛƪǳ ǘƻƘƻǘƻ 
ǇŀǘƻƭƻƎƛŎƪŞƘƻ ǎǘŀǾǳ ƧŜ ǇǌŜŘƳŠǘŜƳ ǌŀŘȅ ǾŠŘŜŎƪȇŎƘ ǇǳōƭƛƪŀŎƝΦ ¢Ŝƴǘƻ ǇǌƝǎǇŠǾŜƪ ǳƪŀȊǳƧŜ 
ǾȇǎƭŜŘƪȅ ƳŜŎƘŀƴƛŎƪŞƘƻ ǘŜǎǘƻǾłƴƝ ŀ ƪƻƴǎǘƛǘǳǘƛǾƴƝƘƻ ƳƻŘŜƭƻǾłƴƝ Ȍƛƭ ǾȅǳȌƝǾŀƴȇŎƘ ǇǊƻ ǾȅǘǾƻǌŜƴƝ 
ŀǊǘŜǊƛƻǾŜƴƽȊƴƝƘƻ ȊƪǊŀǘǳ ǇǊƻ ȌƛƭƴƝ ǇǌƝǎǘǳǇΦ ±ȊƻǊƪȅ ȊŘǊŀǾŞ ŀ ŀƴŜǳǊȅǎƳŀǘƛŎƪŞ ǘƪłƴŠ Ƨǎƻǳ 
ǘŜǎǘƻǾłƴȅ ƧŜŘƴƻƻǎȇƳƛ ǘŀƘƻǾȇƳƛ ȊƪƻǳǑƪŀƳƛ ŀ ŜȄǇŜǊƛƳŜƴǘłƭƴƝ ǾȇǎƭŜŘƪȅ Ƨǎƻǳ ƳƻŘŜƭƻǾłƴȅ 
ƘȅǇŜǊŜƭŀǎǘƛŎƪȇƳ ƳŀǘŜǊƛłƭƻǾȇƳ ƳƻŘŜƭŜƳΦ 

Metody 
2łǎǘƛ ȊŘǊŀǾȇŎƘ ŀ ŀƴŜǳǊȅǎƳŀǘƛŎƪȇŎƘ Ȍƛƭ ŀǊǘŜǊƛƻǾŜƴƽȊƴƝƘƻ ȊƪǊŀǘǳ ōȅƭȅ ȊƝǎƪłƴȅ Ǿ ǊłƳŎƛ ǊǳǘƛƴƴƝŎƘ 
ǇƛǘŜǾΣ ǊŜǎǇŜƪǘƛǾŜ ƻŘŜōǊłƴȅ ōŠƘŜƳ ŀƴŜǳǊȅǎƳƻǊŜŦƛŜΣ ǘŜŘȅ ƻǇŜǊŀŎŜ ǳǊőŜƴŞ ƪ ǾȅƧƳǳǘƝ ƴŜƳƻŎƴŞ 
ȌƛƭƴƝ ǘƪłƴŠ ǇǊƻ ǎƴƝȌŜƴƝ ǊƛȊƛƪŀ ǇǊŀǎƪƴǳǘƝ ŎŞǾȅΦ ½ ǘŠŎƘǘƻ ȌƛƭƴƝŎƘ ǵǎŜƪǻ ōȅƭȅ ǾȅǘǾƻǌŜƴȅ ǘŜƴƪŞ 
ǇǊƻǳȌƪȅ Ǿ ǇƻŘŞƭƴŞƳ ŀ ƻōǾƻŘƻǾŞƳ ǎƳŠǊǳ ǎƭƻǳȌƝŎƝ Ƨŀƪƻ ŜȄǇŜǊƛƳŜƴǘłƭƴƝ ǾȊƻǊƪȅΦ {Ŝ ǾȊƻǊƪȅ ōȅƭȅ 
Ǿȅƪƻƴłƴȅ ƧŜŘƴƻƻǎŞ ǘŀƘƻǾŞ ȊƪƻǳǑƪȅΦ 5ŀǘŀ Ȋ ǘŜǎǘǻ ǎ ǇǊƻǳȌƪȅ Ǿ ƻōǾƻŘƻǾŞƳ ŀ ǇƻŘŞƭƴŞƳ ǎƳŠǊǳ 
ōȅƭŀ ǇǊǻƳŠǊƻǾłƴŀ ǇǊƻ ƪŀȌŘŞƘƻ ŘłǊŎŜ Ȋŀ ǵőŜƭŜƳ ƴŀǾŀȊǳƧƝŎƝƘƻ ƳŀǘŜƳŀǘƛŎƪŞƘƻ ƳƻŘŜƭƻǾłƴƝΦ 
¢ȅǘƻ ǇǊǻƳŠǊƴŞ ȊŀǘŠȌƻǾŀŎƝ ƪǌƛǾƪȅ ōȅƭȅ ƴłǎƭŜŘƴŠ ŦƛǘƻǾłƴȅ ŀƴƛȊƻǘǊƻǇƴƝƳ ƘȅǇŜǊŜƭŀǎǘƛŎƪȇƳ 
ƳƻŘŜƭŜƳ ƴŀǾǊȌŜƴȇƳ Ǿ ώмϐΦ aƻŘŜƭ ƻōǎŀƘǳƧŜ ŎŜƭƪŜƳ у ƴŜȊłǾƛǎƭȇŎƘ ƪƻƴǎǘƛǘǳǘƛǾƴƝŎƘ ǇŀǊŀƳŜǘǊǻ 

(m, k1
1, k2

1, k1
2, k2

2, k1
3, k2

3, b). 

±ȇǎƭŜŘƪȅ 
tŀǘƻƭƻƎƛŎƪŞ ȊƳŠƴȅ Ǿ ȌƝƭŜ ƳŀƧƝ Ȋŀ ƴłǎƭŜŘŜƪ ȊƳŠƴǳ ƧŜƧƛŎƘ ƳŜŎƘŀƴƛŎƪȇŎƘ ǾƭŀǎǘƴƻǎǘƝΦ ±ȊƻǊƪȅ 
ŀƴŜǳǊȅǎƳŀǘƛŎƪȇŎƘ Ȍƛƭ ǾȅƪŀȊƻǾŀƭȅ ǎƴƝȌŜƴƻǳ ǘǳƘƻǎǘ Ǿ ǇƻǊƻǾƴłƴƝ ǎŜ ȊŘǊŀǾȇƳƛ ŎŞǾŀƳƛΦ aƻŘŜƭƻǾŞ 
ƻŘŜȊǾȅ Ƨǎƻǳ ǾŜ ǎƘƻŘŠ ǎ ŜȄǇŜǊƛƳŜƴǘłƭƴƝƳƛ ŘŀǘȅΦ ¦ƪłȊƪŀ ǇǊǻƳŠǊƴŞ ŀ ƳƻŘŜƭƻǾŞ ƻŘŜȊǾȅ pro dva 
ǾȅōǊŀƴŞ ŘłǊŎŜ ǘƪłƴŠ Ƨǎƻǳ ǳƪłȊłƴȅ ƴŀ hōǊłȊƪǳ мΦ hŘƘŀŘȅ ƻǇǘƛƳŀƭƛȊƻǾŀƴȇŎƘ ƘƻŘƴƻǘ 
ƪƻƴǎǘƛǘǳǘƛǾƴƝŎƘ ǇŀǊŀƳŜǘǊǻ Ƨǎƻǳ ǳǾŜŘŜƴȅ ǇǊƻ ǘȅǘƻ ŘłǊŎŜ Ƨǎƻǳ ǳǾŜŘŜƴȅ Ǿ Tabulce 1. 
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hōǊłȊŜƪ 1 ±ȅōǊŀƴł ǇǊǻƳŠǊƻǾŀƴł ƻŘŜȊǾŀ όōƻŘȅύ ŀ ƧŜƧƝ ƳƻŘŜƭƻǾł ǊŜǇǊŜȊŜƴǘŀŎŜ όƪǌƛǾƪȅύ ǇǊƻ ȌƝƭȅ ŘǾƻǳ ǾȅōǊŀƴȇŎƘ ŘłǊŎǻΦ  

 
Tabulka 1 IƻŘƴƻǘȅ ƳŀǘŜǊƛłƭƻǾȇŎƘ ǇŀǊŀƳŜǘǊǻ ǇǊƻ ǾȅōǊŀƴŞ ǾȊƻǊƪȅ Ȍƛƭ 

 m [kPa] ƪмм [kPa] ƪнм [-] ƪмн [kPa] ƪнн [-] ƪмо [kPa] ƪно [-] b  [-] 

½ŘǊŀǾł м нлфΦу ннмΦф м ууΦу мт пнл мнΦфл лΦу 

!ƴŜǳǊȅǎƳŀǝŎƪł м руΦрс ноΦфс м мΦлнп нртΦм лΦнрт лΦут 

½łǾŠǊ 
.ȅƭȅ ǇǊƻǾŜŘŜƴȅ ǘŀƘƻǾŞ ȊƪƻǳǑƪȅ ǎŜ ǾȊƻǊƪȅ ȊŘǊŀǾȇŎƘ ŀ ŀƴŜǳǊȅǎƳŀǘƛŎƪȇŎƘ Ȍƛƭ ŀǊǘŜǊƛƻǾŜƴƽȊƴƝƘƻ 
ȊƪǊŀǘǳΦ aŜŎƘŀƴƛŎƪł ƻŘŜȊǾŀ ōȅƭŀ ƳƻŘŜƭƻǾłƴŀ ŀƴƛȊƻǘǊƻǇƴƝƳ ƘȅǇŜǊŜƭŀǎǘƛŎƪȇƳ ƳƻŘŜƭŜƳΦ aƻŘŜƭ 
ōȅƭ ǾŜ ǎƘƻŘŠ ǎ ǇƻȊƻǊƻǾłƴƝƳΦ WŜƘƻ ƪƻƴǎǘƛǘǳǘƛǾƴƝ ǇŀǊŀƳŜǘǊȅ ǘŀƪ ƳƻƘƻǳ ōȇǘ ǇƻǳȌƛǘȅ ƴŀǇǌƝƪƭŀŘ 
v ǎƛƳǳƭŀŎƝŎƘ ǘȇƪŀƧƝŎƝŎƘ ǎŜ ǇǊƻǳŘŠƴƝ ƪǊǾŜ Ǿ ǘŜǇŜƴƴŠ-ȌƛƭƴƝƳ ǎǇƻƧŜƴƝ Ǿ ruce. 

tƻŘŠƪƻǾłƴƝ  
¢ŀǘƻ ǎǘǳŘƛŜ ōȅƭŀ ǇƻŘǇƻǌŜƴŀ aƛƴƛǎǘŜǊǎǘǾŜƳ ȊŘǊŀǾƻǘƴƛŎǘǾƝ 2ŜǎƪŞ ǊŜǇǳōƭƛƪȅ ǇǊƻƧŜƪǘŜƳ b²нп- 02-
ллнлсΣ DǊŀƴǘƻǾƻǳ ŀƎŜƴǘǳǊƻǳ 2ŜǎƪŞ ǊŜǇǳōƭƛƪȅ ǇǊƻƧŜƪǘŜƳ D!нп-млрфт{ ŀ ǇǊƻƧŜƪǘŜƳ {D{ 2±¦¢ 
őΦ  {D{нрκмнпκhIYнκо¢κмн. 
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¨ǘŜǊȇ мтΦ сΦ нлнр мсΥмр 

Effect of Accelerated Aging on Nanomechanical Properties  
and Raman Spectra of UHMWPE 

wŀŘƛƳ tŜǑƪŀ1*, Vlastimil YǊłƭƝƪ1 

 
1 ¨ǎǘŀǾ mechanikyΣ ōƛƻƳŜŎƘŀƴƛƪȅ ŀ ƳŜŎƘŀǘǊƻƴƛƪȅΣ Cŀƪǳƭǘŀ ǎǘǊƻƧƴƝ 2±¦¢ Ǿ tǊŀȊŜΦ ¢ŜŎƘƴƛŎƪł пΣ 
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Abstrakt 
¢ŀǘƻ ǇǊłŎŜ ǎŜ ȊŀōȇǾł ǘŜǎǘƻǾłƴƝƳ ǾȊƻǊƪǻ Ȋ ǾƭƻȌŜƪ ¦Ia²t9Σ ƪǘŜǊŞ ǇǊƻǑƭȅ ǇǊƻŎŜǎŜƳ ǳƳŠƭŞƘƻ 
ǎǘłǊƴǳǘƝ Ǉƻ Řƻōǳ ǘǌƝ ǘȇŘƴǻΦ /ƝƭŜƳ ōȅƭƻ ƛƴƻǾƻǾŀǘ ƳŜǘƻŘƛƪǳ ǘŜǎǘƻǾłƴƝ ǇƻƳƻŎƝ ƴŀƴƻƛƴŘŜƴǘŀŎŜΦ 
±ȇǎƭŜŘƴŞ ƘƻŘƴƻǘȅ ǘǾǊŘƻǎǘƛ ŀ ¸ƻǳƴƎƻǾŀ ƳƻŘǳƭǳ ǇǊǳȌƴƻǎǘƛ ōȅƭƻ ƳƻȌƴŞ ǇƻǊƻǾƴŀǘ ǎ ŎƘŜƳƛckou 
ǎǘǊǳƪǘǳǊƻǳ ǇƻƳƻŎƝ wŀƳŀƴƻǾȅ ǎǇŜƪǘǊƻǎƪƻǇƛŜ ŀ ƻǇǘƛŎƪȇƳ ǇƻȊƻǊƻǾłƴƝƳ ǾȊƻǊƪǳΦ tǊƻ 
ƴŀƴƻƛƴŘŜƴǘŀŎƛ ¦Ia²t9 ƧŜ ƴǳǘƴŞ ȊƻƘƭŜŘƴƛǘ ǎǇŜŎƛŦƛƪŀ ǇƻǳȌƛǘŞƘƻ ȊŀǌƝȊŜƴƝΦ tƻŘŀǌƛƭƻ ǎŜ ƴłƳ 
ǇƻǇǎŀǘ ǇƻƪƭŜǎ ǎƳŠǊƻŘŀǘƴŞ ƻŘŎƘȅƭƪȅ ƴŀƳŠǌŜƴȇŎƘ ƘƻŘƴƻǘ ǘǾǊŘƻǎǘƛ ŀ ƳƻŘǳƭǳ ǇǊǳȌƴƻǎǘƛ 
s rostoucƝ Ƙƭƻǳōƪƻǳ ǾǇƛŎƘǳ ƴŀƴƻƛƴŘŜƴǘƻǊǳΦ bŀƴƻƛƴŘŜƴǘŀŎŜ ǊƻǾƴŠȌ ǳƳƻȌƶǳƧŜ ǘŜǎǘƻǾłƴƝ ǾŜƭƳƛ 
ƳŀƭȇŎƘ ƻōƭŀǎǘƝΣ ŘƝƪȅ őŜƳǳȌ ƧǎƳŜ ōȅƭƛ ǎŎƘƻǇƴƛ ƪǾŀƴǘƛŦƛƪƻǾŀǘ ȊƳŠƴȅ ǘŠŎƘǘƻ ƳŜŎƘŀƴƛŎƪȇŎƘ 
ǾƭŀǎǘƴƻǎǘƝ ǾŜ ǎǘłǊƴǳǘŞ ǾǊǎǘǾŠ ς ƻŘ ƻƪǊŀƧŜ ǾȊƻǊƪǳ ǎƳŠǊŜƳ ƪ ƧŜƘƻ ǎǘǌŜŘǳΦ 

¨ǾƻŘ 
¦Ia²t9 όǳƭǘǊŀƘǳǎǘȇ ǇƻƭȅŜǘƘȅƭŜƴ ǎ Ǿȅǎƻƪƻǳ ƳƻƭŜƪǳƭƻǾƻǳ ƘƳƻǘƴƻǎǘƝύ ƧŜ ƴŜƧőŀǎǘŠƧƛ 
ǇƻǳȌƝǾŀƴȇƳ ŀǊǘƛƪǳƭŀőƴƝƳ ƳŀǘŜǊƛłƭŜƳ ǇǊƻ ƧŀƳƪȅ ƪƭƻǳōƴƝŎƘ ƴłƘǊŀŘΦ ±ȅȊƴŀőǳƧŜ ǎŜ Ǿȅǎƻƪƻǳ 
ōƛƻƪƻƳǇŀǘƛōƛƭƛǘƻǳ ŀ ŘƭƻǳƘƻǳ ȌƛǾƻǘƴƻǎǘƝΦ bŜƧƳƻŘŜǊƴŠƧǑƝ ǾŀǊƛŀƴǘȅ ǇǊƻŎƘłȊŜƧƝ ǇǊƻŎŜǎŜƳ ŎǊƻǎǎ-
linkoǾłƴƝ όǘǾƻǊōȅ ǾŀȊŜō ƳŜȊƛ ǇƻƭȅƳŜǊƴƝƳƛ ǌŜǘŠȊŎƛ ǇƻƳƻŎƝ ƻȊŀǌƻǾłƴƝύΣ ƴłǎƭŜŘƴƻǳ ǘŜǇŜƭƴƻǳ 
ǵǇǊŀǾƻǳΣ ǎǘŜǊƛƭƛȊŀŎƝ ŜǘƘȅƭŜƴƻȄƛŘŜƳ ŀ ǇǌƝŘŀǾƪŜƳ ǾƛǘŀƳƛƴǳ 9 ǎ ŎƝƭŜƳ ŜƭƛƳƛƴƻǾŀǘ ǾƻƭƴŞ ǊŀŘƛƪłƭȅΣ 
ƪǘŜǊŞ ȊǇǻǎƻōǳƧƝ ƻȄƛŘŀőƴƝ ŘŜƎǊŀŘŀŎƛ ƳŀǘŜǊƛłƭǳΦ ¦ ŜȄǇƭŀƴǘƻǾŀƴȇŎƘ ƛ ƭŀōƻǊŀǘƻǊƴŠ ǘŜǎǘƻǾŀƴȇŎƘ 
ǾƭƻȌŜƪ ōȅƭŀ ǇǊƻƪłȊłƴŀ ƪƻǊŜƭŀŎŜ ƳŜȊƛ ƻȄƛŘŀőƴƝƳ ǇƻǑƪƻȊŜƴƝƳ ŀ ȊǾȇǑŜƴƝƳ ƪǊȅǎǘŀƭƛƴƛǘȅ 
a ƳƛƪǊƻǘǾǊŘƻǎǘƛ ƳŀǘŜǊƛłƭǳΦч 

Metodika 
Y ŘƛǎǇƻȊƛŎƛ ōȅƭȅ őǘȅǌƛ ǾȊƻǊƪȅ ¦Ia²t9 ǇƻǎƪȅǘƴǳǘŞ ¨ǎǘŀǾŜƳ ƳŀƪǊƻƳƻƭŜƪǳƭłǊƴƝ ŎƘŜƳƛŜ 
!ƪŀŘŜƳƛŜ ǾŠŘ 2wΦ ±ȊƻǊƪȅ ǇƻŎƘłȊŜƭȅ ȊŜ ŘǾƻǳ ƪƻƭŜƴƴƝŎƘ ƴłƘǊŀŘ ŦƛǊƳȅ .9½bh{Y!Φ WŜŘƴŀ 
ƴłƘǊŀŘŀ ōȅƭŀ ǾȅǊƻōŜƴŀ Ȋ ǇŀƴŜƴǎƪŞƘƻ όǾƛǊƎƛƴύ ¦Ia²t9 ōŜȊ ŎǊƻǎǎ-ƭƛƴƪƻǾłƴƝ ŀ ōŜȊ ǇǌƝŘŀǾƪǳ 
vitaminu 9Τ ŘǊǳƘł ƴłƘǊŀŘŀ Ǉŀƪ Ȋ ¦Ia²t9 ǎ ŎǊƻǎǎ-ƭƛƴƪƻǾłƴƝƳ ŀ ǎǘŀōƛƭƛȊŀŎƝ ǇƻƳƻŎƝ ǾƛǘŀƳƛƴǳ 9Φ 
½ ƪŀȌŘŞ ƴłƘǊŀŘȅ ōȅƭȅ ƻŘŜōǊłƴȅ ŘǾŀ ǾȊƻǊƪȅΦ WŜŘŜƴ Ȋ ŘǾƻƧƛŎŜ ōȅƭ ƴłǎƭŜŘƴŠ ǾȅǎǘŀǾŜƴ ǇǊƻŎŜǎǳ 
ǳƳŠƭŞƘƻ ǎǘłǊƴǳǘƝ Ǿ ǊƻȊǘƻƪǳ ǇŜǊƻȄƛŘǳ ǾƻŘƝƪǳ όIіhіύ Ǉƻ Řƻōǳ ǇǌƛōƭƛȌƴŠ ǘǌƝ ǘȇŘƴǻΦ 
tǌŜƘƭŜŘ ƧŜŘƴƻǘƭƛǾȇŎƘ ǾȊƻǊƪǻ ƧŜ ǳǾŜŘŜƴ Ǿ ¢ŀōǳƭŎŜ мΦ 
¢ŜǎǘƻǾłƴƝ ōȅƭƻ ǇǊƻǾłŘŠƴƻ ǇƻƳƻŎƝ ƴŀƴƻƛƴŘŜƴǘŀőƴƝƘƻ ȊŀǌƝȊŜƴƝ IȅǎƛǘǊƻƴ ¢L фул ǾȅōŀǾŜƴŞƘƻ 
wŀƳŀƴƻǾȇƳ ǎǇŜƪǘǊƻǎƪƻǇŜƳΦ tǊǾƴƝƳ ŎƝƭŜƳ ŜȄǇŜǊƛƳŜƴǘǳ ōȅƭƻ ǳǊőƛǘ ƻǇǘƛƳłƭƴƝ Ƙƭƻǳōƪǳ ǾǇƛŎƘǳ 
ǇǊƻ ƴŀƴƻƛƴŘŜƴǘŀŎƛ ǎ ƻƘƭŜŘŜƳ ƴŀ ƳƛƴƛƳŀƭƛȊŀŎƛ ǎƳŠǊƻŘŀǘƴŞ ƻŘŎƘȅƭƪȅ ƳŠǌŜƴƝΦ tǊƻ ƪŀȌŘȇ ǾȊƻǊŜƪ 
ōȅƭŀ ŘŜŦƛƴƻǾłƴŀ ƳŀǘƛŎŜ тҎт ǾǇƛŎƘǻΣ ǳƳƝǎǘŠƴł Ǿ ŘƻǎǘŀǘŜőƴŞ ǾȊŘłƭŜƴƻǎǘƛ ƻŘ ƻƪǊŀƧŜ ǾȊƻǊƪǳΦ 
½ŀǘŠȌƻǾŀŎƝ ŦǳƴƪŎŜ ōȅƭŀ ǇǊƻ ƪŀȌŘȇ ǾǇƛŎƘ ǘȊǾΦ άǇŀǊǘƛŀƭ ǳƴƭƻŀŘάΣ ǌƝȊŜƴł ǇƻǎǳǾŜƳ ŀ ǊƻȊŘŠƭŜƴł Řƻ 
17-ǘƛ ǎŜƎƳŜƴǘǻ ǎ ǊƻǾƴƻƳŠǊƴŠ ǊƻȊŘŠƭŜƴȇƳƛ ƘƭƻǳōƪŀƳƛ ǾǇƛŎƘǳ ƳŜȊƛ 800 ŀȌ 2800 nm. tǊƻ ƪŀȌŘȇ 
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segment bylo ȊŀǘŠȌƻǾłƴƝΣ ŘǊȌŜƴƝ ƪƻƴǎǘŀƴǘƴƝ Ƙƭƻǳōƪȅ ŀ ƻŘǘƝȌŜƴƝ ƴŀǎǘŀǾŜƴƻ ƴŀ 1 s. Aby bylo 
ƳŠǌŜƴƝ ǎǘŀōƛƭƴƝΣ ōȅƭŀ ŎŜƭƪƻǾł doba jednoho vpichu ƳŜƴǑƝ ƴŜȌ сл ǎŜƪǳƴŘΦ ½ŀǘŠȌƻǾŀŎƝ ǇǊƻŦƛƭ ƧŜ 
ȊƴłȊƻǊƴŠƴ ƴŀ hōǊłȊƪǳ мΦ 
 

Tabulka 1 LƴŦƻǊƳŀőƴƝ ǘŀōǳƭƪŀ ǾȊƻǊƪǻ 

±ȊƻǊƪȅ {ǘłǊƴǳǟ aŀǘŜǊƛłƭ 

м! {ǘłǊƴǳǘȇ ±ƛǊƎƛƴ 
мb bŜǎǘłǊƴǳǘȇ ±ƛǊƎƛƴ 
н! {ǘłǊƴǳǘȇ /ǊƻǎǎƭƛƴƪƻǾŀƴȇ ǎ ǾƛǘŀƳƝƴŜƳ 9 
нb bŜǎǘłǊƴǳǘȇ /ǊƻǎǎƭƛƴƪƻǾŀƴȇ ǎ ǾƛǘŀƳƝƴŜƳ 9 

 

 
hōǊłȊŜƪ 1 ½ŀǘŠȌƻǾŀŎƝ ŦǳƴƪŎŜ ǇǊƻ ŘŜǇǘƘ-controlled partial unload 

 
5ŀƭǑƝƳ ŎƝƭŜƳ ŜȄǇŜǊƛƳŜƴǘǳ ōȅƭƻ ǾȅǘǾƻǌƛǘ ǇǊƻŦƛƭ ƳŜŎƘŀƴƛŎƪȇŎƘ ǾƭŀǎǘƴƻǎǘƝ ǇǌŜǎ ǎǘłǊƴǳǘou vrstvu 
na okraji vzorku. Na ƪŀȌŘŞƳ vzorku ōȅƭŀ ŘŜŦƛƴƻǾłƴŀ ƳŀǘƛŎŜ ƻ ǊƻȊƳŠǊŜŎƘ пҎоп ǾǇƛŎƘǻΣ ƪǘŜǊł 
ǇƻƪǊȇǾŀƭŀ ƻōƭŀǎǘ ƻŘ ƻƪǊŀƧŜ ǎƳŠǊŜƳ ƪŜ ǎǘǌŜŘǳΦ ½ŀǘŠȌƻǾŀŎƝ ŦǳƴƪŎŜ ōȅƭŀ ǌƝȊŜƴŀ posuvem do 
ƳŀȄƛƳłƭƴƝ Ƙƭƻǳōƪȅ мллл ƴƳΦ ½ŀǘŠȌƻǾłƴƝΣ ŘǊȌŜƴƝ ƪƻƴǎǘŀƴǘƴƝ Ƙƭƻǳōƪȅ ŀ ƻŘǘƝȌŜƴƝ ōȅƭƻ ƴŀǎǘŀǾŜƴƻ 
na 1 s ŀ ƴłǎƭŜŘƴŠ ōȅƭ ŜȄǇŜǊƛƳŜƴǘ ȊƻǇŀƪƻǾłƴ ǎŜ ȊŀǘŠȌƻǾŀŎƝƳ ǇǊƻŦƛƭŜƳ мς10ςмΣ ŀōȅ ōȅƭƻ ƳƻȌƴŞ 
vyhodnotit ŎƛǘƭƛǾƻǎǘ ƴŀ ƘƛǎǘƻǊƛƛ ȊŀǘŠȌƻǾłƴƝΦ 
V ƛŘŜƴǘƛŎƪŞƳ ƳƝǎǘŠ ōȅƭƻ ǊƻǾƴŠȌ ǇǊƻǾŜŘŜƴƻ ƳŠǌŜƴƝ wŀƳŀƴƻǾȇƳ ǎǇŜƪǘǊƻǎƪƻǇŜƳΦ bŀ ȊłƪƭŀŘŠ 
ǇǌŜŘŎƘƻȊƝŎƘ ǾȇǎƭŜŘƪǻ ŀ ƧƛƴȇŎƘ ǎǘǳŘƛƝ ƴŀǇǌΦ CǳƭƝƴ ŜǘΦ al.1 ƻőŜƪłǾłƳŜ ǎ ǊƻǎǘƻǳŎƝ ǘǾǊŘƻǎǘƝ ǘŀƪŞ 
ƴłǊǻǎǘ ƪǊȅǎǘŀƭƛŎƪŞƘƻ ƛƴŘŜȄǳΦ ¦ǊőŜƴƝ ƘƻŘƴƻǘȅ ƪǊȅǎǘŀƭƛŎƪŞƘƻ ƛƴŘŜȄǳ ǾȅŎƘłȊƝ Ȋ ŜȄǇŜǊƛƳŜƴǘǻ 
ǇǊƻǾŜŘŜƴȇŎƘ ve studii Strobl a Hagedorn3. 
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Diskuse 
bŀ ƻōǊłȊƪǳ н Ƨǎƻǳ ǾƛŘŠǘ ƘƻŘƴƻǘȅ ǘǾǊŘƻǎǘƝ ȊƝǎƪŀƴŞ ǇƻƳƻŎƝ ǇŀǊǘƛŀƭ ǳƴƭƻŀŘ ǇǊƻ ǘǌƛ ǊŜǇǊŜȊŜƴǘŀǘƛǾƴƝ 
ƘƻŘƴƻǘȅ ƘƭƻǳōƪȅΣ ƪƻƴƪǊŞǘƴŠ млрл ƴƳΣ мулл ƴƳ ŀ нстр ƴƳΦ tǊƻ ¸ƻǳƴƎǻǾ ƳƻŘǳƭ ǇǊǳȌƴƻǎǘƛ ōȅƭ 
ǇƻȊƻǊƻǾłƴ ǎǘŜƧƴȇ ǾȇǾƻƧΦ 
{ ǊƻǎǘƻǳŎƝ Ƙƭƻǳōƪƻǳ ƳŠǌŜƴƝ ōȅƭ ǇƻȊƻǊƻǾłƴ ƴƛȌǑƝ ǊƻȊǇǘȅƭ ƴŀƳŠǌŜƴȇŎƘ ƘƻŘƴƻǘΦ tǌƛ ŘƻǎǘŀǘŜőƴŞ 
ƘƭƻǳōŎŜ ǾǇƛŎƘǳ ƭȊŜ ƻƳŜȊƛǘ ǾƭƛǾ ǇƻǾǊŎƘƻǾŞ ǾǊǎǘǾȅ ŀ ƳŠǌƛǘ ƘƻƳƻƎŜƴƴƝΣ ǊŜǇǊŜȊŜƴǘŀǘƛǾƴƝ ƻōƧŜƳ 
ƳŀǘŜǊƛłƭǳΦ tǊƻ ȊŀƧƛǑǘŠƴƝ ǊŜǇǊƻŘǳƪƻǾŀǘŜƭƴƻǎǘƛ ǾȇǎƭŜŘƪǻ ƧŜ ŘƻǇƻǊǳőŜƴƻ ǇǊƻǾłŘŠǘ ƳŠǌŜƴƝ ŀƭŜǎǇƻƶ 
v hloubce 1000 nm. 
{ ǊƻǎǘƻǳŎƝ Ƙƭƻǳōƪƻǳ ǾǇƛŎƘǳ ƧŜ ǊƻǾƴŠȌ ƴǳǘƴŞ ȊǾŠǘǑƛǘ ǾȊŘłƭŜƴƻǎǘ ƳŜȊƛ ƧŜŘƴƻǘƭƛǾȇƳƛ ǾǇƛŎƘȅΦ 
hǇǘƛƳłƭƴƝ ǾȊŘłƭŜƴƻǎǘ ƳŜȊƛ ǾǇƛŎƘȅ ǇǊƻ .ŜǊƪƻǾƛŎƘǻǾ ƘǊƻǘ őƛƴƝ ǇǌƛōƭƛȌƴŠ ŘǾŀŎŜǘƛƴłǎƻōŜƪ ƘƭƻǳōƪȅΣ 
ǇǌƛőŜƳȌ Ƨŀƪƻ ŘƻǎǘŀőǳƧƝŎƝ ǎŜ Ǿ ƳƴƻƘŀ ǇǌƝǇŀŘŜŎƘ ǳƪŀȊǳƧŜ ƛ ŘŜǎŜǘƛƴłǎƻōŜƪΦщ 
 

 
hōǊłȊŜƪ 2 DǊŀŦ ȊƳŠƴȅ ǎƳŠǊƻŘŀǘƴŞ ƻŘŎƘȅƭƪȅ 
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hōǊłȊŜƪ 3 ½ƻōǊŀȊŜƴƝ ōƻŘǻ ǾǇƛŎƘǻ ǇƻŘ ƻǇǘƛŎƪȇƳ ƳƛƪǊƻǎƪƻǇŜƳ 

hōǊłȊŜƪ 4 ½ƳŠƴŀ ƪǊȅǎǘŀƭƛƴƛǘȅ ǇƻŎƘłȊŜƧƝŎƝ ǾǊǎǘǾƻǳ 

hōǊłȊŜƪ 5 ½ƳŠƴŀ ǘǾǊŘƻǎǘƛ ǇǊƻŎƘłȊŜƧƝŎƝ ǾǊǎǘǾƻǳ 

bŀ ƻōǊłȊƪǳ о ƳǻȌŜƳŜ ǾƛŘŠǘ ƳŀǘƛŎƛ ōƻŘǻ ǾǇƛŎƘǻ ǇƻŘ ƻǇǘƛŎƪȇƳ mikroskopem. bŀ ƻōǊłȊƪǳ п 
ƳǻȌŜƳŜ ǾƛŘŠǘ ȊƳŠƴǳ ƪǊȅǎǘŀƭƛƴƛǘȅ ǇǊƻŎƘłȊŜƧƝŎƝ ȊƻȄƛŘƻǾŀƴƻǳ ǾǊǎǘǾƻǳΦ bŀ ƻōǊłȊƪǳ р ƳǻȌŜƳŜ 
ǾƛŘŠǘ ȊƳŠƴǳ ǘǾǊŘƻǎǘƛ ƳŀǘŜǊƛłƭǳ ǇǊƻŎƘłȊŜƧƝŎƝ ȊƻȄƛŘƻǾŀƴƻǳ ǾǊǎǘǾƻǳΦ  
tǊƻ ǇǊƻŦƛƭƻǾłƴƝ ŘŜƎǊŀŘƻǾŀƴŞ ǾǊǎǘǾȅΣ ƧŜƧƝȌ ǑƝǌƪŀ ǎŜ Ǿ ƴŀǑŜƳ ǇǌƝǇŀŘŠ ǇƻƘȅōƻǾŀƭŀ ƳŜȊƛ сл ŀ тл 
ҡƳΣ ōȅƭŀ ȊǾƻƭŜƴŀ Ƙƭƻǳōƪŀ ǾǇƛŎƘǳ мллл ƴƳΣ ƪǘŜǊł ǳƳƻȌƴƛƭŀ ǳƳƝǎǘƛǘ ŘƻǎǘŀǘŜőƴȇ ǇƻőŜǘ ƳŠǌƛŎƝŎƘ 
ōƻŘǻ ŀ ǾȅǘǾƻǌƛǘ ŘŜǘŀƛƭƴƝ ǇǊƻŦƛƭ ȊƳŠƴ ƳŜŎƘŀƴƛŎƪȇŎƘ ǾƭŀǎǘƴƻǎǘƝΦ 
¦ ǾȊƻǊƪǳ м! ōȅƭ ƻőŜƪłǾłƴ ǾȇǊŀȊƴȇ ǊƻȊŘƝƭ ƳŜȊƛ ȊƻȄƛŘƻǾŀƴƻǳ ǇƻǾǊŎƘƻǾƻǳ ǾǊǎǘǾƻǳ ŀ ƴŜȊƳŠƴŠƴȇƳ 
ǎǘǌŜŘŜƳ ƳŀǘŜǊƛłƭǳΦ ¢Ŝƴǘƻ ǇǌŜŘǇƻƪƭŀŘ ǎŜ ǇƻǘǾǊŘƛƭΥ ƴŀ ƻƪǊŀƧƛ ȊƻȄƛŘƻǾŀƴŞ ǾǊǎǘǾȅ ōȅƭŀ ƴŀƳŠǌŜƴŀ 
ŀȌ ǘǊƻƧƴłǎƻōƴł ƘƻŘƴƻǘŀ ǘǾǊŘƻǎǘƛ ƻǇǊƻǘƛ ƴŜȊƻȄƛŘƻǾŀƴŞƳǳ ƧłŘǊǳ ǾȊƻǊƪǳΦ ¦ ƻǎǘŀǘƴƝŎƘ ǾȊƻǊƪǻ 
ƴŜōȅƭ ǇƻȊƻǊƻǾłƴ ǾȇǊŀȊƴȇ ǊƻȊŘƝƭ, ŘǻǎƭŜŘƪŜƳ ŀōǎŜƴŎŜ ƻȄƛŘŀőƴƝƘƻ ǇƻǑƪƻȊŜƴƝ ƴŜōƻ ǾȅǑǑƝ 
ƻŘƻƭƴƻǎǘƛ ƳŀǘŜǊƛłƭǳ Ǿǻőƛ ƻȄƛŘŀőƴƝƳǳ ǇƻǑƪƻȊŜƴƝΦ 
½ƳŠƴȅ ǘǾǊŘƻǎǘƛ ŘƻōǌŜ ƪƻǊŜƭƻǾŀƭȅ ǎ ƻǇǘƛŎƪȇƳ ǇƻȊƻǊƻǾłƴƝƳ ǾǇƛŎƘǻ ς ȊƻȄƛŘƻǾŀƴł ǾǊǎǘǾŀ ōȅƭŀ 
ȊǌŜǘŜƭƴŠ ǇŀǘǊƴł ǇƻŘ ƻǇǘƛŎƪȇƳ ƳƛƪǊƻǎƪƻǇŜƳΦ ½ŀƧƝƳŀǾŞ ƧŜΣ ȌŜ ȊǾȇǑŜƴŞ ƘƻŘƴƻǘȅ ǘǾǊŘƻǎǘƛ ōȅƭȅ 
ȊŀȊƴŀƳŜƴłƴȅ ƛ Ǿ ƻōƭŀǎǘƛ za ǾƛŘƛǘŜƭƴƻǳ ǾǊǎǘǾƻǳΣ ƛ ƪŘȅȌ Ǿ ƳŜƴǑƝ ƳƝǌŜΦ 
{ǊƻǾƴłƴƝ ȊŀǘŠȌƻǾŀŎƝŎƘ ŦǳƴƪŎƝ мς1ς1 a 1ς10ςм ƴŜǇǊƻƪłȊŀƭƻ ǾȇȊƴŀƳƴȇ ǊƻȊŘƝƭ ς ƳŜŎƘŀƴƛŎƪŞ 
ǇǊƻŦƛƭȅ Ȋǻǎǘŀƭȅ ǇǊŀƪǘƛŎƪȅ ǘƻǘƻȌƴŞΦ ¸ƻǳƴƎǻǾ ƳƻŘǳƭ ǇǊǳȌƴƻǎǘƛ ǎƭŜŘƻǾŀƭ ǎǘŜƧƴȇ ǘǊŜƴŘ Ƨŀƪƻ ǘǾǊŘƻǎǘΦ 
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wŀƳŀƴƻǾŀ ǎǇŜƪǘǊƻǎƪƻǇƛŜ ǇƻǘǾǊŘƛƭŀ ƻőŜƪłǾŀƴȇ ǘǊŜƴŘ Ǌǻǎǘǳ ƪǊȅǎǘŀƭƛƴƛǘȅ ǎ ǊƻǎǘƻǳŎƝ ǘǾǊŘƻǎǘƝ 
ƳŀǘŜǊƛłƭǳΦ WŜ ǾǑŀƪ ǘǌŜōŀ ǳǇƻȊƻǊƴƛǘΣ ȌŜ ǎǇŜƪǘǊŀ Ƨǎƻǳ ǎǘłƭŜ Ǿ ǇǊƻŎŜǎǳ ƻǇǘƛƳŀƭƛȊŀŎŜ ŀ ŀōǎƻƭǳǘƴƝ 
ƘƻŘƴƻǘȅ ƪǊȅǎǘŀƭƛƴƛǘȅ ƴŜƭȊŜ Ǿ ǘŞǘƻ ŦłȊƛ ǇƻǾŀȌƻǾŀǘ Ȋŀ ǇƭƴŠ ǎƳŠǊƻŘŀǘƴŞΦ 

½łǾŠǊ 
9ȄǇŜǊƛƳŜƴǘ ǳƪłȊŀƭΣ ȌŜ ǇƻƳƻŎƝ ƴŀƴƻƛƴŘŜƴǘŀŎŜ ƧǎƳŜ ǎŎƘƻǇƴƛ ƳŠǌƛǘ ǘǾǊŘƻǎǘ ŀ ¸ƻǳƴƎǻǾ ƳƻŘǳƭ 
ǇǊǳȌƴƻǎǘƛ ¦Ia²t9 ǎ ŘƻǎǘŀǘŜőƴƻǳ ǇǌŜǎƴƻǎǘƝΦ ½łǊƻǾŜƶ ƧŜ ƳƻȌƴŞ ǇǊƻǾłŘŠǘ ƳŠǌŜƴƝ ƛ ƴŀ ǾŜƭƳƛ 
ǘŜƴƪŞ ȊƻȄƛŘƻǾŀƴŞ ǾǊǎǘǾŠΣ ŎƻȌ ōŠȌƴł ƳƛƪǊƻƛƴŘŜƴǘŀŎŜ ƴŜǳƳƻȌƶǳƧŜΦ /ƻ ǎŜ ǘȇőŜ wŀƳŀƴƻǾȅ 
spŜƪǘǊƻǎƪƻǇƛŜΣ ǘŀƪ ƧǎƳŜ ǎŎƘƻǇƴƛ ƻŘŜőƝǎǘ ŀ ǾȅƘƻŘƴƻǘƛǘ ŎƘŜƳƛŎƪƻǳ ǎǘǊǳƪǘǳǊȅ ¦Ia²t9Σ ŀőƪƻƭƛǾ 
v ǘŞǘƻ ƻōƭŀǎǘƛ ƳłƳŜ ǊƻȊƘƻŘƴŠ ȊŀǘƝƳ ƴŜƧǾŠǘǑƝ ƳŜȊŜǊȅ ŀ őŜƪł ŘƭƻǳƘł ŎŜǎǘŀ Ȋŀ ȊƭŜǇǑŜƴƝƳΦ 

tƻŘŠƪƻǾłƴƝ 
¢Ŝƴǘƻ ǇǌƝǎǇŠǾŜƪ ōȅƭ ǇƻŘǇƻǌŜƴ {ǘǳŘŜƴǘǎƪƻǳ ƎǊŀƴǘƻǾƻǳ ǎƻǳǘŠȌƝ 2±¦¢ Ǿ tǊŀȊŜ Ǿ ǊłƳŎƛ ǇǊƻƧŜƪǘǳ 
SGS25/124/OHK2/3T/12. 
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Interest in the mechanical characterization of soft polymers for biomedical applications is 
growing rapidly, particularly due to their use in tissue engineering. For example, hydrogels 
used in 3D bioprinting must exhibit tunable stiffness to enhance biocompatibility, enabling 
cells to spread, proliferate, receive nutrients, and remove waste through hydrogel porosity. 
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Depth-sensing indentation records the full indentation loadςdepthςtime (Pςhςt) profile, 
which can be analyzed to extract the mechanical properties of materials. In this study, three 
analytical approaches were compared based on their feasibility and applicability to spherical 
indentation data. A single indentation dataset can be deconvoluted to obtain: (i) elasticity 
from the Pςh curve during the loading segment, (ii) viscoelastic behavior from the Pςt load-
relaxation segment, and (iii) elasticςplastic properties from the Pςh unloading segment. 
 
In the load-relaxation model, an exponential decay equation is fit to the displacement-hold 
segment to extrapolate the load at infinite time. This model demonstrates high applicability 
to soft polymers commonly used in biomedical applications. 
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aŠǌŜƴƝ ƳŜŎƘŀƴƛŎƪȇŎƘ ǾƭŀǎǘƴƻǎǘƝ ƴŀ ōǳƴŠőƴŞ ǵǊƻǾƴƛ 

aŀǊǘƛƴ hǘłƘŀƭ1*, Matej Daniel2 
 
1 YŀǘŜŘǊŀ ōƛƻƳŜŘƛŎƝƴǎƪŞ ǘŜŎƘƴƛƪȅΣ Cŀƪǳƭǘŀ ōƛƻƳŜŘƛŎƝƴǎƪŞƘƻ ƛƴȌŜƴȇǊǎǘǾƝ 2±¦¢ Ǿ tǊŀȊŜΣ ƴłƳΦ 
{Ɲǘƴł омлрΣ нтн лм YƭŀŘƴƻ. 

2 ¨ǎǘŀǾ ƳŜŎƘŀƴƛƪȅΣ ōƛƻƳŜŎƘŀƴƛƪȅ ŀ ƳŜŎƘŀǘǊƻƴƛƪȅΣ Cŀƪǳƭǘŀ ǎǘǊƻƧƴƝ 2±¦¢ Ǿ tǊŀȊŜΦ ¢ŜŎƘƴƛŎƪł пΣ 
160 00 Praha ς Dejvice.  

*  martin.otahal@fbmi.cvut.cz  

¨ǾƻŘ 
aŜŎƘŀƴƛŎƪŞ Ǿƭŀǎǘƴƻǎǘƛ ōǳƴŠƪΣ Ƨŀƪƻ ƧŜ ƧŜƧƛŎƘ ŜƭŀǎǘƛŎƛǘŀ ŀ ǘǳƘƻǎǘΣ ǇǌŜŘǎǘŀǾǳƧƝ ŘǻƭŜȌƛǘŞ ōƛƻŦȅȊƛƪłƭƴƝ 
ƳŀǊƪŜǊȅ ƧŜƧƛŎƘ ǎǘǊǳƪǘǳǊłƭƴƝƘƻ ŀ ŦǳƴƪőƴƝƘƻ ǎǘŀǾǳΦ Wǎƻǳ ƻǾƭƛǾƶƻǾłƴȅ ƻǊƎŀƴƛȊŀŎƝ ŎȅǘƻǎƪŜƭŜǘǳΣ 
ǾƭŀǎǘƴƻǎǘƳƛ ōǳƴŠőƴŞ ƳŜƳōǊłƴȅ ŀ ƛƴǘŜǊŀƪŎŜƳƛ ǎ ŜȄǘǊŀŎŜƭǳƭłǊƴƝ ƳŀǘǊƛȄƝ (Discher et al., 2005). 
tŀǘƻƭƻƎƛŎƪŞ ǇǊƻŎŜǎȅΣ ƴŀǇǌƝƪƭŀŘ ƴłŘƻǊƻǾł ǘǊŀƴǎŦƻǊƳŀŎŜ őƛ ƴŜǳǊƻŘŜƎŜƴŜǊŀŎŜΣ ǾŜŘƻǳ ƪŜ 
ȊƳŠƴłƳ ǘŠŎƘǘƻ ǎǘǊǳƪǘǳǊΣ ŎƻȌ ǎŜ ǇǊƻƧŜǾǳƧŜ ȊƳŠƴƻǳ ƳŜŎƘŀƴƛŎƪŞ ƻŘŜȊǾȅ ōǳƴŠƪ ό{ǳǊŜǎƘΣ нллтύΦ 

Metodika 
± ǊłƳŎƛ ƴŀǑŜƘƻ ǾȇȊƪǳƳǳ ǎŜ ȊŀōȇǾłƳŜ ƳŠǌŜƴƝƳ ƳŜŎƘŀƴƛŎƪȇŎƘ ǾƭŀǎǘƴƻǎǘƝ ōǳƴŠƪ ǇƻƳƻŎƝ 
ƳƛƪǊƻǎƪƻǇƛŜ ŀǘƻƳłǊƴƝŎƘ ǎƛƭ ό!Caύ ŀ ƴŀƴƻƛƴŘŜƴǘŀŎŜΦ ±ȅǾƝƧƝƳŜ ŀ ƛƳǇƭŜƳŜƴǘǳƧŜƳŜ ƳŜǘƻŘƛƪǳ ǇǊƻ 
ƪǾŀƴǘƛǘŀǘƛǾƴƝ ƘƻŘƴƻŎŜƴƝ ŜƭŀǎǘƛŎƛǘȅ ƧŜŘƴƻǘƭƛǾȇŎƘ ōǳƴŠőƴȇŎƘ ƻōƭŀǎǘƝΣ ǇǌŜŘŜǾǑƝƳ ǇƻƳƻŎƝ IŜǊtzova 
a OliverςtƘŀǊǊ ƳƻŘŜƭǳ όwŀŘƳŀŎƘŜǊΣ нллнΤ hƭƛǾŜǊ ϧ tƘŀǊǊΣ мффнύΦ {ƻǳőłǎǘƝ ǇǊłŎŜ ƧŜ ǘŀƪŞ ǾȇǾƻƧ 
ƴłǎǘǊƻƧǻ ǇǊƻ ŀǳǘƻƳŀǘƛȊƻǾŀƴŞ ȊǇǊŀŎƻǾłƴƝ ǎƛƭƻǾȇŎƘ ƳŀǇ Ǿ ǇǊƻǎǘǌŜŘƝ tȅǘƘƻƴΣ ǾőŜǘƴŠ ǎŜƎƳŜƴǘŀŎŜ 
ǎǳōŎŜƭǳƭłǊƴƝŎƘ ǎǘǊǳƪǘǳǊΦ  

mailto:martin.otahal@fbmi.cvut.cz
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±ȇǎƭŜŘƪȅ 
±ȅǾƛƴǳǘł ƳŜǘƻŘƛƪŀ ōȅƭŀ ŀǇƭƛƪƻǾłƴŀ ƴŀ ŘǾŠ ƳƻŘŜƭƻǾŞ ōƛƻƭƻƎƛŎƪŞ ǎƻǳǎǘŀǾȅΥ ƴłŘƻǊƻǾŞ ōǳƶƪȅ 
ƘŜǇŀǘƻŎŜƭǳƭłǊƴƝƘƻ ƪŀǊŎƛƴƻƳǳ όI//ύ ŀ ǇǊƛƳłǊƴƝ ƴŜǳǊƻƴȅΦ ± ƻōƻǳ ǇǌƝǇŀŘŜŎƘ ōȅƭƻ ƳƻȌƴŞ 
ǎǇƻƭŜƘƭƛǾŠ ǾȅƘƻŘƴƻǘƛǘ ¸ƻǳƴƎǻǾ ƳƻŘǳƭ Ǿ ƧŜŘƴƻǘƭƛǾȇŎƘ ǊŜƎƛƻƴŜŎƘ ōǳƴŠƪΦ 
¦ ƴłŘƻǊƻǾȇŎƘ ōǳƴŠƪ ōȅƭȅ ŘŜǘŜƪƻǾłƴȅ ǊƻȊŘƝƭȅ Ǿ ŜƭŀǎǘƛŎƛǘŠ Ǿ ȊłǾƛǎƭƻǎǘƛ ƴŀ ŜȄǇǊŜǎƛ ǇƭŜƪǘƛƴǳ 
a ƛƴŘǳƪŎƛ ŜǇƛǘŜƭƛłƭƴŠ-ƳŜǎŜƴŎƘȅƳłƭƴƝ ǘǊŀƴȊƛŎŜ ό9a¢ύ όhǳǘƭłΣ нлнрΤ YǾŀǎƴƛŎƻǾłнлннύΦ 
U ƴŜǳǊƻƴǻ ƳŜǘƻŘƛƪŀ ǳƳƻȌƴƛƭŀ ŘŜǘŀƛƭƴƝ ƳŀǇƻǾłƴƝ ŜƭŀǎǘƛŎƛǘȅ Ǿ ƻōƭŀǎǘƛ ǎƻƳŀΣ ƧłŘǊŀ ŀ ŘŜƴŘǊƛǘǻΣ 
ŎƻȌ ǇƻǳƪŀȊǳƧŜ ƴŀ ǊƻȊŘƝƭƴƻǳ ǎǘǊǳƪǘǳǊłƭƴƝ ƻǊƎŀƴƛȊŀŎƛ ŀ ƧŜƧƝ ōƛƻƳŜŎƘŀƴƛŎƪŞ ŘǻǎƭŜŘƪȅΦ 
!ǳǘƻƳŀǘƛȊƻǾŀƴȇ ǎƪǊƛǇǘ ǳƳƻȌƴƛƭ ŘłǾƪƻǾŞ ȊǇǊŀŎƻǾłƴƝ Řŀǘ ŀ ǾŀƭƛŘŀŎƛ ōŜȊ ƴǳǘƴƻǎǘƛ ǊǳőƴƝ 
ǎŜƎƳŜƴǘŀŎŜΣ ŎƻȌ ȊǾȅǑǳƧŜ ǇǌŜǎƴƻǎǘ ŀ ŜŦŜƪǘƛǾƛǘǳ ƳŠǌŜƴƝ ό{ǘŀƶƪƻǾł нлноύΦ 

½łǾŠǊ 
bŀǾǊȌŜƴł ƳŜǘƻŘƛƪŀ ǇƻǎƪȅǘǳƧŜ ǊƻōǳǎǘƴƝ ƴłǎǘǊƻƧ ǇǊƻ ŎƘŀǊŀƪǘŜǊƛȊŀŎƛ ƳŜŎƘŀƴƛŎƪȇŎƘ ǾƭŀǎǘƴƻǎǘƝ 
ōǳƴŠƪ ŀ ǎǳōŎŜƭǳƭłǊƴƝŎƘ ǎǘǊǳƪǘǳǊΦ 5Ɲƪȅ ŀǳǘƻƳŀǘƛȊŀŎƛ ŀƴŀƭȇȊȅ ǇǌƛƴłǑƝ ȊǊȅŎƘƭŜƴƝ ȊǇǊŀŎƻǾłƴƝ 
a ȊǾȇǑŜƴƝ ǊŜǇǊƻŘǳƪƻǾŀǘŜƭƴƻǎǘƛΦ ±ȇǎƭŜŘƪȅ ǳƪŀȊǳƧƝ ǇƻǘŜƴŎƛłƭ ǾȅǳȌƛǘƝ ǘŞǘƻ ǘŜŎƘƴƻƭƻƎie 
v ŘƛŀƎƴƻǎǘƛŎŜΣ ǾȇȊƪǳƳǳ ǵőƛƴƪǻ ƭŞőƛǾ ŀ ǎǘǳŘƛǳ ǇŀǘƻŦȅȊƛƻƭƻƎƛŎƪȇŎƘ ǎǘŀǾǻΦ 

tƻŘŠƪƻǾłƴƝ  
¢ŀǘƻ ǇǊłŎŜ ōȅƭŀ ǇƻŘǇƻǌŜƴŀ ǇǊƻƧŜƪǘŜƳ SGS23/194/OHK4/3T/17.  
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{ǘǌŜŘŀ муΦ сΦ нлнр фΥлл 

Kolagen ς ƳƻŘǊȇ ōŀƴłƴ ς ƴŜƎŀǘƛǾƴƝ ǇǊƻǎǘƻǊ 

¢ƻƳłǑ {ǳŎƘȇ1,2*Σ aƻƴƛƪŀ ~ǳǇƻǾł1, [ǳƪłǑ IƻǊƴȇ2, Hynek Chlup2 ŀ ¢ƻƳłǑ DǊǳǎ3 
 
1 hŘŘŠƭŜƴƝ ƪƻƳǇƻȊƛǘƴƝŎƘ ŀ ǳƘƭƝƪƻǾȇŎƘ ƳŀǘŜǊƛłƭǻΣ ¨ǎǘŀǾ ǎǘǊǳƪǘǳǊȅ ŀ ƳŜŎƘŀƴƛƪȅ ƘƻǊƴƛƴΣ 
!ƪŀŘŜƳƛŜ ǾŠŘ 2ŜǎƪŞ ǊŜǇǳōƭƛƪȅΦ ± IƻƭŜǑƻǾƛőƪłŎƘ пмΣ мун лф tǊŀƘŀ уΦ  

2 ¨ǎǘŀǾ mechanikyΣ ōƛƻƳŜŎƘŀƴƛƪȅ ŀ ƳŜŎƘŀǘǊƻƴƛƪȅΣ Cŀƪǳƭǘŀ ǎǘǊƻƧƴƝ 2±¦¢ Ǿ tǊŀȊŜΦ ¢ŜŎƘƴƛŎƪł пΣ 
160 00 Praha 6. 

3 LLΦ ŎƘƛǊǳǊƎƛŎƪł ƪƭƛƴƛƪŀ ƪŀǊŘƛƻǾŀǎƪǳƭłǊƴƝ ŎƘƛǊǳǊƎƛŜ ±ǑŜƻōŜŎƴŞ ŦŀƪǳƭǘƴƝ ƴŜƳƻŎƴƛŎŜ Ǿ tǊŀȊŜ 
a I. ƭŞƪŀǌǎƪŞ Ŧŀƪǳƭǘȅ ¦ƴƛǾŜǊȊƛǘȅ YŀǊƭƻǾȅ. U Nemocnice 499/2, 128 08 Praha 8. 

*  suchy@irsm.cas.cz   
 
YƻƭŀƎŜƴ ƧŜ ǇǌŜŘƳŠǘŜƳ ƛƴǘŜƴȊƛǾƴƝƘƻ ǾȇȊƪǳƳǳ ƧƛȌ ƻŘ ǇƻƭƻǾƛƴȅ мфΦ ǎǘƻƭŜǘƝΣ ƪŘȅ ŘƻǑƭƻ ƪ ǇǊǳŘƪŞƳǳ 
ǊƻȊǾƻƧƛ ƘƛǎǘƻƭƻƎƛŎƪȇŎƘ ǘŜŎƘƴƛƪ ŀ ƳƛƪǊƻǎƪƻǇƛŜΦ ±Ŝ нлΦ ǎǘƻƭŜǘƝ ǎŜ ǎǘŀƭ ǊƻǾƴŠȌ ƧŜŘƴƝƳ Ȋ ǇǊǾƴƝŎƘ 
ōƛƻƭƻƎƛŎƪȇŎƘ ƳŀǘŜǊƛłƭǻΣ ƪǘŜǊŞ ōȅƭȅ ǎǘǳŘƻǾłƴȅ ƳŜǘƻŘƻǳ ǊŜƴǘƎŜƴƻǾŞ ŘƛŦǊŀƪŎŜΦ tǌŜǎǘƻ ǾǑŀƪ 
ƪƻƭŀƎŜƴ ƴŜƴƝ ƭƛŘǎǘǾǳ ƴŜȊƴłƳȇ ς ƧŜƘƻ ǾȅǳȌƛǘƝ ǎŀƘł ŀȌ Řƻ ǎǘŀǊƻǾŠƪǳΣ Ƨŀƪ ŘƻƪƭłŘł ǾȇǊƻōŀ ǊǻȊƴȇŎƘ 
ƪƻƭŀƎŜƴƻǾȇŎƘ ǇǊƻŘǳƪǘǻΣ Ƨŀƪƻ ƧŜ ȌŜƭŀǘƛƴŀ őƛ ƪƭƛƘΣ ȊƝǎƪłǾŀƴȇŎƘ Ȋ ƪƻǎǘƝΣ ƪǻȌŜ ŀ ŘŀƭǑƝŎƘ ǇƻƧƛǾƻǾȇŎƘ 
ǘƪłƴƝΦ ¢ŜǇǊǾŜ Ǿ мфΦ ǎǘƻƭŜǘƝ ǎŜ ǾǑŀƪ ƻōŜŎƴŠ ǇǌƛƧŀƭƻΣ ȌŜ ƭłǘƪŀΣ ȊŜ ƪǘŜǊŞ ǎŜ ǾŀǌŜƴƝƳ ǾȅǊłōƝ ȌŜƭŀǘƛƴŀ 
ƴŜōƻ ƪƭƛƘΣ ǘǾƻǌƝ ȊłƪƭŀŘƴƝ ǎƭƻȌƪǳ ǘŠŎƘǘƻ ǇǊƻŘǳƪǘǻΦ ¢ŀǘƻ ƭłǘƪŀ ōȅƭŀ ǇƻƧƳŜƴƻǾłƴŀ ƪƻƭŀƎŜƴΣ ǇƻŘƭŜ 
ǌŜŎƪȇŎƘ ǎƭƻǾ ƪƽƭƭŀ (lepidlo) a genos όǇǻǾƻŘΣ ǾȊƴƛƪύ ς ǘŜŘȅ αǘŜƴΣ ƪǘŜǊȇ ǘǾƻǌƝ ƭŜǇƛŘƭƻάΦ ±Ŝ ŘǊǳƘŞ 
ǇƻƭƻǾƛƴŠ нлΦ ǎǘƻƭŜǘƝ ōȅƭ ǇǌŜŘǎǘŀǾŜƴ ƻōŜŎƴŠ ǇǌƛƧƝƳŀƴȇ ƳƻŘŜƭ ǘǊƻƧǑǊƻǳōƻǾƛŎƻǾŞ ǎǘǊǳƪǘǳǊȅΦ 
S ǊƻȊǾƻƧŜƳ ŜƭŜƪǘǊƻƴƻǾŞ ƳƛƪǊƻǎƪƻǇƛŜ ƴłǎƭŜŘƴŠ ŘƻǑƭƻ ƪ ƻōƧŀǎƴŠƴƝ ǇŜǊƛƻŘƛŎƪŞ ǎǘǊǳƪǘǳǊȅ ŀ ŘŀƭǑƝŎƘ 
ƳƻǊŦƻƭƻƎƛŎƪȇŎƘ ŘŜǘŀƛƭǻΦ tƻǎǘǳǇƴŠ ōȅƭŀ ƻōƧŀǎƴŠƴŀ ǘŀƪŞ ŀƳƛƴƻƪȅǎŜƭƛƴƻǾł ǎƪƭŀŘōŀ ƪƻƭŀƎŜƴǳΣ 
ŘŜŦƛƴƻǾłƴȅ ƧŜƘƻ ǊǻȊƴŞ ǘȅǇȅΣ ǇƻǇǎłƴŀ ƧŜƘƻ ōƛƻǎȅƴǘŞȊŀΣ ǇǊƻŎŜǎ ǘǾƻǊōȅ ƪƻǾŀƭŜƴǘƴƝŎƘ ǾŀȊŜō 
(cross-ƭƛƴƪƛƴƎύ ŀ ŘŀƭǑƝ ŀǎǇŜƪǘȅΦ hŘ слΦ ƭŜǘ нлΦ ǎǘƻƭŜǘƝ ǎŜ ǾȇȊƪǳƳ ƪƻƭŀƎŜƴǳ Ǿ ǎƻǳǾƛǎƭƻǎǘƛ ǎŜ ȊŘǊŀǾƝƳ 
ŀ ƴŜƳƻŎŜƳƛ ǊȅŎƘƭŜ ǊƻȊǾƝƧƝ ς ŀ ǘŜƴǘƻ ǘǊŜƴŘ ǇƻƪǊŀőǳƧŜ ŀȌ Řƻ ǎƻǳőŀǎƴƻǎǘƛΦ 

 
hōǊłȊŜƪ 7 5ŜǘŀƛƭƴƝ pohledy ς ǘǊƻƧƛǘł ǑǊƻǳōƻǾƛŎŜ ƪƻƭŀƎŜƴǳ ǘȅǇǳ L ς ǎǊƻǾƴłƴƝ ŘƻƳŞƴ. A: {ŎƘŞƳŀ ǳǎǇƻǌłŘłƴƝ ǇƻƭȅǇŜǇǘƛŘƻǾȇŎƘ 
ǌŜǘŠȊŎǻ ŀ ŘƛǎǳƭŦƛŘƻǾŞƘƻ Ƴǻǎǘƪǳ ƳŜȊƛ ƧŜŘƴƻǘƭƛǾȇƳƛ ǌŜǘŠȊŎƛΦ B: bŜƎŀǘƛǾƴƝ prostor. Upraveno z Boudko & .ŅŎƘƛƴƎŜǊ 2016 [1].  
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tǌƝǎǇŠǾŜƪ ǎƘǊƴǳƧŜ ǇǌƝƪƭŀŘȅ ƴŠƪƻƭƛƪŀ ƪƻƴƪǊŞǘƴƝŎƘ ŀǇƭƛƪŀŎƝ ƪƻƭŀƎŜƴǳ Ǿ ǊǻȊƴȇŎƘ ƻōƭŀǎǘŜŎƘΣ 
ǇǌŜŘŜǾǑƝƳ Ǿ ƳŜŘƛŎƝƴŠΦ WŘŜ ȊŜƧƳŞƴŀ ƻ ǾȇǾƻƧ ōƛƻƳƛƳŜǘƛŎƪŞ ŎŞǾƴƝ ƴłƘǊŀŘȅ ǇǊƻ ƴƝȊƪŞ ǇǊǻǘƻƪȅ 
ǳƳƻȌƶǳƧƝŎƝ ǇǌŜƴƻǎ ŦȅȊƛƻƭƻƎƛŎƪŞ ǇǳƭȊƴƝ ǾƭƴȅΦ tǊŜȊŜƴǘŀŎŜ ǎŜ ȊŀƳŠǌǳƧŜ ȊŜƧƳŞƴŀ ƴŀ ȊǇǊŀŎƻǾłƴƝ 
a ƳƻŘƛŦƛƪŀŎƛ ƪƻƭŀƎŜƴǳ ǘȅǇǳ L ǎ ƻƘƭŜŘŜƳ ƴŀ ƧŜƘƻ ōƛƻƭƻƎƛŎƪƻǳ ǇƻǾŀƘǳ ŀ ƳŜŎƘŀƴƛŎƪŞ ǾƭŀǎǘƴƻǎǘƛΦ 
5łƭŜ ǎŜ ǾŠƴǳƧŜ ŦǳƴƪŎƝƳ ƪƻƭŀƎŜƴǳ Ǿ ƴŀǘƛǾƴƝŎƘ ǘƪłƴƝŎƘ ŀ ǇƻŘǎǘŀǘŠ ǇǌƛǊƻȊŜƴȇŎƘ ŘŠƧǻ ǎǇƻƧŜƴȇŎƘ ǎŜ 
ǎǘłǊƴǳǘƝƳ ƴŜōƻ ƻƴŜƳƻŎƴŠƴƝƳƛΣ ƪǘŜǊŞ ȊłǎŀŘƴŠ ƻǾƭƛǾƶǳƧƝ ƧŜƘƻ ŦȅȊƛƪłƭƴƝ ƛ ŎƘŜƳƛŎƪŞ ǾƭŀǎǘƴƻǎǘƛΣ 
ƴŀǇǌΦ ǾȊƴƛƪ ŜƴȊȅƳŀǘƛŎƪȇŎƘ ŀ ƴŜŜƴȊȅƳŀǘƛŎƪȇŎƘ ǇǌƝőƴȇŎƘ ǾŀȊŜōΦ ¢Ŝƴǘƻ ǇǌƝǎǇŠǾŜƪΣ ƛƴǎǇƛǊƻǾŀƴȇ 
ǇǊŀŎŜƳƛ 9Φ aŀǊƛƻǘǘŀΣ ǎŜ ǇƻƪƻǳǑƝ ƘƭŜŘŀǘ ƻŘǇƻǾŠř ƴŀ ƻǘłȊƪǳΣ Řƻ ƧŀƪŞ ƳƝǊȅ ƧŜ ƴŀǑŜ ǇƻǊƻȊǳƳŠƴƝ 
ǾƴŠƧǑƝƳ ƳŜŎƘŀƴƛŎƪȇƳ ƻŘŜȊǾłƳ ƪƻƭŀƎŜƴǳ ƻǾƭƛǾƴŠƴƻ ǘƝƳΣ Ŏƻ ƧƛȌ ōȅƭƻ ŘŜǘŀƛƭƴŠ ǇƻǇǎłƴƻΣ ŀ Řƻ ƧŀƪŞ 
ƳƝǊȅ ƳǻȌŜ ōȇǘ ǳǘǾłǌŜƴƻ ŘƻǎǳŘ ƴŜǇǊƻȊƪƻǳƳŀƴȇƳƛ ŀǎǇŜƪǘȅΣ Ƨŀƪƻ ƧŜ ƴŀǇǌƝƪƭŀŘ ǘȊǾΦ ƴŜƎŀǘƛǾƴƝ 
prostor (viz Obr. 1). 

tƻŘŠƪƻǾłƴƝ  
!ǳǘƻǌƛ ŘŠƪǳƧƝ Ȋŀ ŦƛƴŀƴőƴƝ ǇƻŘǇƻǊǳ ǘŞǘƻ ǇǊłŎŜ Ǉƻǎƪȅǘƴǳǘƻǳ ǇǊƻǎǘǌŜŘƴƛŎǘǾƝƳ ǇǊƻƧŜƪǘǳ őΦ b²нп-
02-ллнлс !½± a½2wΦ  

Literatura 
[1] .ƻǳŘƪƻΣ {ΦΣ .ŅŎƘƛƴƎŜǊΣ IΦ {ǘǊǳŎǘǳǊŀƭ ƛƴǎƛƎƘǘ ŦƻǊ ŎƘŀƛƴ ǎŜƭŜŎǘƛƻƴ ŀƴŘ ǎǘŀƎƎŜǊ ŎƻƴǘǊƻƭ ƛƴ 

collagen. Sci Rep 6, 37831 (2016). https://doi.org/10.1038/srep37831.  

{ǘǌŜŘŀ муΦ сΦ нлнр фΥол 

±ƭƛǾ ōŜǘŀ ǊŀŘƛŀŎŜ ƴŀ ƳŜŎƘŀƴƛŎƪŞ Ǿƭŀǎǘƴƻǎǘƛ ŘƭƻǳƘƻŘƻōŠ 
ǎƪƭŀŘƻǾŀƴȇŎƘ ƪƻƭŀƎŜƴƴƝŎƘ ƎŜƭǻ 

aŀǊǘƛƴŀ ~ǳǇƻƭƻǾł1*, Hynek Chlup1, ¢ƻƳłǑ {ǳŎƘȇ1,2  
 
1 ̈ ǎǘŀǾ ƳŜŎƘŀƴƛƪȅΣ ōƛƻƳŜŎƘŀƴƛƪȅ ŀ ƳŜŎƘŀǘǊƻƴƛƪȅΣ Cŀƪǳƭǘŀ ǎǘǊƻƧƴƝ 2±¦¢ Ǿ tǊŀȊŜΦ ¢ŜŎƘƴƛŎƪł пΣ 

160 00 Praha ς Dejvice.  
2 hŘŘŠƭŜƴƝ ƪƻƳǇƻȊƛǘƴƝŎƘ ŀ ǳƘƭƝƪƻǾȇŎƘ ƳŀǘŜǊƛłƭǻΣ ¨ǎǘŀǾ ǎǘǊǳƪǘǳǊȅ ŀ ƳŜŎƘŀƴƛƪȅ ƘƻǊƴƛƴ 
!ƪŀŘŜƳƛŜ ǾŠŘ 2wΣ v. ǾΦ ƛΦΣ ± IƻƭŜǑƻǾƛőƪłŎƘ фпκпмΣ мун лфΣ tǊŀƘŀΣ 2Ŝǎƪł ǊŜǇǳōƭƛƪŀ. 
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Abstrakt 
YƻƭŀƎŜƴ ƧŜ ǇǌƝǊƻŘƴƝ ǇƻƭȅƳŜǊΦ YƻƭŀƎŜƴƴƝ ƎŜƭȅ ƴŀŎƘłȊƝ ǾȅǳȌƛǘƝ ǾŜ ȊŘǊŀǾƻǘƴƛŎǘǾƝ Ǉǌƛ ƭŞőōŠ ǇƻǇłƭŜƴƛƴ 
ŀ ǇƻǊŀƴŠƴƝ ƪǻȌŜΦ ¢ŜǎǘƻǾłƴȅ ōȅƭȅ ƪƻƭŀƎŜƴƴƝ ƎŜƭȅ ƻ ǊǻȊƴȇŎƘ ƪƻƴŎŜƴǘǊŀŎƝŎƘΣ ƪǘŜǊŞ ōȅƭȅ ǎƪƭŀŘƻǾłƴȅ 
Ǉƻ Řƻōǳ нп ƳŠǎƝŎǻΦ .ȅƭ ȊƪƻǳƳłƴ ǾƭƛǾ ǎƪƭŀŘƻǾłƴƝ ŀ ǊŀŘƛŀŎŜ ƴŀ ȊƳŠƴǳ ƳŜŎƘŀƴƛŎƪȇŎƘ ǾƭŀǎǘƴƻǎǘƝ 
ƪƻƭŀƎŜƴƴƝŎƘ ƎŜƭǻΦ aŜŎƘŀƴƛŎƪŞ Ǿƭŀǎǘƴƻǎǘƛ ōȅƭȅ ǘŜǎǘƻǾłƴȅ ƧŜŘƴƻƻǎƻǳ ǘŀƘƻǾƻǳ ȊƪƻǳǑƪƻǳΦ ½Ɲǎƪŀƴł 
Řŀǘŀ ǎŜ ǇƻǊƻǾƴłǾŀƭŀ ǎ daty z ǇǌŜŘŎƘƻȊƝŎƘ ǎǘǳŘƛƝΦ ½ƳŠƴŀ ǎǘǊǳƪǘǳǊȅ ōȅƭŀ ǇƻȊƻǊƻǾłƴŀ ǎƪŜƴƻǾŀŎƝƳ 
ŜƭŜƪǘǊƻƴƻǾȇƳ ƳƛƪǊƻǎƪƻǇŜƳΦ ±ƭƛǾ ƻȊŀǌƻǾłƴƝ ƴŀ ƳƝǊǳ ŘŜƎǊŀŘŀŎŜ ƪƻƭŀƎŜƴǳ ōȅƭ ȊƪƻǳƳłƴ 
ŜƴȊȅƳŀǘƛŎƪƻǳ ŘŜƎǊŀŘŀőƴƝ ȊƪƻǳǑƪƻǳ Ȋŀ ǇǻǎƻōŜƴƝ ƪƻƭŀƎŜƴłȊȅΦ ±ȇǎƭŜŘƪȅ ǘŞǘƻ ǇǊłŎŜ ƳƻƘƻǳ 
napomoci k ǇƻǎƻǳȊŜƴƝ ǾƘƻŘƴƻǎǘƛ ȊǇǻǎƻōǳ ŀ Řƻōȅ ǎƪƭŀŘƻǾłƴƝ ƪƻƭŀƎŜƴƴƝŎƘ ƎŜƭǻΦ 

YƭƝőƻǾł ǎƭƻǾŀ: YƻƭŀƎŜƴƴƝ ƎŜƭΣ ƳŜŎƘŀƴƛŎƪŞ ǾƭŀǎǘƴƻǎǘƛΣ ŘŜƎǊŀŘŀőƴƝ ǘŜǎǘΣ ōŜǘŀ ǊŀŘƛŀŎŜΣ Řƻōŀ 
ǎƪƭŀŘƻǾłƴƝ 
  

https://doi.org/10.1038/srep37831
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¨ǾƻŘ  
YƻƭŀƎŜƴ ƧŜ ǇǌƝǊƻŘƴƝ ǇƻƭȅƳŜǊΣ ƪǘŜǊȇ ƧŜ ǎƻǳőłǎǘƝ ŜȄǘǊŀŎŜƭǳƭłǊƴƝ ƳŀǘǊƛŎŜ ǇƻƧƛǾƻǾŞ ǘƪłƴŠ όƪƻǎǘƝΣ 
ǾŀȊǻΣ ƪǻȌŜύΦ YƻƭŀƎŜƴ ǘȅǇǳ L Ƴł ǑƛǊƻƪŞ ǾȅǳȌƛǘƝΦ ±Ŝ ȊŘǊŀǾƻǘƴƛŎǘǾƝ ƧŜ ǾȅǳȌƝǾłƴ Ƨŀƪƻ ŘƻƳƛƴŀƴǘƴƝ 
ǎƭƻȌƪŀ ŎŞǾƴƝŎƘ ǇǊƻǘŞȊ ƴŜōƻ ƴłƘǊŀŘ ƪƻǎǘƴƝƘƻ ǑǘŠǇǳΦ tƻǳȌƝǾł ǎŜ ǾŜ ŦƻǊƳŠ ƪƻƭŀƎŜƴƴƝŎƘ ŦƛƭƳǻ 
a ƳŜƳōǊłƴ Ǉǌƛ ƭŞőōŠ ǇƻǇłƭŜƴƛƴ ŀ ǇƻǊŀƴŠƴƝ ƪǻȌŜΦ 
 
V ŘƴŜǑƴƝ ŘƻōŠ ǊƻȊƭƛǑǳƧŜƳŜ нф ǘȅǇǻ ƪƻƭŀƎŜƴǳΣ ƪǘŜǊŞ ǎŜ ƻŘ ǎŜōŜ ƭƛǑƝ ǎǾƻǳ ǎǘǊǳƪǘǳǊƻǳΦ bŜƧőŀǎǘŠƧǑƝ 
ƧŜ ƪƻƭŀƎŜƴ ǘȅǇǳ LΦ WŜŘƴł ǎŜ ƻ ŦƛōǊƛƭłǊƴƝ ƪƻƭŀƎŜƴΣ ƪǘŜǊȇ ǎŜ ǎƪƭłŘł Ȋ ŀƳƛƴƻƪȅǎŜƭƛƴ ǘǾƻǌƝŎƝŎƘ 
ǇǊŀǾƻǘƻőƛǾƻǳ ǑǊƻǳōƻǾƛŎƛΦ {ŜǎƪǳǇŜƴƝ ǘǊƻƧǑǊƻǳōƻǾƛŎ ǘǾƻǌƝ ǾƭłƪŞƴƪƻ όŦƛōǊƛƭǳύΦ 5Ɲƪȅ ǎǾŞ ǎǘǊǳƪǘǳǌŜ 
Ƴł ǾŜƭƳƛ ŘƻōǊƻǳ ǇŜǾƴƻǎǘ Ǿ ǘŀƘǳΣ ŎƻȌ ȊŀƧƛǑǙǳƧŜ ŜƭŀǎǘƛŎƛǘǳ ǾŀȊǻΣ ǑƭŀŎƘ ƴŜōƻ ƪǻȌŜΦ 
 
aŜŎƘŀƴƛŎƪŞ Ǿƭŀǎǘƴƻǎǘƛ ƪƻƭŀƎŜƴǳ ƭȊŜ ȊƳŠƴƛǘ ǇƻƳƻŎƝ ǎƝǙƻǾłƴƝ όŎǊƻǎǎƭƛƴƪƛƴƎǳύΣ ŎƻȌ ƧŜ ǇǊƻŎŜǎ 
ǘǾƻǊōȅ ƴƻǾȇŎƘ ǇǌƝőƴȇŎƘ ǾŀȊŜō ƳŜȊƛ ƳƻƭŜƪǳƭŀƳƛ ƪƻƭŀƎŜƴǳΦ WŜŘƴŀ Ȋ ƳŜǘƻŘ ǎƝǙƻǾłƴƝ ƪƻƭŀƎŜƴǳ ƧŜ 
ǎƝǙƻǾłƴƝ ōŜǘŀ ǊŀŘƛŀŎƝΦ .ŠƘŜƳ ƻȊŀǌƻǾłƴƝ ōŜǘŀ ǊŀŘƛŀŎƝ ƴŀǊłȌŜƧƝ ǳǊȅŎƘƭŜƴŞ ŜƭŜƪǘǊony do molekul 
ǾƻŘȅΣ ƪǘŜǊł ǎŜ ǑǘŠǇƝ ƴŀ ǊŀŘƛƪłƭȅΦ ¢ȅ ǎŜ ƴŀǾŀȊǳƧƝ ƴŀ ƳƻƭŜƪǳƭȅ ƪƻƭŀƎŜƴǳ Ȋŀ ǾȊƴƛƪǳ ƴƻǾȇŎƘ ǇǌƝőƴȇŎƘ 
ǾŀȊŜōΦ .Ŝǘŀ ǊŀŘƛŀŎŜ ǎŜ ǘŀƪŞ ǇƻǳȌƝǾł ǇǊƻ ǎǘŜǊƛƭƛȊŀŎƛ ȊŘǊŀǾƻǘƴƛŎƪȇŎƘ ǾȇǊƻōƪǻΣ ƧŜƧƛŎƘȌ ŘƻƳƛƴŀƴǘƴƝ 
ǎƭƻȌƪƻǳ ƧŜ ƪƻƭŀƎŜƴΦ 
 
½ƪƻǳƳłƴȅ Ƨǎƻǳ ȊƳŠƴȅ ƳŜŎƘŀƴƛŎƪȇŎƘ ǾƭŀǎǘƴƻǎǘƝ ƪƻƭŀƎŜƴƴƝŎƘ ƎŜƭǻ ƻ ǊǻȊƴȇŎƘ ƪƻƴŎŜƴǘǊŀŎƝŎƘΣ 
ȊǇǻǎƻōŜƴȇƳƛ ǎƪƭŀŘƻǾłƴƝƳ ŀ ƴłǎƭŜŘƴȇƳ ǇǻǎƻōŜƴƝƳ ōŜǘŀ ǊŀŘƛŀŎŜΦ 
 
Chlup a kol.[1] ǎŜ ȊŀōȇǾŀƭƛ ǾƭƛǾŜƳ ǊŀŘƛŀŎŜ ƴŀ ƳŜŎƘŀƴƛŎƪŞ Ǿƭŀǎǘƴƻǎǘƛ ƪƻƭŀƎŜƴƴƝŎƘ ƎŜƭǻΦ 
YƻƭŀƎŜƴƴƝ ƎŜƭȅ ƻ ƪƻƴŎŜƴǘǊŀŎƛ о ҈Σ с ҈ ŀ у ҈ ōȅƭȅ ƻȊłǌŜƴȅ ǇǊƻǳŘŜƳ ŜƭŜƪǘǊƻƴǻ ǎ ŘłǾƪƻǳ н ƪDȅ 
ŀ млл ƪDȅΦ aŜŎƘŀƴƛŎƪŞ Ǿƭŀǎǘƴƻǎǘƛ ƴŜƻȊłǌŜƴȇŎƘ ŀ ƻȊłǌŜƴȇŎƘ ǾȊƻǊƪǻ ƪƻƭŀƎŜƴƴƝŎƘ ƎŜƭǻ ōȅƭȅ 
ǘŜǎǘƻǾłƴȅ ƧŜŘƴƻƻǎƻǳ ǘŀƘƻǾƻǳ ȊƪƻǳǑƪƻǳΦ YǌƛǾƪŀ ȊŀǘŠȌƻǾłƴƝ ƎŜƭǻ ƧŜ ƴŜƭƛƴŜłǊƴƝ όhōǊłȊŜƪ 1). 
YǌƛǾƪŀ ȊŀǘŠȌƻǾłƴƝ ƴŜƻȊłǌŜƴȇŎƘ ǾȊƻǊƪǻ ƧŜ ƪƻƴƪłǾƴƝΣ ǎ ǊƻǎǘƻǳŎƝ ŘŜŦƻǊƳŀŎƝ ƪƭŜǎł ƴŀǇŠǘƝΣ ǾȊƻǊŜƪ 
ƪƭŀŘŜ ƳŜƴǑƝ ƻŘǇƻǊ Ǿǻőƛ ŘŜŦƻǊƳŀŎƛ ŀ ƳŠƪƴŜΦ bŀƻǇŀƪ ƻȊłǌŜƴŞ ǾȊƻǊƪȅ ǎ ǊƻǎǘƻǳŎƝ ŘŜŦƻǊƳŀŎƝ 
ƪƭŀŘƻǳ ǾŠǘǑƝ ƻŘǇƻǊ Ǿǻőƛ ŘŜŦƻǊƳŀŎƛΣ ƪǌƛǾƪŀ ȊŀǘŠȌƻǾłƴƝ ƧŜ ƪƻƴǾŜȄƴƝ ŀ ƎŜƭ ǘǳƘƴŜ [1].  
 
YƻƴŎŜƴǘǊŀŎŜ Ƴł ǘŀƪŞ ǾƭƛǾ ƴŀ ƳŜŎƘŀƴƛŎƪŞ Ǿƭŀǎǘƴƻǎǘƛ ƎŜƭǻΦ ¦ ƴŜƻȊłǌŜƴȇŎƘ ǾȊƻǊƪǻ ǎ ǊƻǎǘƻǳŎƝ 
ƪƻƴŎŜƴǘǊŀŎƝ ǊƻǎǘŜ ǘǳƘƻǎǘ ǾȊƻǊƪǳΣ ƎŜƭ ƻ ƪƻƴŎŜƴǘǊŀŎƛ у ҈ ƪƭŀŘŜ ǾŠǘǑƝ ƻŘǇƻǊ ǇǊƻǘƛ ŘŜŦƻǊƳŀŎƛ ƴŜȌ 
с҈ ŀ о҈ ƪƻƭŀƎŜƴƴƝ ƎŜƭȅ όhōǊłȊŜƪ н!ύΦ ±ȊƻǊƪȅ ƻȊłǌŜƴŞ ŘłǾƪƻǳ н ƪDȅ Ǿ ǇǊǻōŠƘǳ ȊŀǘŠȌƻǾłƴƝ 
tuhnou, s ǊƻǎǘƻǳŎƝ ŘŜŦƻǊƳŀŎƝ ǊƻǎǘŜ ƴŀǇŠǘƝΣ ƪǌƛǾƪŀ ȊŀǘŠȌƻǾłƴƝ Ƴł ƪƻƴǾŜȄƴƝ ǇǊǻōŠƘΦ bŜƧǾƝŎŜ 
ǘǳƘƴƻǳ о҈ ƪƻƭŀƎŜƴƴƝ ƎŜƭȅ όhōǊłȊŜƪ нBύΦ tǌƛ ƻȊłǌŜƴƝ ŘłǾƪƻǳ млл ƪDȅ ŘƻŎƘłȊƝ ƪ ǘǳƘƴǳǘƝ ƎŜƭǻΣ 
ƴŜƧǾŠǘǑƝ ƻŘǇƻǊ Ǿǻőƛ ŘŜŦƻǊƳŀŎƛ ƪƭŀŘƻǳ у҈ ƎŜƭȅΣ ƴŜƧƳŜƴǑƝ ƻŘǇƻǊ ƪƭŀŘƻu 3% gely (hōǊłȊŜƪ нC). 
2ƝƳ ǾŠǘǑƝ ƧŜ ƪƻƴŎŜƴǘǊŀŎŜ ƪƻƭŀƎŜƴƴƝƘƻ ƎŜƭǳΣ ǘƝƳ ǾŠǘǑƝ ƧŜ ǇƻőłǘŜőƴƝ ƳƻŘǳƭ ǇǊǳȌƴƻǎǘƛ 
Ὁ όhōǊłȊŜƪ 2) [1]. 
 
błǊǻǎǘ ǘǳƘƻǎǘƛ ƎŜƭǳ ƧŜ ȊŀǇǌƝőƛƴŠƴ ǎƝǙƻǾłƴƝƳ ƪƻƭŀƎŜƴƴƝƘƻ ƎŜƭǻ ȊǇǻǎƻōŜƴŞƘƻ ƛǊŀŘƛŀŎƝΦ 2ƝƳ ǾŠǘǑƝ 
ōȅƭŀ ŘłǾƪŀ ƛǊŀŘƛŀŎŜΣ ǘƝƳ ǾŠǘǑƝ ƴłǊǻǎǘ ǘǳƘƻǎǘƛ ƴŀǎǘŀƭΦ ¦ ƪƻƭŀƎŜƴƴƝŎƘ ƎŜƭǻ ǎ ǾŠǘǑƝƳ ƻōǎŀƘŜƳ ǾƻŘȅ 
ōȅƭ ǇƻȊƻǊƻǾłƴ ǎ ǊƻǎǘƻǳŎƝ ŘłǾƪƻǳ ǊŀŘƛŀŎŜ ǾŠǘǑƝ ƴłǊǻǎǘ ǘǳƘƻǎǘƛ [1]. 
 
tƻőłǘŜƪ ǇƻǊǳǑƻǾłƴƝ ǾȊƻǊƪǳ ƧŜ ȊłǾƛǎƭȇ ƴŀ ƪƻƴŎŜƴǘǊŀŎƛ ƛ ƴŀ ŘłǾŎŜ ǊŀŘƛŀŎŜΦ bŜƻȊłǌŜƴŞ ǾȊƻǊƪȅ 
ŘƻǎŀƘǳƧƝ ǾŠǘǑƝŎƘ ŘŜŦƻǊƳŀŎƝ Ȋŀ ǇǻǎƻōŜƴƝ ǎǘŜƧƴŞƘƻ ƴŀǇŠǘƝ ƴŜȌ ƻȊłǌŜƴŞ ǾȊƻǊƪȅ όhōǊłȊŜƪ мύΦ  



   
 

оо 
 

 
hōǊłȊŜƪ 1 ±ƭƛǾ ŘłǾƪȅ ǊŀŘƛŀŎŜ ƴŀ ǇǊǻōŠƘ ǘŀƘƻǾŞ ȊƪƻǳǑƪȅ 
v ȊłǾƛǎƭƻǎǘƛ ƴŀ ƪƻƴŎŜƴǘǊŀŎƛ ƪƻƭŀƎŜƴƴƝƘƻ ƎŜƭǳΣ ! ς 3 %, B ς 6 
%, C ς 8 % [1] 

 
hōǊłȊŜƪ 2 ±ƭƛǾ ƪƻƴŎŜƴǘǊŀŎŜ ƪƻƭŀƎŜƴƴƝƘƻ ƎŜƭǳ ƴŀ ǇǊǻōŠƘ 
ǘŀƘƻǾŞ ȊƪƻǳǑƪȅ Ǿ ȊłǾƛǎƭƻǎǘƛ ƴŀ ŘłǾŎŜ ǊŀŘƛŀŎŜΣ ! ς 0 kGy, B ς 
2 kGy, C ς 100 kGy [1] 

aŀǘŜǊƛłƭȅ ŀ ƳŜǘƻŘƛƪŀ 
1. YƻƭŀƎŜƴƴƝ ƎŜƭȅ 
½ƪƻǳƳŀƴŞ ƪƻƭŀƎŜƴƴƝ ƎŜƭȅ ǇƻŎƘłȊƝ Ȋ ƘƻǾŠȊƝ ƪǻȌŜΣ ƳŀƧƝ ƪƻƴŎŜƴǘǊŀŎƛ о ҈Σ с ҈ ŀ у ҈ ŀ ōȅƭȅ Ǉƻ 
Řƻōǳ нп ƳŠǎƝŎǻ ǎƪƭŀŘƻǾłƴȅ Ǉǌƛ ǘŜǇƭƻǘŠ -нр ϲ/Φ  
 
2. hȊŀǌƻǾłƴƝ 
YƻƭŀƎŜƴƴƝ ƎŜƭȅ ōȅƭȅ ǊƻȊŘŠƭŜƴȅ ƴŀ ǘǌƛ ǎƪǳǇƛƴȅΣ ƧŜŘƴŀ ǎƪǳǇƛƴŀ ƴŜōȅƭŀ ƻȊŀǌƻǾłƴŀΣ ŘǊǳƘł ǎƪǳǇƛƴŀ 
ōȅƭŀ ƻȊłǌŜƴŀ ōŜǘŀ ȊłǌŜƴƝƳ ŘłǾƪƻǳ н ƪDȅ ŀ ǘǌŜǘƝ ǎƪǳǇƛƴŀ ōȅƭŀ ƻȊłǌŜƴŀ ŘłǾƪƻǳ млл ƪDȅΦ 5łǾƪŀ 
н ƪDȅ ǎŜ ōŠȌƴŠ ǇƻǳȌƝǾł ƪŜ ǎǘŜǊƛƭƛȊŀŎƛ ǇƻǘǊŀǾƛƴ ŀ ȊŘǊŀǾƻǘƴƛŎƪȇŎƘ ǾȇǊƻōƪǻΦ bƛŎƳŞƴŠ ƴŠƪǘŜǊŞ 
ƳƛƪǊƻƻǊƎŀƴƛǎƳȅ ƴŜƴƝ ƳƻȌƴŞ ƻŘǎǘǊŀƴƛǘ Ȋŀ ǇƻǳȌƛǘƝ ƴƝȊƪȇŎƘ ŘłǾŜƪ ǊŀŘƛŀŎŜΦ .ȅƭŀ ǇƻǳȌƛǘŀ ƛ ŜȄǘǊŞƳƴƝ 
ƘƻŘƴƻǘŀ ŘłǾƪȅ ǊŀŘƛŀŎŜ млл ƪDȅΣ ƪǘŜǊł ƧŜ ǇƻǳȌƛǘŀ ƪ ŜƭƛƳƛƴŀŎƛ ǾŜǑƪŜǊȇŎƘ ƳƛƪǊƻƻǊƎŀƴƛǎƳǻΦ 
 
  



   
 

оп 
 

3. ±ȊƻǊƪȅ ǇǊƻ ǘŀƘƻǾƻǳ ȊƪƻǳǑƪǳ 
Z ƪƻƭŀƎŜƴƴƝŎƘ ƎŜƭǻ ōȅƭȅ ǎƪŀƭǇŜƭŜƳ ǾȅǘǾƻǌŜƴȅ ǇǌƛōƭƛȌƴŠ ǎǘŜƧƴŠ ǾŜƭƪŞ ǾȊƻǊƪȅ ǾŜ ǘǾŀǊǳ ƘǊŀƴƻƭǳΦ 
5Şƭƪŀ ǾȊƻǊƪǳ ƧŜ ǾȇǊŀȊƴŠ ǾŠǘǑƝ ƴŜȌ ȊōȅƭŞ ŘǾŀ ǊƻȊƳŠǊȅ όǘƭƻǳǑǙƪŀ H ŀ ǑƝǌƪŀ BύΦ tǊƻ ƪŀȌŘƻǳ ǎƪǳǇƛƴǳ 
ƪƻƭŀƎŜƴƴƝŎƘ ƎŜƭǻ ōȅƭƻ ŘƭŜ ƳƻȌƴƻǎǘƝ ŀ ƳƴƻȌǎǘǾƝ ƘƳƻǘȅ ǾȅǘǾƻǌŜƴƻ мл ŀȌ мн ǾȊƻǊƪǻΦ YŀȌŘȇ ǾȊƻǊŜƪ 
byl vyfocen z ƧŜŘƴŞ ǎǘǊŀƴȅΣ ǇƻǘŞ ƻǘƻőŜƴȅ ƴŀ ōƻƪ ŀ ǾȅŦƻŎŜƴȅ Ȋ ŘǊǳƘȇ ǎǘǊŀƴȅΦ 
 
½łƪƭŀŘƴƝ ƎŜƻƳŜǘǊƛŎƪŞ ǊƻȊƳŠǊȅ ǾȊƻǊƪǳ όǘƭƻǳǑǙƪŀ H ŀ ǑƝǌƪŀ B) byly v programu GIMP 2.10 
ȊƳŠǌŜƴȅ ŦǳƴƪŎƝ ƳŠǌƛŘƭƻΣ ǾȌŘȅ ƴŀ о ƳƝǎǘŜŎƘ όhōǊłȊŜƪ оύΦ .ȅƭȅ ǘŀƪŞ ȊƳŠǌŜƴȅ ǊƻȊƳŠǊȅ ǇǊŀǾƝǘƪŀΣ 
ŘƝƪȅ őŜƳǳȌ ōȅƭƻ ƳƻȌƴŞ ǇǌŜǾŞǎǘ ǊƻȊƳŠǊȅ ƴŀ ŦƻǘƻƎǊŀŦƛƛ ƴŀ ǎƪǳǘŜőƴŞ ǊƻȊƳŠǊȅΦ ½ ƴŀƳŠǌŜƴȇŎƘ 
ƘƻŘƴƻǘ ǘƭƻǳǑǙƪȅ ŀ ǑƝǌƪȅ ōȅƭȅ ȊƧƛǑǘŠƴȅ ǇǊǻƳŠǊƴŞ ƘƻŘƴƻǘȅ ŀ ǎƳŠǊƻŘŀǘƴł ƻŘŎƘȅƭƪŀΦ ½Ŝ ǎƻǳőƛƴǳ 
ǘƭƻǳǑǙƪȅ H ώƳƳϐ ŀ ǑƝǌƪȅ B ώƳƳϐ ōȅƭ ǾȅǇƻőƝǘłƴ ǊŜŦŜǊŜƴőƴƝ ǇǊǻǌŜȊ ǾȊƻǊƪǳ A [mm2ϐ Ƨŀƪƻ ǎƻǳőƛƴ 
ǘƭƻǳǑǙƪȅ ŀ ǑƝǌƪȅΦ 
 

 
hōǊłȊŜƪ 3 tǊƛƴŎƛǇ ƳŠǌŜƴƝ ǊƻȊƳŠǊǻ ǾȊƻǊƪǳ ƪƻƭŀƎŜƴƴƝŎƘ ƎŜƭǻΣ ! ς ǑƝǌƪȅΣ . ς ǘƭƻǳǑǙƪȅ 

¢ƭƻǳǑǙƪŀ ǾȊƻǊƪǻ ǎŜ ǇƻƘȅōƻǾŀƭŀ ƻŘ фΣнт Řƻ ммΣпм ƳƳΣ ǑƝǌƪŀ ǎŜ ǇƻƘȅōƻǾŀƭŀ ƻŘ сΣср Řƻ 
12,52 ƳƳΣ ǇǊǻǌŜȊ ǾȊƻǊƪǻ ōȅƭ ƳŜȊƛ пнΣуп ŀ нллΣрн ƳƳ2. 
 
4. ¢ŀƘƻǾł ȊƪƻǳǑƪŀ 
aŜŎƘŀƴƛŎƪŞ Ǿƭŀǎǘƴƻǎǘƛ ōȅƭȅ ǘŜǎǘƻǾłƴȅ ƧŜŘƴƻƻǎƻǳ ǘŀƘƻǾƻǳ ȊƪƻǳǑƪƻǳ ƴŀ ōƛŀȄƛłƭƴƝƳ ȊŀǘŠȌƻǾłƴƝƳ 
ǎǘǊƻƧƛ ½ǿƛŎƪκwƻŜƭƭ ǳǊőŜƴȇƳ ǇǊƻ ǘŀƘƻǾŞ ȊƪƻǳǑƪȅ ōƛƻƭƻƎƛŎƪȇŎƘ ƳŀǘŜǊƛłƭǻΦ ½ŀǘŠȌƻǾŀŎƝ ǎǘǊƻƧ Ƴł 
őǘȅǌƛ őŜƭƛǎǘƛΣ ƪŀȌŘł Ȋ ƴƛŎƘ Ƴł ǾƭŀǎǘƴƝ ƭƛƴŜłǊƴƝ ǇƻƘƻƴΣ ƪǘŜǊȇ ǳƳƻȌƶǳƧŜ ǇƻƘȅō őŜƭƛǎǘƝ ƴŜȊłǾƛǎƭŜ ƴŀ 
ǎƻōŠΣ ŀ ǎƛƭƻǾȇ ǎŜƴȊƻǊ I.a ¦ф/ ǎ ǊƻȊǎŀƘŜƳ ҕнр b όhōǊłȊŜƪ н).  
bŀƘƻǌŜ ƴŀŘ őŜƭƛǎǘƳƛ ǎǘǊƻƧŜ ǎŜ ƴŀŎƘłȊƝ ǾƛŘŜƻ ŜȄǘŜƴȊƻƳŜǘǊ ŀ ȊŘǊƻƧ ǎǾŠǘƭŀΣ ƪǘŜǊȇ ǎƭƻǳȌƝ ƪ ȊŀƧƛǑǘŠƴƝ 
ŘƻǎǘŀǘŜőƴȇŎƘ ǎǾŠǘŜƭƴȇŎƘ ǇƻŘƳƝƴŜƪΦ ± ǇǊǻōŠƘǳ ǘŀƘƻǾŞ ȊƪƻǳǑƪȅ ƧŜ ȊŀȊƴŀƳŜƴłǾłƳ ǇƻǎǳǾ 
ƳŀǊƪŜǊǻΣ ǇƻǎǳǾ őŜƭƛǎǘƝ ŀ ǾŜƭƛƪƻǎǘ ǇǻǎƻōƝŎƝŎƘ ǎƛƭ ƴŀƳŠǌŜƴȇŎƘ ǎƛƭƻǾȇƳƛ ǘŜƴȊƻǊȅΦ 



   
 

ор 
 

 
 
hōǊłȊŜƪ 4 ¦ǎǇƻǌłŘłƴƝ ŀǇŀǊŀǘǳǊȅ ǇǊƻ ƧŜŘƴƻƻǎƻǳ ǘŀƘƻǾƻǳ 
ȊƪƻǳǑƪǳΣ ! ς .ƛŀȄƛłƭƴƝ ȊƪǳǑŜōƴƝ ǎǘǊƻƧ ½ǿƛŎƪκwƻŜƭƭΣ м ς őŜƭƛǎǘƛ 
ǎǘǊƻƧŜ ƻǎŀȊŜƴŞ ǎƛƭƻǾȇƳƛ ǎŜƴȊƻǊȅΣ н ς ƭƛƴŜłǊƴƝ ǇƻƘƻƴ őŜƭƛǎǘƝΣ 
3 ς video extenzometr, 4 ς ȊŘǊƻƧ ǎǾŠǘƭŀ ǇǊƻ ǾƛŘŜƻ ŜȄǘŜƴȊƻƳŜǘǊ 

 
hōǊłȊŜƪ 5 ¦Ǉƴǳǘȇ ŜȄǇŜǊƛƳŜƴǘłƭƴƝ ǾȊƻǊŜƪ ǎ ǳƳƝǎǘŠƴȇƳƛ 
ȊƴŀőƪŀƳƛ ǇǊƻ ǾƛŘŜƻŜȄǘŜƴȊƻƳŜǘǊ ŀ ǇǊŀǾƝǘƪŜƳΣ 
A ς ǇƻőłǘŜőƴƝ ƪƻƴŦƛƎǳǊŀŎŜΣ . ς ǎǘŀǾ Ǉƻőłǘƪǳ ǇƻǊǳǑƻǾłƴƝ 
vzorku 

±ȊƻǊŜƪ ƧŜ ǳƳƝǎǘŠƴ ƳŜȊƛ ŘǾŠ ǇǊƻǘƛƭŜƘƭŞ ǇƻǎǳǾƴŞ őŜƭƛǎǘƛΦ bŀ ƪŀȌŘȇ ƪƻƴŜŎ ǾȊƻǊƪǳ ōȅƭ ǇǌŜŘ 
ǳƳƝǎǘŠƴƝƳ Řƻ ȊƪǳǑŜōƴƝƘƻ ǎǘǊƻƧŜ ǳǇŜǾƴŠƴ ǇǊǳƘ ǘǾǊŘŞƘƻ ǇŀǇƝǊǳ ǇƻƳƻŎƝ ǾǘŜǌƛƴƻǾŞƘƻ ƭŜǇƛŘƭŀ 
(hōǊłȊŜƪ оύΦ ¨őŜƭŜƳ ǘŠŎƘǘƻ ǇǊǳƘǻ ǇŀǇƝǊǳ ƧŜ ȊǇŜǾƴŠƴƝ ƪƻƴŎǻ ǾȊƻǊƪǳ ŀ ȊŀƳŜȊŜƴƝ ǇƻǊǳǑŜƴƝ 
vzorku v őŜƭƛǎǘŜŎƘ ǎǘǊƻƧŜΦ błǎƭŜŘƴŠ ōȅƭȅ Řƻ ǎǘǌŜŘƴƝ őłǎǘƛ ǾȊƻǊƪǳ ǳƳƝǎǘŠƴȅ ƳŀǊƪŜǊȅ Ǿ ǇƻŘƻōŠ 
ŘǾƻǳ ǘŜƴƪȇŎƘ őŜǊƴȇŎƘ ǇŀǇƝǊƪǻΦ tƻƳƻŎƝ ǾǘŜǌƛƴƻǾŞƘƻ ƭŜǇƛŘƭŀ ōȅƭȅ ǇŜǾƴŠ ǎǇƻƧŜƴȅ ǎ ƳŀǘŜǊƛłƭƻǾȇƳ 
bodem vzorku.  
WŜ ŘǻƭŜȌƛǘŞΣ ŀōȅ ƳŀǊƪŜǊȅ ƳŠƭȅ ƻǇǊƻǘƛ ǾȊƻǊƪǳ ƪƻƴǘǊŀǎǘƴƝ ōŀǊǾǳΣ ŀōȅ ōȅƭƻ ƳƻȌƴŞ ǇƻƳƻŎƝ ǾƛŘŜƻ 
ŜȄǘŜƴȊƻƳŜǘǊǳ ƻŘŜőƝǎǘ ǇƻǎǳǾ ƳŀǊƪŜǊǻ Ǿ ǇǊǻōŠƘǳ ȊŀǘŠȌƻǾłƴƝΦ ½ ǇƻǎǳǾǳ ƳŀǊƪŜǊǻΣ ƪǘŜǊȇ ōȅƭ 
ȊŀȊƴŀƳŜƴłǾłƴ ǾƛŘŜƻŜȄǘŜƴȊƻƳŜǘǊŜƳ ǎŜ ǾȊƻǊƪƻǾŀŎƝ ŦǊŜƪǾŜƴŎƝ нл IȊΣ ǎŜ ŘƻǇƻőƝǘł ŘŜŦƻǊƳace 
ǾȊƻǊƪǻ ōŠƘŜƳ ȊŀǘŠȌƻǾłƴƝ ǇƻŘƭŜ ǾȊǘŀƘǳ όмύΦ tƻǎǳǾ ǾȊƻǊƪǳ ōŠƘŜƳ ȊŀǘŠȌƻǾłƴƝ ƴŜƭȊŜ ƻŘŜőƝǘŀǘ 
z ǇƻǎǳǾǳ őŜƭƛǎǘƝΣ ƧŜƭƛƪƻȌ ǎŜ ƧŜŘƴł ƻ ƧŜŘƴƻƻǎƻǳ ǘŀƘƻǾƻǳ ȊƪƻǳǑƪǳΣ ƪŘŜ ǇǌŜŘǇƻƪƭłŘłƳŜΣ ȌŜ 
ƧŜŘƴƻƻǎŜ ƧŜ ǾȊƻǊŜƪ ŘŜŦƻǊƳƻǾłƴ ǇƻǳȊŜ ǾŜ ǎǘǌŜŘƴƝ őłǎǘƛ ǾȊƻǊƪǳΦ ± ǘŞǘƻ ǎǘǌŜŘƴƝ őłǎǘƛ Ƨǎƻǳ ǘŀƪŞ 
ǳƳƝǎǘŠƴȅ ƳŀǊƪŜǊȅΦ ±ƭƛǾŜƳ ǳǇƴǳǘƝ Ǿ őŜƭƛǎǘŜŎƘ ƴŀǎǘłǾł ƴŀ ƪƻƴŎƝŎƘ ǾȊƻǊƪǳ ǾƝŎŜƻǎł ŘŜŦƻǊƳŀŎŜ 
vzorku. 
½ŀǘŠȌƻǾłƴƝ ǾȊƻǊƪǳ ƧŜ ȊǇǻǎƻōŜƴƻ ƳƻƴƻǘƽƴƴƝƳ ǇƻǎǳǾŜƳ őŜƭƛǎǘƛ ǾƭŜǾƻΣ ǇƻǎǳǾǳ őŜƭƛǎǘƛ őƝǎƭƻ ǾǇǊŀǾƻ 
je zamezeno (hōǊłȊŜƪ оύΦ wȅŎƘƭƻǎǘ ǇƻǎǳǾǳ őŜƭƛǎǘƛ ǾƭŜǾƻ ōȅƭŀ лΣн ƳƳκǎΦ 9ȄǇŜǊƛƳŜƴǘ ȊŀőƝƴł 
v ƳƻƳŜƴǘŠΣ ƪŘȅ ǊƻǎǘŜ ǎƝƭŀ ȊŀǘŠȌǳƧƝŎƝ ǾȊƻǊŜƪ ŀ ȊłǊƻǾŜƶ ǎŜ ȊǾŠǘǑǳƧŜ ǇƻǎǳǾ ƳŀǊƪŜǊǻ όhōǊłȊŜƪ п, 
ōƻŘ ½ύΦ !ƪǘǳłƭƴƝ ȊŀǘŠȌƻǾŀŎƝ ǎƝƭŀ ǇǻǎƻōƝŎƝ ƴŀ ǾȊƻǊŜƪ Ǿ ǇǊǻōŠƘǳ ȊŀǘŠȌƻǾłƴƝ ǎŜ ǾȅǇƻőƝǘł Ƨŀƪƻ 
ǇǊǻƳŠǊ ƴŀƳŠǌŜƴȇŎƘ ǎƛƭ ǎƛƭƻǾȇƳƛ ǎŜƴȊƻǊȅ ƴŀ őŜƭƛǎǘƛ ǾǇǊŀǾƻ ŀ ƴŀ őŜƭƛǎǘƛ ǾƭŜǾƻΦ 
2Ŝƭƛǎǘ ǾǇǊŀǾƻ ǎŜ ƴŜǇƻǎǳƴǳƭŀΣ ƪŘŜȌǘƻ őŜƭƛǎǘ ǾƭŜǾƻ ǎŜ Ǉƻǎǳƴǳƭŀ όhōǊłȊŜƪ о.ύΦ 5łƭŜ ƧŜ ƳƻȌƴŞ 
ǇƻȊƻǊƻǾŀǘ ǇƻǎǳǾ ƳŀǊƪŜǊǻΦ tƻǊǳǑŜƴƝ ǾȊƻǊƪǳ ƴŀǎǘŀƭƻ Ǿ ƻōƭŀǎǘƛ ƳŜȊƛ ƳŀǊƪŜǊȅΦ ¢ŀƘƻǾł ȊƪƻǳǑƪŀ 
ōȅƭŀ ǳƪƻƴőŜƴŀ ƴŀ Ǉƻőłǘƪǳ ǇƻǊǳǑƻǾłƴƝ ǾȊƻǊƪǳ όhōǊłȊŜƪ п, bod P). 
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hōǊłȊŜƪ 8 DǊŀŦ ǇǊǻōŠƘǳ ǾȇǎƭŜŘƴŞ ǎƝƭȅ C ǇǻǎƻōƝŎƝ ƴŀ ǾȊƻǊŜƪ 
v ǇǊǻōŠƘǳ ȊŀǘŠȌƻǾłƴƝΣ ½ ς ȊŀőłǘŜƪ ȊŀǘŠȌƻǾłƴƝΣ t ς ǇƻőłǘŜƪ 
ǇƻǊǳǑƻǾłƴƝ 

 
hōǊłȊŜƪ 9 {ŎƘŞƳŀ ŎƘŀǊŀƪǘŜǊƛǎǘƛƪȅ ǘŀƘƻǾŞƘƻ ŘƛŀƎǊŀƳǳ 
s ƴŀȊƴŀőŜƴȇƳ ŘŜŦƻǊƳŀőƴƝƳ ǎǘŀǾŜƳ xʁ a modulem 
ǇǊǳȌƴƻǎǘƛ ExΣ ƪǘŜǊȇ Ƴł ǎƳȅǎƭ ǎƳŠǊƴƛŎŜ ǘŜőƴȅ ƪŜ ƪǌƛǾŎŜ ƎǊŀŦǳ 
ǘŀƘƻǾŞƘƻ ŘƛŀƎǊŀƳǳ Ǿ ōƻŘŠ ·Φ 

Z ƴŀƳŠǌŜƴȇŎƘ ƘƻŘƴƻǘ όǇƻǎǳǾ ƳŀǊƪŜǊǻΣ ǎƝƭȅ ǇǻǎƻōƝŎƝ ƴŀ ƪŀȌŘŞƳ ƪƻƴŎƛ ǾȊƻǊƪǳύ ōȅƭŀ ǾȅǇƻőƝǘłƴŀ 
deformace vzorku podle vztahu (1) ŀ ǎƳƭǳǾƴƝ ƴŀǇŠǘƝ „ podle vztahu (2), kde Ὂ ƧŜ ŀƪǘǳłƭƴƝ ǎƝƭŀ 
ȊŀǘŠȌǳƧƝŎƝ ǾȊƻǊŜƪ ŀ ὃ ƧŜ ǇƻőłǘŜőƴƝ ǇǊǻǌŜȊ ǾȊƻǊƪǳΦ tƻőłǘŜőƴƝ ǇǊǻǌŜȊ ǾȊƻǊƪǳ ǎŜ ǾȅǇƻőƝǘł Ƨŀƪƻ 
ǎƻǳőƛƴ ǘƭƻǳǑǙƪȅ ǾȊƻǊƪǳ Ὄ ŀ ǑƝǌƪȅ ǾȊƻǊƪǳ ὄ. 

 „
Ὂ

ὃ
 (2) 

½łǾƛǎƭƻǎǘ ƳŜȊƛ ŘŜŦƻǊƳŀŎƝ ǾȊƻǊƪǳ ʶ ŀ ǎƳƭǳǾƴƝƳ ƴŀǇŠǘƝƳ „ ƧŜ ȊƴłȊƻǊƴŠƴŀ Ǿ ǘŀƘƻǾŞƳ ŘƛŀƎǊŀƳǳ 
(hōǊłȊŜƪ р). Z ǘŠŎƘǘƻ ŎƘŀǊŀƪǘŜǊƛǎǘƛƪ ȊƴłȊƻǊƶǳƧƝŎƝŎƘ ƳŜŎƘŀƴƛŎƪƻǳ ƻŘŜȊǾǳ ǾȊƻǊƪǳΣ ƭȊŜ ŘƭŜ ǾȊǘŀƘǳ 
(3) ǾȅǇƻőƝǘŀǘ ƘƻŘƴƻǘǳ ƳƻŘǳƭǳ ǇǊǳȌƴƻǎǘƛ Ǿ tahu Ὁ ǇǊƻ Řŀƴȇ ŘŜŦƻǊƳŀőƴƝ ǎǘŀǾ ‐. Vzhledem 
k ǘƻƳǳΣ ȌŜ IƻƻƪǻǾ Ȋłƪƻƴ Ƴł ƻƳŜȊŜƴƝΣ ƪǘŜǊł ōȅƭŀ ǳǾŜŘŜƴŀ ǾȇǑŜΣ ƧŜ ǇǊƻ ƴŜƭƛƴŜłǊƴƝ ƳŜŎƘŀƴƛŎƪƻǳ 
odezvu hodnota Ὁ Ǉƭŀǘƴł ǇƻǳȊŜ Ǿ ŘŀƴŞƳ ŘŜŦƻǊƳŀőƴƝƳ ǎǘŀǾǳ ŀ ƧŜƘƻ ǾŜƭƳƛ ōƭƝȊƪŞƳ ƻƪƻƭƝΦ 
aƻŘǳƭ ǇǊǳȌƴƻǎǘƛ Ƴł ŎƘŀǊŀƪǘŜǊ ǎƳŠǊƴƛŎŜ ǘŜőƴȅ Ǿ ōƻŘŠ ŎƘŀǊŀƪǘŜǊƛǎǘƛƪȅ ǇǊłǾŠ ǇǊƻ ȊǾƻƭŜƴȇ 
ŘŜŦƻǊƳŀőƴƝ ǎǘŀǾΣ ǾƛȊ ǎŎƘŞƳŀ όhōǊłȊŜƪ р). 

 Ὁ
„

‐
 (3) 

aŜŎƘŀƴƛŎƪŞ Ǿƭŀǎǘƴƻǎǘƛ ƪƻƭŀƎŜƴƴƝŎƘ ƎŜƭǻ ƭȊŜ ǇƻǊƻǾƴłǾŀǘ ǇƻƳƻŎƝ ǇǊǻōŠƘǻ ȊƝǎƪŀƴȇŎƘ 
ŎƘŀǊŀƪǘŜǊƛǎǘƛƪ ƴŀǇŠǘƝςŘŜŦƻǊƳŀŎŜΣ ƴŜōƻ ǇƻƳƻŎƝ ƘƻŘƴƻǘ ƳƻŘǳƭǻ ǇǊǳȌƴƻǎǘƛ Ǿ ǘŀƘǳ 9Σ ȊƝǎƪŀƴȇŎƘ 
Ǉǌƛ ǎǘŜƧƴȇŎƘ ŘŜŦƻǊƳŀőƴƝŎƘ ǎǘŀǾŜŎƘ όƘƻŘƴƻǘłŎƘ ŘŜŦƻǊƳŀŎŜύΦ 

5.  5ŜƎǊŀŘŀőƴƝ ȊƪƻǳǑƪŀ 
±ƭƛǾ ǊŀŘƛŀŎŜ ƴŀ Ǿƭŀǎǘƴƻǎǘƛ ƪƻƭŀƎŜƴƴƝŎƘ ƎŜƭǻ ƭȊŜ ǇƻȊƻǊƻǾŀǘ ǇƻƳƻŎƝ ŘŜƎǊŀŘŀőƴƝ ȊƪƻǳǑƪȅΣ ƪǘŜǊł 
ȊƪƻǳƳł ǎǘǳǇŜƶ ƻŘƻƭƴƻǎǘƛ ƪƻƭŀƎŜƴǳ ǇǊƻǘƛ ŘŜƎǊŀŘŀŎƛΦ .ȅƭŀ ȊǾƻƭŜƴŀ ŜƴȊȅƳŀǘƛŎƪł ŘŜƎǊŀŘŀőƴƝ 
ȊƪƻǳǑƪŀ Ȋŀ ǇǻǎƻōŜƴƝ ƪƻƭŀƎŜƴłȊȅΦ 
YƻƭŀƎŜƴƴƝ ƎŜƭȅ ōȅƭȅ ƴŜƧǇǊǾŜ ȊŀƳǊŀȌŜƴȅ ƴŀ -нр ϲ/Σ ǾȅǎǳǑŜƴȅ ƭȅƻŦƛƭƛȊŀŎƝ ŀ ƴŀƪǊłƧŜƴȅ ƴŀ ǾȊƻǊƪȅ 
o ƘƳƻǘƴƻǎǘƛ ǇǌƛōƭƛȌƴŠ смΣсл ҕ оΣмф ƳƎΦ ±ȊƻǊƪȅ ōȅƭȅ ǳƳƝǎǘŠƴȅ Řƻ ƳƛǎǘƛőŜƪ ŀ ōȅƭ ƪ ƴƛƳ ǇǌƛŘłƴ 
ǊƻȊǘƻƪ ƪƻƭŀƎŜƴłȊȅΦ ±ȇǎƭŜŘƴł ƪƻƴŎŜƴǘǊŀŎŜ ŀƪǘƛǾƴƝŎƘ ƧŜŘƴƻǘŜƪ ƪƻƭŀƎŜƴłȊȅ ōȅƭŀ ǇǌƛōƭƛȌƴŠ 
нл¦κƳƎ ƘƳƻǘƴƻǎǘƛ ƭȅƻŦƛƭƛȊƻǾŀƴŞƘƻ ƪƻƭŀƎŜƴǳΦ błǎƭŜŘƴŠ ōȅƭȅ ǾȊƻǊƪȅ ǳƳƝǎǘŠƴȅ Řƻ ƛƴƪǳōłtoru, 
ƪŘŜ ōȅƭŀ ǳŘǊȌƻǾłƴŀ ǘŜǇƭƻǘŀ от ϲ/Σ ŎƻȌ Ƴł ǎƛƳǳƭƻǾŀǘ ǇƻŘƳƝƴƪȅ Ǿ ƭƛŘǎƪŞƳ ǘŠƭŜΦ ±ȊƻǊƪȅ ōȅƭȅ 
ǳƳƝǎǘŠƴȅ Ǿ ƛƴƪǳōłǘƻǊǳ Ǉƻ Řƻōǳ мΣ нΣ пΣ сΣ у ŀ нп ƘƻŘƛƴΦ tƻ ǳǇƭȅƴǳǘƝ ǘŞǘƻ Řƻōȅ ōȅƭȅ ǾȊƻǊƪȅ 
vyjmuty z ƛƴƪǳōłǘƻǊǳΣ ǊƻȊǘƻƪ ƪƻƭŀƎŜƴłȊȅ ƻŘǎłƴ ǇƛǇŜǘƻǳ ŀ ƴŀƘǊŀȊŜƴ ŘŜǎǘƛƭƻǾŀƴƻǳ ǾƻŘƻǳΦ tƻ 
ŘŜǎŜǘƛ ƳƛƴǳǘłŎƘ ōȅƭŀ ŘŜǎǘƛƭƻǾŀƴł ǾƻŘŀ ƴŀƘǊŀȊŜƴŀ ƴƻǾƻǳΦ tǊƻŎŜǎ ǇǊƻǇƭŀŎƘƻǾłƴƝ ŘŜǎǘƛƭƻǾŀƴƻǳ 
ǾƻŘƻǳ ōȅƭ ǇǊƻǾŜŘŜƴ ǘǌƛƪǊłǘ ŀ ƴłǎƭŜŘƴŠ Ǿȅƭȅ ǾȊƻǊƪȅ ȊƳǊŀȌŜƴȅΣ ƭȅƻŦƛƭƛȊƻǾłƴȅ ŀ ȊǾłȌŜƴȅΦ 
IƳƻǘƴƻǎǘƴƝ ǵōȅǘŜƪ ῳά ōȅƭ ǾȅǇƻőƝǘłƴ ǇƻŘƭŜ ǾȊǘŀƘǳ (4), kde ά  ƧŜ ǇƻőłǘŜőƴƝ ƘƳƻǘƴƻǎǘ ǾȊƻǊƪǳ 
a ά je hmotnost vzorku po degradaci. 
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6. {ƪŜƴƻǾŀŎƝ ŜƭŜƪǘǊƻƴƻǾł ƳƛƪǊƻǎƪƻǇƛŜ 
½ŀ ǵőŜƭŜƳ ǇƻǊƻǾƴłƴƝ ȊƳŠƴ ǘŜǊŎƛłƭƴƝ ǎǘǊǳƪǘǳǊȅ ǊǻȊƴŠ ƪƻƴŎŜƴǘǊƻǾŀƴȇŎƘ ƪƻƭŀƎŜƴƴƝŎƘ ƎŜƭǻ ōȅƭŀ 
ǇǊƻǾŜŘŜƴŀ ŀƴŀƭȇȊŀ ǎǘǊǳƪǘǳǊȅ ǇƻƳƻŎƝ ǎƪŜƴƻǾŀŎƝ ŜƭŜƪǘǊƻƴƻǾŞ ƳƛƪǊƻǎƪƻǇƛŜ ό{9aύΦ .ȅƭ ǇƻǳȌƛǘ 
mikroskop STEM Apreo S2 s ƳŠǌƝŎƝƳ ŘŜǘŜƪǘƻǊŜƳ 9ǾŜǊƘŀǊǘ¢ƘǊƻƴƭŜȅ Ǿ ǊŜƳƛȌǳ ǎŜƪǳƴŘłǊƴƝŎƘ 
ŜƭŜƪǘǊƻƴǻΦ  

±ȇǎƭŜŘƪȅ 
1. ¢ŀƘƻǾł ȊƪƻǳǑƪŀ 
±ȇǎƭŜŘƪȅ ǘŀƘƻǾȇŎƘ ȊƪƻǳǑŜƪ ōȅƭȅ ǾȅƴŜǎŜƴȅ Řƻ ǘŀƘƻǾȇŎƘ ŘƛŀƎǊŀƳǻ όhōǊłȊŜƪ у, hōǊłȊŜƪ фύΣ ƪǘŜǊŞ 
ȊƴłȊƻǊƶǳƧƝ ȊłǾƛǎƭƻǎǘ ƳŜȊƛ ǎƳƭǳǾƴƝƳ ƴŀǇŠǘƝƳ „ όŘłƭŜ ƧŜƴ ƴŀǇŠǘƝύ ŀ ŘŜŦƻǊƳŀŎƝ ǾȊƻǊƪǻ ‐. 
±ƭƛǾ ǊŀŘƛŀŎŜ ƴŀ ƳŜŎƘŀƴƛŎƪŞ Ǿƭŀǎǘƴƻǎǘƛ ƪƻƭŀƎŜƴƴƝŎƘ ƎŜƭǻ ōȅƭ ǳǊőŜƴ ǇƻǊƻǾƴłƴƝƳ ǎǘŜƧƴŠ 
ƪƻƴŎŜƴǘǊƻǾŀƴȇŎƘ ƎŜƭǻ ƻ ǊǻȊƴŞ ŘłǾŎŜ ǊŀŘƛŀŎŜ όhōǊłȊŜƪ уύΦ ±ƭƛǾ ƪƻƴŎŜƴǘǊŀŎŜ ƴŀ ƳŜŎƘŀƴƛŎƪŞ 
Ǿƭŀǎǘƴƻǎǘƛ ƪƻƭŀƎŜƴƴƝŎƘ ƎŜƭǻ ōȅƭ ǳǊőŜƴ ǇƻǊƻǾƴłƴƝƳ ƪƻƭŀƎŜƴƴƝŎƘ ƎŜƭǻ ƻ ǊǻȊƴŞ ƪƻƴŎŜƴǘǊŀŎƛ 
ƻȊłǌŜƴȇŎƘ ǎǘŜƧƴƻǳ ŘłǾƪƻǳ ǊŀŘƛŀŎŜ όhōǊłȊŜƪ ф). 

 
hōǊłȊŜƪ 8 tǊǻōŠƘȅ ǘŀƘƻǾȇŎƘ ȊƪƻǳǑŜƪ ƧŜŘƴƻǘƭƛǾȇŎƘ ǾȊƻǊƪǻ 
ǊǻȊƴŠ ƪƻƴŎŜƴǘǊƻǾŀƴȇŎƘ ƪƻƭŀƎŜƴƴƝŎƘ ƎŜƭǻ Ǿ ȊłǾƛǎƭƻǎǘƛ ƴŀ 
ŘłǾŎŜ ǊŀŘƛŀŎŜΣ ! ς 3%, B ς 6%, C ς 8% 

 
hōǊłȊŜƪ 9 tǊǻōŠƘȅ ǘŀƘƻǾȇŎƘ ȊƪƻǳǑŜƪ ǊǻȊƴŠ 
ƪƻƴŎŜƴǘǊƻǾŀƴȇŎƘ ƪƻƭŀƎŜƴƴƝŎƘ ƎŜƭǻ Ǿ ȊłǾƛǎƭƻǎǘƛ ƴŀ ŘłǾŎŜ 
radiace, A ς 0 kGy, B ς 2 kGy, C ς 100 kGy 

 
bŜƧǾȅǑǑƝ ǎǇƻƭŜőƴł ŘŜŦƻǊƳŀŎŜΣ ƪǘŜǊƻǳ ŘƻǎłƘƭȅ ǾǑŜŎƘƴȅ ȊƪƻǳǑŜƴŞ ǾȊƻǊƪȅ ƪƻƭŀƎŜƴƴƝŎƘ ƎŜƭǻΣ ōȅƭŀ 
‐ πȟωφȢ 5ƭŜ ǇƻǎǘǳǇǳ ǳǾŜŘŜƴŞƘƻ ǾȇǑŜ ŀ ȊƴłȊƻǊƴŠƴŞƘƻ ƴŀ ǎŎƘŞƳŀǘǳ όhōǊłȊŜƪ ф) byly 
ǾȅǇƻőǘŜƴȅ ƳƻŘǳƭȅ ǇǊǳȌƴƻǎǘƛ Ǿ tahu Ὁ ǇǊƻ ŘŜŦƻǊƳŀőƴƝ ǎǘŀǾȅ ‐ π, ‐ πȟπσ , ‐ πȟπφ a pro 
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‐ πȟπωΦ tǊƻ ǾǑŜŎƘƴȅ ȊƪƻǳƳŀƴŞ ŜȄǇŜǊƛƳŜƴǘłƭƴƝ ǾȊƻǊƪȅ ōȅƭȅ ǳǊőŜƴȅ ƳƻŘǳƭȅ ǇǊǳȌƴƻǎǘƛ Ὁ 
v Ǉƻőłǘƪǳ Ὁ ŀ ǾŜ ǘǌŜŎƘ ŘŀƭǑƝŎƘ ǾȅōǊŀƴȇŎƘ ŘŜŦƻǊƳŀőƴƝŎƘ ǎǘŀǾŜŎƘ Ὁȟ , Ὁȟ  a Ὁȟ . Pro 

ƧŜŘƴƻǘƭƛǾŞ ǎƪǳǇƛƴȅ ōȅƭȅ ǾȅǇƻőǘŜƴȅ ŀǊƛǘƳŜǘƛŎƪŞ ǇǊǻƳŠǊȅ ŀ ǎƳŠǊƻŘŀǘƴŞ ƻŘŎƘȅƭƪȅ ǘŠŎƘǘƻ ƳƻŘǳƭǻ 
(Tabulka 1). 
 

Tabulka 1 aƻŘǳƭȅ ǇǊǳȌƴƻǎǘƛ Ǿ ǘŀƘǳ 9 ǇǊƻ ŘŜŦƻǊƳŀőƴƝ ǎǘŀǾȅ όŀǊƛǘƳŜǘƛŎƪȇ ǇǊǻƳŠǊ ŀ ǾȇōŠǊƻǾł ǎƳŠǊƻŘŀǘƴł ƻŘŎƘȅƭƪŀύ 

ÉťƨƓŔŰċ Ὁ Ὧὖὥ Ὁȟ Ὧὖὥ Ὁȟ  Ὧὖὥ Ὁȟ Ὧὖὥ 

9ΟхΞΠ~хΜ ρȟσψ  πȟυς ρȟπς  πȟτς πȟψσ  πȟςφ πȟωφ  πȟςψ 

9ΣхΞΠ~хΜ ρτȟψτ  χȟχ ωȟτφ  ςȟωφ χȟρψ  ρȟφρ φȟυσ  ρȟςψ 

9ΥхΞΠ~хΜ τσȟτχ  ςχȟωσ ςσȟσψ  ψȟτυ ςρȟπς  ψȟχφ ςρȟτ  ψȟτφ 

9ΟхΞΠ~хΞ ρσȟωτ  χȟψ ρπȟρσ  ςȟπχ ρπȟπυ  ςȟφυ ρςȟσφ  σȟςς 

9ΣхΞΠ~хΞ ςφȟωυ  υȟυυ ςτȟωψ  υȟρφ ςφȟυσ  φȟυτ σπȟτχ  χȟυυ 

9ΥхΞΠ~хΞ ςχȟτρ  ρπȟυς ςρȟπτ  φȟχρ ρωȟφτ  φȟτυ ρψȟωψ  χȟωφ 

9ΟхΞΠ~хΝΜΜ υχȟφφ  ρσȟπψ υψȟσχ  ρςȟς χσȟυς  ςχȟωω χφȟσ  ςςȟττ 

9ΣхΞΠ~хΝΜΜ ςπςȟς  σω ρωτȟφ  τυȟυ ςςσȟρ  τφȟψ ςυτȟς  φωȟρ 

9ΥхΞΠ~хΝΜΜ σφφȟς  χχȟφ σψτȟτ  ωυȟρ υπςȟω  ρφτȟς φυσȟπ  σπφȟς 
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hōǊłȊŜƪ 10 aƻŘǳƭȅ ǇǊǳȌƴƻǎǘƛ E ǊǻȊƴŠ ƪƻƴŎŜƴǘǊƻǾŀƴȇŎƘ ƪƻƭŀƎŜƴƴƝŎƘ ƎŜƭǻ Ǿ ȊłǾƛǎƭƻǎǘƛ ƴŀ ŘłǾŎŜ ǊŀŘƛŀŎŜΣ ! ς 3%, B ς 6%, 

C ς 8%, D ς 0 kGy, E ς 2 kGy, F ς 100 kGy 

 

2. 5ŜƎǊŀŘŀőƴƝ ȊƪƻǳǑƪŀ 
IƳƻǘƴƻǎǘƴƝ ǵōȅǘƪȅ ǊǻȊƴŠ ƪƻƴŎŜƴǘǊƻǾŀƴȇŎƘ ƪƻƭŀƎŜƴƴƝŎƘ ƎŜƭǻ Ǿ ȊłǾƛǎƭƻǎǘƛ ƴŀ ŘƻōŠ ǇǻǎƻōŜƴƝ 
ƪƻƭŀƎŜƴłȊȅΣ Ƨǎƻǳ ȊƻōǊŀȊŜƴȅ Ǿ grafech (hōǊłȊŜƪ ммΣ hōǊłȊŜƪ мн). 
2ƝƳ ǾȅǑǑƝ ƧŜ ƪƻƴŎŜƴǘǊŀŎŜ ƪƻƭŀƎŜƴƴƝƘƻ ƎŜƭǳΣ ǘƝƳ ƳŜƴǑƝ ƧŜ ƘƳƻǘƴƻǎǘƴƝ ǵōȅǘŜƪ ȊǇǻǎƻōŜƴȇ 
ŘŜƎǊŀŘŀŎƝ ƪƻƭŀƎŜƴƴƝƘƻ ƎŜƭǳ ǾƭƛǾŜƳ ƪƻƭŀƎŜƴłȊȅΦ ½łǊƻǾŜƶ ǎ ǊƻǎǘƻǳŎƝ ƪƻƴŎŜƴǘǊŀŎƝ ƪƻƭŀƎŜƴƴƝƘƻ 
ƎŜƭǳ ƪƭŜǎł ǾƭƛǾ ŘłǾƪȅ ǊŀŘƛŀŎŜ ƴŀ ǊƻȊǎŀƘ ŘŜƎǊŀŘŀŎŜ ƪƻƭŀƎŜƴƴƝƘƻ ƎŜƭǳΦ tƻŘƻōƴȇŎƘ ǾȇǎƭŜŘƪǻ 
ŘƻǎǇŠƭƛ ƛ ~ǳǇƻǾł ŀ ƪƻƭΦ[2] nebo Chen a kol [3]. 
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hōǊłȊŜƪ 11 ±ƭƛǾ ƻȊŀǌƻǾłƴƝ ƴŀ ŘŜƎǊŀŘŀŎƛ ƪƻƭŀƎŜƴƴƝŎƘ ƎŜƭǻ ƻ 
ǊǻȊƴŞ ƪƻƴŎŜƴǘǊŀŎƛΣ ! ς 3%, B ς 6%, C ς 8% gel 

 
hōǊłȊŜƪ 12 ±ƭƛǾ ƪƻƴŎŜƴǘǊŀŎŜ ƪƻƭŀƎŜƴƴƝŎƘ ƎŜƭǻ ƴŀ ŘŜƎǊŀŘŀŎƛ 
ƪƻƭŀƎŜƴƴƝŎƘ ƎŜƭǻ ƻȊłǌŜƴȇŎƘ ǇǊƻǳŘŜƳ ŜƭŜƪǘǊƻƴǻ ŘłǾƪƻǳΤ 
A ς 0 kGy, B ς 2 kGy, C ς 100 kGy 

 
bŀ ǎƴƝƳŎƝŎƘ ǇƻǌƝȊŜƴȇŎƘ ǎƪŜƴƻǾŀŎƝƳ ŜƭŜƪǘǊƻƴƻǾȇƳ ƳƛƪǊƻǎƪƻǇŜƳ ƭȊŜ ǇƻȊƻǊƻǾŀǘ ǎǘǊǳƪǘǳǊǳ 
ƪƻƭŀƎŜƴƴƝŎƘ ƎŜƭǻ όhōǊłȊŜƪ мнύΦ bŀ ǎƴƝƳŎƝŎƘ ƴŜƧǎƻǳ ǇƻȊƻǊƻǾŀǘŜƭƴŞ ȌłŘƴŞ ǾȇǊŀȊƴŞ ǊƻȊŘƝƭȅ ǾŜ 
ǎǘǊǳƪǘǳǌŜ ƴŜƻȊłǌŜƴȇŎƘ ŀ ƻȊłǌŜƴȇŎƘ ƪƻƭŀƎŜƴƴƝŎƘ ƎŜƭǻΣ ŀƴƛ ǊƻȊŘƝƭȅ ƳŜȊƛ ǊǻȊƴŠ ƪƻƴŎŜƴǘǊƻǾŀƴȇƳƛ 
ƪƻƭŀƎŜƴƴƝƳƛ ƎŜƭȅΦ  
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hōǊłȊŜƪ 10 CƻǘƻƎǊŀŦƛŜ ǾƴƛǘǌƴƝ ǎǘǊǳƪǘǳǊȅ ƪƻƭŀƎŜƴƴƝŎƘ ƎŜƭǻ ǇƻǌƝȊŜƴŞ ŜƭŜƪǘǊƻƴƻǾȇƳ ƳƛƪǊƻǎƪƻǇŜƳ ό{9aύΣ 

ȊǾŠǘǑŜƴƝΥ  A ς 10 000Ҏ, B ς 20 000Ҏ 
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½łǾŠǊ 
¢ŀǘƻ ǇǊłŎŜ ǎŜ ȊŀōȇǾŀƭŀ ǾƭƛǾŜƳ ōŜǘŀ ǊŀŘƛŀŎŜ ƴŀ ƳŜŎƘŀƴƛŎƪŞ Ǿƭŀǎǘƴƻǎǘƛ ŘƭƻǳƘƻŘƻōŠ 
ǎƪƭŀŘƻǾŀƴȇŎƘ ƪƻƭŀƎŜƴƴƝŎƘ ƎŜƭǻΦ .ȅƭ ȊƪƻǳƳłƴ ǾƭƛǾ ƪƻƴŎŜƴǘǊŀŎŜ ƪƻƭŀƎŜƴƴƝƘƻ ƎŜƭǳΣ ŘłǾƪȅ ǊŀŘƛŀŎŜ 
ŀ ǎƪƭŀŘƻǾłƴƝ ƴŀ ƳŜŎƘŀƴƛŎƪŞ Ǿƭŀǎǘƴƻǎǘƛ ŀ ǎǘǊǳƪǘǳǊƴƝ ȊƳŠƴȅ ƪƻƭŀƎŜƴƴƝŎƘ ƎŜƭǻΦ  
YƻƭŀƎŜƴ ŜȄǘǊŀƘƻǾŀƴȇ Ȋ ƘƻǾŠȊƝ ƪǻȌŜ ōȅƭ ǇǌƛǇǊŀǾŜƴ Řƻ ŦƻǊƳȅ ƪƻƭŀƎŜƴƴƝŎƘ ƎŜƭǻ ƻ ƪƻƴŎŜƴǘǊŀŎƝŎƘ 
оΣ с ŀ у ҈Φ błǎƭŜŘƴŠ ōȅƭȅ ǘȅǘƻ ƎŜƭȅ ƻȊłǌŜƴȅ ŘłǾƪŀƳƛ н ŀ млл ƪDȅΦ YƻƴŎŜƴǘǊŀŎŜ ƪƻƭŀƎŜƴƴƝŎƘ ƎŜƭǻ 
ƛ ŘłǾƪȅ ǊŀŘƛŀŎŜ ōȅƭȅ ȊǾƻƭŜƴȅ ǎƘƻŘƴŠ ǎ ǇǌŜŘŎƘƻȊƝ ǎǘǳŘƛƝΣ ƪǘŜǊł ǘŜǎǘƻǾŀƭŀ ƳŜŎƘŀƴƛŎƪŞ Ǿƭŀǎǘƴƻǎǘƛ 
ƴŀǘƛǾƴƝŎƘ ƪƻƭŀƎŜƴƴƝŎƘ ƎŜƭǻ [1]Φ ±ȇǎƭŜŘƪȅ ǘŜǎǘǻ ōȅƭȅ ǇƻǊƻǾƴłƴȅ ǎ ǘƻǳǘƻ ǎǘǳŘƛƝΦ  
aŜŎƘŀƴƛŎƪŞ Ǿƭŀǎǘƴƻǎǘƛ ƪƻƭŀƎŜƴƴƝŎƘ ƎŜƭǻ ōȅƭȅ ǘŜǎǘƻǾłƴȅ ƧŜŘƴƻƻǎƻǳ ǘŀƘƻǾƻǳ ȊƪƻǳǑƪǳ ǌƝȊŜƴƻǳ 
ǇƻǎǳǾŜƳΦ ½ƳŠƴȅ ǾƴƛǘǌƴƝ ǎǘǊǳƪǘǳǊȅ ōȅƭȅ ǇƻȊƻǊƻǾłƴȅ ƴŀ ǎƴƝƳŎƝŎƘ Ȋ ŜƭŜƪǘǊƻƴƻǾŞƘƻ ƳƛƪǊƻǎƪƻǇǳ 
ό{9aύΦ aƝǊŀ ƻŘƻƭƴƻǎǘƛ ƪƻƭŀƎŜƴƴƝŎƘ ƎŜƭǻ Ǿǻőƛ ŘŜƎǊŀŘŀŎƛ ȊǇǻǎƻōŜƴƻǳ ƪƻƭŀƎŜƴłȊƻǳΣ ōȅla 
ǘŜǎǘƻǾłƴŀ ŘŜƎǊŀŘŀőƴƝ ȊƪƻǳǑƪƻǳΦ 
tǊǻōŠƘȅ ǘŀƘƻǾȇŎƘ ȊƪƻǳǑŜƪ ƪƻƭŀƎŜƴƴƝŎƘ ƎŜƭǻ ōȅƭȅ ǾȅƴŜǎŜƴȅ Řƻ ƎǊŀŦǻ ȊƴłȊƻǊƶǳƧƝŎƝ ȊłǾƛǎƭƻǎǘ 
ǎƳƭǳǾƴƝƘƻ ƴŀǇŠǘƝ „ na deformaci ‐ ǾȊǊƻƪǳΦ .ȅƭȅ ǳǊőŜƴȅ ƘƻŘƴƻǘȅ ŘŜŦƻǊƳŀŎŜ ‐ ŀ ƴŀǇŠǘƝ „ na 
Ȋŀőłǘƪǳ ǇƻǊǳǑƻǾłƴƝΣ ƳƻŘǳƭȅ ǇǊǳȌƴƻǎǘƛ Ὁ ǇǊƻ ǾȅōǊŀƴŞ ŘŜŦƻǊƳŀőƴƝ ǎǘŀǾȅ ό‐ π, ‐ πȟπσ, ‐
πȟπφ a ‐ πȟπωύ ŀ ǊŜƭŀǘƛǾƴƝ ƴłǊǻǎǘȅ ƳƻŘǳƭǳ ǇǊǳȌƴƻǎǘƛ Ǿ ǘŀƘǳ ƻȊłǌŜƴȇŎƘ ǾȊƻǊƪǻ Ǿǻőƛ 
ƴŜƻȊłǌŜƴȇƳ ǾȊƻǊƪǻƳ ƪƻƭŀƎŜƴƴƝŎƘ ƎŜƭǻΦ ½ ŘŜƎǊŀŘŀőƴƝ ȊƪƻǳǑƪȅ ōȅƭȅ ȊƝǎƪłƴȅ ƘƻŘƴƻǘȅ 
ƘƳƻǘƴƻǎǘƴƝŎƘ ǵōȅǘƪǻΦ bŀƪƻƴŜŎ ōȅƭŀ ǇǊƻǾŜŘŜƴŀ ǎǘŀǘƛǎǘƛŎƪł ŀƴŀƭȇȊŀ ŘŀǘΦ 
.ȅƭƻ ȊƧƛǑǘŠƴƻΣ ȌŜ ƻȊłǌŜƴŞ ǾȊƻǊƪȅ ƻǇǊƻǘƛ ƴŜƻȊłǌŜƴȇƳ ǾȊƻǊƪǻƳ ƪƭŀŘƻǳ ǾŠǘǑƝ ƻŘǇƻǊ Ǿǻőƛ 
ŘŜŦƻǊƳŀŎƛΣ ŘƻǎŀƘǳƧƝ ƳŜƴǑƝ ŘŜŦƻǊƳŀŎŜΦ 2ƝƳ ǾŠǘǑƝ ƧŜ ŘłǾƪŀ ƻȊłǌŜƴƝΣ ǘƝƳ ǘǳȌǑƝ Ƨǎƻǳ ǾȊƻǊƪȅ ŀ ǘƝƳ 
ǾŠǘǑƝ ƪƭŀŘƻǳ ƻŘǇƻǊ Ǿǻőƛ ŘŜŦƻǊƳŀŎƛΣ ŘƻǎŀƘǳƧƝ ƳŀƭȇŎƘ ŘŜŦƻǊƳŀŎƝΦ wŀŘƛŀŎŜ Ƴł ǾƭƛǾ ƴŀ ƳŜŎƘŀƴƛŎƪŞ 
Ǿƭŀǎǘƴƻǎǘƛ ƪƻƭŀƎŜƴƴƝŎƘ ƎŜƭǻΦ ±ƭƛǾ ǊŀŘƛŀŎŜ ƴŀ ƳŜŎƘŀƴƛŎƪŞ Ǿƭŀǎǘƴƻǎǘƛ ƪƻƭŀƎŜƴƴƝŎƘ ƎŜƭǻ ōȅƭ 
potvrzen i v ƻŘōƻǊƴŞ ƭƛǘŜǊŀǘǳǌŜΦ  
YƻƴŎŜƴǘǊŀŎŜ ƪƻƭŀƎŜƴƴƝƘƻ ƎŜƭǳ Ƴł ǾƭƛǾ ƴŀ ƧŜƘƻ ƳŜŎƘŀƴƛŎƪŞ ǾƭŀǎǘƴƻǎǘƛΦ { ǊƻǎǘƻǳŎƝ ƪƻƴŎŜƴǘǊŀŎƝ 
ƪƻƭŀƎŜƴƴƝƘƻ ƎŜƭǳΣ ǊƻǎǘŜ ƳƻŘǳƭ ǇǊǳȌƴƻǎǘƛ ὉΣ ƪƻƭŀƎŜƴƴƝ ƎŜƭ ǘǳƘƴŜΦ { ǊƻǎǘƻǳŎƝ ƪƻƴŎŜƴǘǊŀŎƝ ǊƻǎǘŜ 
ƻŘƻƭƴƻǎǘ ƪƻƭŀƎŜƴƴƝƘƻ ƎŜƭǳ Ǿǻőƛ ŘŜƎǊŀŘŀŎƛ ȊǇǻǎƻōŜƴŞ ƪƻƭŀƎŜƴłȊƻǳΦ  
{ƪƭŀŘƻǾłƴƝ Ǉƻ Řƻōǳ нп ƳŠǎƝŎǻ Ƴł ǾƭƛǾ ƴŀ ƳŜŎƘŀƴƛŎƪŞ Ǿƭŀǎǘƴƻǎǘƛ ƴŜƻȊłǌŜƴȇŎƘ ƪƻƭŀƎŜƴƴƝŎƘ 
ƎŜƭǻΦ bŀƻǇŀƪ ŘƭƻǳƘƻŘƻōŠ ǎƪƭŀŘƻǾŀƴŞ ƪƻƭŀƎŜƴƴƝ ƎŜƭȅ ƻȊłǌŜƴŞ ōŜǘŀ ǊŀŘƛŀŎƝ ŘłǾƪŀƳƛ н ƪDȅ 
a 100 ƪDȅ ǾȅƪŀȊǳƧƝ ǇƻŘƻōƴƻǳ ƳŜŎƘŀƴƛŎƪƻǳ ƻŘŜȊǾǳ Ƨŀƪƻ ƴŀǘƛǾƴƝ ƪƻƭŀƎŜƴƴƝ ƎŜƭȅΦ 
½ƳŠƴȅ ǎǘǊǳƪǘǳǊȅ ƪƻƭŀƎŜƴƴƝŎƘ ƎŜƭǻ ǾƭƛǾŜƳ ƻȊłǌŜƴƝ ǇǊƻǳŘŜƳ ŜƭŜƪǘǊƻƴǻ ƴŜƧǎƻǳ ǾƛŘƛǘŜƭƴŞ ƴŀ 
ǎƴƝƳŎƝŎƘ {9aΦ YƻƭŀƎŜƴƴƝ ƎŜƭȅ Ƨǎƻǳ ƴŜƘƭŜŘŠ ƴŀ ƪƻƴŎŜƴǘǊŀŎƛ ŀ ŘłǾƪǳ ǊŀŘƛŀŎŜ ǾȅǎƻŎŜ 
ƴŜƘƻƳƻƎŜƴƴƝΦ 
±ȇǎƭŜŘƪȅ ŘŜƎǊŀŘŀőƴƝ ȊƪƻǳǑƪȅ ǇǊƻƪłȊŀƭȅΣ ȌŜ ƳƝǊŀ ŘŜƎǊŀŘŀŎŜ ƪƻƭŀƎŜƴƴƝŎƘ ƎŜƭǻ ƧŜ ȊłǾƛǎƭł ƴŀ 
ƪƻƴŎŜƴǘǊŀŎƛ ƪƻƭŀƎŜƴƴƝŎƘ ƎŜƭǻΦ YƻƭŀƎŜƴƴƝ ƎŜƭȅ ƻ ƪƻƴŎŜƴǘǊŀŎƛ ƪƻƭŀƎŜƴǳ о ҈ ŘŜƎǊŀŘǳƧƝ ǾƝŎŜ ƴŜȌ 
с҈ ŀ у҈ ƪƻƭŀƎŜƴƴƝ ƎŜƭȅΦ wŀŘƛŀŎŜ Ƴł ǾƭƛǾ ƴŀ ƳƝǊǳ ŘŜƎǊŀŘŀŎŜ ƪƻƭŀƎŜƴƴƝƘƻ ƎŜƭǳΦ 2ƝƳ ƳŜƴǑƝ ƧŜ 
ŘŜƎǊŀŘŀŎŜ ƪƻƭŀƎŜƴƴƝƘƻ ƎŜƭǳΣ ǘƝƳ ǾŠǘǑƝ ǾƭƛǾ Ƴł ŘłǾƪŀ ǊŀŘƛŀŎŜ ƴŀ ƳƝǊǳ ŘŜƎǊŀŘŀŎŜ ƪƻƭŀƎŜƴƴƝƘƻ 
gelu. 

tƻŘŠƪƻǾłƴƝ 
¢Ŝƴǘƻ ǇǌƝǎǇŠǾŜƪ ōȅƭ ǇƻŘǇƻǌŜƴ ƎǊŀƴǘŜƳ {ǘǳŘŜƴǘǎƪŞ ǾŠŘŜŎƪŞ ƪƻƴŦŜǊŜƴŎŜ 2±¦¢ SVK 19/25/F2. 
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Literatura 
ώмϐ  /I[¦tΣ IȅƴŜƪΣ ¢ƻƳłǑ {¦/Iº ŀ aƻƴƛƪŀ ~¦th±#Φ ¢ƘŜ ŜƭŜŎǘǊƻƴ ōŜŀƳ ƛƴŘǳŎŜŘ ŎǊƻǎǎπ

ƭƛƴƪƛƴƎ ƻŦ ōƻǾƛƴŜ ŎƻƭƭŀƎŜƴ ƎŜƭǎ ǿƛǘƘ ǾŀǊƛƻǳǎ ŎƻƴŎŜƴǘǊŀǝƻƴǎΥ ¢ƘŜ ƳŜŎƘŀƴƛŎŀƭ ǇǊƻǇŜǊǝŜǎ 

ŀƴŘ ǎŜŎƻƴŘŀǊȅ ǎǘǊǳŎǘǳǊŜΦ tƻƭȅƳŜǊ ώƻƴƭƛƴŜϐΦ нлноΣ нутΣ мнспно ώǾƛŘΦ нлноπмнπммϐΦ 

L{{b ллонπоусмΦ 5ƻǎǘǳǇƴŞ ȊΥ ŘƻƛΥмлΦмлмсκƧΦǇƻƭȅƳŜǊΦнлноΦмнспно 

ώнϐ  ~¦th±#Σ aƻƴƛƪŀΣ ¢ƻƳłǑ {¦/IºΣ IȅƴŜƪ /I[¦tΣ aƛƭƻǎƭŀǾ ~¦[/Σ ¢ƻƳłǑ Yh¢w2Σ [ǳŎƛŜ 

~L[LbDh±#Σ aŀǊƎƛǘ ¿![h¦5Yh±#Σ ~łǊƪŀ wºD[h±#Σ aŀǊǝƴ .w!¦bΣ 5ŀǾƛŘ /I±#¢L[Σ 

½ŘŜƴŠƪ Iw5[L2Y! ŀ aƛƭŀƴ Ih¦~Y!Φ ¢ƘŜ ŜƭŜŎǘǊƻƴ ōŜŀƳ ƛǊǊŀŘƛŀǝƻƴ ƻŦ ŎƻƭƭŀƎŜƴ ƛƴ ǘƘŜ 

ŘǊȅ ŀƴŘ ƎŜƭ ǎǘŀǘŜǎΥ ¢ƘŜ ŜũŜŎǘ ƻŦ ǘƘŜ ŘƻǎŜ ŀƴŘ ǿŀǘŜǊ ŎƻƴǘŜƴǘ ŦǊƻƳ ǘƘŜ ǇǊƛƳŀǊȅ ǘƻ ǘƘŜ 

ǉǳŀǘŜǊƴŀǊȅ ƭŜǾŜƭǎΦ LƴǘŜǊƴŀǝƻƴŀƭ WƻǳǊƴŀƭ ƻŦ .ƛƻƭƻƎƛŎŀƭ aŀŎǊƻƳƻƭŜŎǳƭŜǎ ώƻƴƭƛƴŜϐΦ нлноΣ 

нроΣ мнсуфу ώǾƛŘΦ нлноπмнπмоϐΦ L{{b лмпмπумолΦ 5ƻǎǘǳǇƴŞ 

ȊΥ ŘƻƛΥмлΦмлмсκƧΦƛƧōƛƻƳŀŎΦнлноΦмнсуфу 

ώоϐ  /I9bΣ ¸ƛΣ ·ƛŀƻƳƛƴ {¦bΣ ¸ǳŜƘŀƛ t9bDΣ WŀƳŜǎ ±ŀƭŜƴǝ 9L/I9b.!¦aΣ [ƛ w9b ŀ ¸ŀƴŎƘǳƴ 

[L¦Φ 9ũŜŎǘǎ ƻŦ 5ƛũŜǊŜƴǘ wŀŘƛŀǝƻƴ {ƻǳǊŎŜǎ ƻƴ ǘƘŜ tŜǊŦƻǊƳŀƴŎŜ ƻŦ /ƻƭƭŀƎŜƴπ.ŀǎŜŘ 

/ƻǊƴŜŀƭ wŜǇŀƛǊ aŀǘŜǊƛŀƭǎ ŀƴŘ aŀŎǊƻǇƘŀƎŜ tƻƭŀǊƛȊŀǝƻƴΦ !/{ hƳŜƎŀ ώƻƴƭƛƴŜϐΦ нлннΣ 

тόнсύΣ ннррфςннрсс ώǾƛŘΦ нлнпπлпπнпϐΦ 5ƻǎǘǳǇƴŞ ȊΥ ŘƻƛΥмлΦмлнмκŀŎǎƻƳŜƎŀΦнŎлмутр 

{ǘǌŜŘŀ муΦ сΦ нлнр фΥпр 

[ŀōƻǊŀǘƻǌ ƴŜƴƝ ǘŠƭƻΥ tǊƻő ƭŀōƻǊŀǘƻǊƴƝ ǇǊƻǎǘǌŜŘƝ ƴŜǎǘŀőƝ ƪ ǇƻŎƘƻǇŜƴƝ 
ŘŜƎǊŀŘŀőƴƝŎƘ ǇǊƻŎŜǎǻ Ǿ ǘŠƭŜ 

aŀǊƛƪŀ ±ƻǇłƭƪƻǾł1,2*, ¢ƻƳłǑ {ǳŎƘȇ1,2Σ wŀŘŜƪ {ŜŘƭłőŜƪ1Σ [ǳŎƛŜ ±ƛǑǘŜƧƴƻǾł3,4, Hynek Chlup1, 
[ǳƪłǑ IƻǊƴȇ1Σ 9Ǿŀ YǳȌŜƭƻǾł YƻǑǙłƪƻǾł5Σ 5ŀǾƛŘ [ǳƪłǑ5 

 
1 ¨ǎǘŀǾ mechanikyΣ ōƛƻƳŜŎƘŀƴƛƪȅ ŀ ƳŜŎƘŀǘǊƻƴƛƪȅΣ Cŀƪǳƭǘŀ ǎǘǊƻƧƴƝ 2±¦¢ Ǿ tǊŀȊŜΦ ¢ŜŎƘƴƛŎƪł пΣ 

160 00 Praha ς Dejvice.  
2 ̈ ǎǘŀǾ ǎǘǊǳƪǘǳǊȅ ŀ ƳŜŎƘŀƴƛƪȅ ƘƻǊƴƛƴ !± 2wΣ ǾΦ ǾΦ ƛΦ ± IƻƭŜǑƻǾƛőƪłŎƘ фпκпм, 182 09, Praha 8. 
3 .ƛƻƳŜŘƛŎƝƴǎƪŞ /ŜƴǘǊǳƳ, [Şƪŀǌǎƪł Ŧŀƪǳƭǘŀ Ǿ tƭȊƴƛ ¦ƴƛǾŜǊȊƛǘȅ YŀǊƭƻǾȅ, alej Svobody 1655/76, 

323 00 tƭȊŜƶ. 
4 ¨ǎǘŀǾ ƘƛǎǘƻƭƻƎƛŜ ŀ ŜƳōǊȅƻƭƻƎƛŜ, [Şƪŀǌǎƪł Ŧŀƪǳƭǘŀ ¦ƴƛǾŜǊȊƛǘȅ YŀǊƭƻǾȅ Ǿ tƭȊƴƛ, alej Svobody 

1655/76, 323 00, tƭȊŜƶ. 
5 Katedra chemie, Cŀƪǳƭǘŀ ǇǌƝǊƻŘƻǾŠŘƴŠ-ƘǳƳŀƴƛǘƴƝ ŀ ǇŜŘŀƎƻƎƛŎƪł TUL, {ǘǳŘŜƴǘǎƪł 5 , 461 17 

Liberec. 
 
±ȇǾƻƧ ƳŀǘŜǊƛłƭǻ ŀ ƭŞƪŀǌǎƪȇŎƘ ǇǊƻǎǘǌŜŘƪǻ ǳǊőŜƴȇŎƘ ǇǊƻ ƪƻƴǘŀƪǘ ǎ ƭƛŘǎƪȇƳ ǘŠƭŜƳ ȊŀőƝƴł ȊǇǊŀǾƛŘƭŀ 
ǘŜǎǘƻǾłƴƝƳ ƧŜƧƛŎƘ ŎƘƻǾłƴƝ Ǿ ǇƻŘƳƝƴƪłŎƘ, Ŏƻ ƴŜƧǾƝŎŜ ǇǌƛǇƻƳƝƴŀƧƝŎƝŎƘ ǾƴƛǘǌƴƝ ǇǊƻǎǘǌŜŘƝ 
ƻǊƎŀƴƛǎƳǳΦ ± ǇǊŀȄƛ ǎŜ ǾǑŀƪ őŀǎǘƻ ƳǳǎƝƳŜ ǎǇƻƭŞƘŀǘ ƴŀ ȊƧŜŘƴƻŘǳǑŜƴŞ ƴŜōƻ ƴŜǵǇƭƴŞ ǎƛƳǳƭŀŎŜ 
ǘŠŎƘǘƻ ǇƻŘƳƝƴŜƪΣ ƪǘŜǊŞ ƴŜŘƻƪłȌƻǳ ǇƭƴŠ ǾȅǎǘƛƘƴƻǳǘ ǎƭƻȌƛǘƻǎǘ ǊŜłƭƴŞƘƻ ǇǊƻǎǘǌŜŘƝΦ ¢ƻ ƻǘŜǾƝǊł 
ƻǘłȊƪǳΣ ƴŀƪƻƭƛƪ Ƨǎƻǳ ǘȅǘƻ ƳƻŘŜƭȅ ǾŠǊƴŞ ŀ Řƻ ƧŀƪŞ ƳƝǊȅ ƭȊŜ ǾȇǎƭŜŘƪȅ ǘŀƪƻǾȇŎƘ ǘŜǎǘǻ ǇƻǾŀȌƻǾŀǘ 
Ȋŀ ǎǇƻƭŜƘƭƛǾŞΦ 
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¨ǾƻŘ 
±ȇǾƻƧ ōƛƻǊŜǎƻǊōƻǾŀǘŜƭƴȇŎƘ ƳŀǘŜǊƛłƭǻ ƧŜ ƪƻƳǇƭŜȄƴƝ ǇǊƻŎŜǎΣ ƪǘŜǊȇ ǇǊƻōƝƘł Ǿ ƴŠƪƻƭƛƪŀ ŦłȊƝŎƘ ς od 
ƭŀōƻǊŀǘƻǊƴƝŎƘ ǎƛƳǳƭŀŎƝ ŀȌ Ǉƻ ƪƭƛƴƛŎƪŞ ȊƪƻǳǑƪȅΦ ½ŎŜƭŀ ȊłǎŀŘƴƝ Ǌƻƭƛ ǇǌƛǘƻƳ ƘǊŀƧƝ ǇǊǾƴƝ ŘǾŠ ŜǘŀǇȅΣ 
tedy in vitro a in vivo ǘŜǎǘƻǾłƴƝΣ ƪǘŜǊŞ ǎƭƻǳȌƝ Ƨŀƪƻ ȊłƪƭŀŘƴƝ ƴłǎǘǊƻƧ ǇǊƻ ƘƻŘƴƻŎŜƴƝ ŎƘƻǾłƴƝ 
ƴƻǾȇŎƘ ƳŀǘŜǊƛłƭǻ Ǿ ǇǊƻǎǘǌŜŘƝ ƭƛŘǎƪŞƘƻ ǘŠƭŀΦ ½ŀǘƝƳŎƻ in vitro ǘŜǎǘȅ ǳƳƻȌƶǳƧƝ ǊŜƭŀǘƛǾƴŠ ǊȅŎƘƭŞ 
a ƪƻƴǘǊƻƭƻǾŀƴŞ ǾȅƘƻŘƴƻŎŜƴƝ ŘŜƎǊŀŘŀŎŜ ƳŀǘŜǊƛłƭǳΣ ƧŜƧƛŎƘ ǾȇǎƭŜŘƪȅ ƴŜƭȊŜ ǾȌŘȅ ƧŜŘƴƻŘǳǑŜ 
ǇǌŜƴŞǎǘ Řƻ ǊŜłƭƴȇŎƘ ǇƻŘƳƝƴŜƪ ǘŠƭŀΦ {ƛƳǳƭŀŎŜ ǘƻǘƛȌ őŀǎǘƻ ǇƻǎǘƛƘǳƧƝ ƧŜƴ ƴŠƪǘŜǊŞ ŀǎǇŜƪǘȅ 
ǇǊƻǎǘǌŜŘƝ ς ƴŀǇǌƝƪƭŀŘ ǇIΣ ǘŜǇƭƻǘǳ ƴŜōƻ ƛƻƴǘƻǾŞ ǎƭƻȌŜƴƝ ς ŀ ǇǊƻǘƻ ƴŜƳǳǎƝ ǇƭƴŠ ƻŘǇƻǾƝŘŀǘ 
ǎƭƻȌƛǘƻǎǘƛ ōƛƻƭƻƎƛŎƪȇŎƘ ǇǊƻŎŜǎǻΣ ƪǘŜǊŞ Ǿ ǘŠƭŜ ǎƪǳǘŜőƴŠ ǇǊƻōƝƘŀƧƝ [1]. 
 
½ ǘƻƘƻǘƻ ŘǻǾƻŘǳ ƧŜ ǇƻǘǌŜōŀ ƴłǎƭŜŘƴŠ ǇǌƛǎǘƻǳǇƛǘ ƪ in vivo ǘŜǎǘƻǾłƴƝΣ ƪǘŜǊŞ ǾǑŀƪ ǎ ǎŜōƻǳ ƴŜǎŜ 
ǌŀŘǳ ǾȇȊŜǾ ς ƻŘ ŜǘƛŎƪȇŎƘ ƻǘłȊŜƪ ŀȌ Ǉƻ ǇƻƳŠǊƴŠ ǾȅǎƻƪŞ ŦƛƴŀƴőƴƝ ƴłƪƭŀŘȅΦ tǊłǾŠ ƴǳǘƴƻǎǘ 
ōŀƭŀƴŎƻǾŀǘ ƳŜȊƛ ǾŠǊƻƘƻŘƴƻǎǘƝ ǘŜǎǘƻǾłƴƝ ŀ ƧŜƘƻ ƴłǊƻőƴƻǎǘƝ ƧŜ ƧŜŘƴƝƳ Ȋ ƘƭŀǾƴƝŎƘ ǘŞƳŀǘ Ǉǌƛ ǾƻƭōŠ 
ŀ ƴłǾǊƘǳ in vitro a in vivo ǘŜǎǘƻǾłƴƝΦ 

In vitro ǎƛƳǳƭŀőƴƝ ǇƻŘƳƝƴƪȅ 
aŜȊƛ ƴŜƧōŠȌƴŠƧǑƝ ƳŞŘƛŀ ǇǊƻ in vitro ǎƛƳǳƭŀŎƛ ǘŠƭƴƝƘƻ ǇǊƻǎǘǌŜŘƝ ǇŀǘǌƝ ƧŜŘƴƻŘǳŎƘŞ ǎƻƭƴŞ ǊƻȊǘƻƪȅΣ 
Ƨŀƪƻ ƧŜ ŦƻǎŦłǘƻǾȇ ǇǳŦǊ όt.{ύΣ ƧŜƘƻȌ ǎƭƻȌŜƴƝ ƻŘǇƻǾƝŘł ǇǌƛōƭƛȌƴŞƳǳ ŦȅȊƛƻƭƻƎƛŎƪŞƳǳ ǇI όтΣоς7,4) 
[2]Φ t.{ ƧŜ ǑƛǊƻŎŜ ǇƻǳȌƝǾłƴ Ǉǌƛ ǘŜǎǘƻǾłƴƝ ǇƻƭȅƳŜǊƴƝŎƘ ǾƭłƪŜƴΣ ŎƘƛǊǳǊƎƛŎƪȇŎƘ ǑƛŎƝŎƘ ƳŀǘŜǊƛłƭǻ őƛ 
ƪƻƳǇƻȊƛǘǻ [3]. {ƛƳǳƭƻǾŀƴł ǘŠƭƴƝ ǘŜƪǳǘƛƴŀ ό{.Cύ ƧŜ ǎƭƻȌƛǘŠƧǑƝ ƳŞŘƛǳƳΣ ƪǘŜǊŞ ƴŀǇƻŘƻōǳƧŜ ǎƭƻȌŜƴƝ 
ƪǊŜǾƴƝ ǇƭŀȊƳȅ ς ƻōǎŀƘǳƧŜ ƛƻƴǘȅ Ƨŀƪƻ bŀяΣ YяΣ aƎчяΣ /ŀчяΣ /ƭѐ őƛ I/h3ѐ ŀ ǇǻǾƻŘƴŠ ǎƭƻǳȌƛƭŀ 
k ƻŘƘŀŘǳ ōƛƻŀƪǘƛǾƛǘȅ ƪŜǊŀƳƛŎƪȇŎƘ ƳŀǘŜǊƛłƭǻ [4]Σ ŘƴŜǎ ƧŜ ŀƭŜ ǾȅǳȌƝǾłƴŀ ƛ ǇǊƻ ƧƛƴŞ ǘȅǇȅ 
ōƛƻƳŀǘŜǊƛłƭǻΣ ƴŀǇǌƝƪƭŀŘ ƪƻƭŀƎŜƴ ƴŜōƻ ŘŜƎǊŀŘŀōƛƭƴƝ ǇƻƭȅƳŜǊȅ [5]Φ ± ƴŠƪǘŜǊȇŎƘ ǎǘǳŘƛƝŎƘ ǎŜ 
ǇƻǳȌƝǾł ƛ ƭƛŘǎƪł ƴŜōƻ ȊǾƝǌŜŎƝ ƪǊŜǾƴƝ ǇƭŀȊƳŀΣ ƪǘŜǊł ƧŜǑǘŠ ǾƝŎŜ ǇǌƛōƭƛȌǳƧŜ ǊŜłƭƴŞ ǘŠƭƴƝ ǇǊƻǎǘǌŜŘƝ [6]. 
 
{ǇŜŎƛłƭƴƝ ǎƪǳǇƛƴƻǳ in vitro ƳŞŘƛƝ Ƨǎƻǳ ǊƻȊǘƻƪȅ ƻōǎŀƘǳƧƝŎƝ ƴŜƧǊǻȊƴŠƧǑƝ ŜƴȊȅƳȅΣ ƪǘŜǊŞ ǎƛƳǳƭǳƧƝ 
ǎǇŜŎƛŦƛŎƪƻǳ ōǳƴŠőƴƻǳ ŀƪǘƛǾƛǘǳΦ bŀǇǌƝƪƭŀŘ ƪƻƭŀƎŜƴłȊŀΣ ŜƴȊȅƳ ǊƻȊƪƭłŘŀƧƝŎƝ ƪƻƭŀƎŜƴΣ ƧŜ őŀǎǘƻ 
ǇƻǳȌƝǾłƴŀ Ǉǌƛ ǘŜǎǘƻǾłƴƝ ƪƻƭŀƎŜƴƻǾȇŎƘ ōƛƻƳŀǘŜǊƛłƭǻ [7]Σ ǇǌƛőŜƳȌ Ǿ in vitro ǇƻŘƳƝƴƪłŎƘ ōȇǾł 
ƻōǾȅƪƭŜ ȊƝǎƪłǾłƴŀ Ȋ ōŀƪǘŜǊƛƝ Clostridium histolyticum [8]Φ WƛƴȇƳ ǇǌƝƪƭŀŘŜƳ ƧŜ ǇǊƻǘŜƛƴłȊŀ YΣ 
ǎŜǊƛƴƻǾł ǇǊƻǘŜłȊŀ ƛȊƻƭƻǾŀƴł Ȋ Ƙƻǳōȅ Engyodontium album [9]Φ ¦ ŜƴȊȅƳŀǘƛŎƪȇŎƘ ǊƻȊǘƻƪǻ ƧŜ 
ȊłǎŀŘƴƝ ǎǇǊłǾƴł Ǿƻƭōŀ ƪƻƴŎŜƴǘǊŀŎŜ ς ȊŀǘƝƳŎƻ ǾȅǎƻƪŞ ƪƻƴŎŜƴǘǊŀŎŜ ǳƳƻȌƴƝ ǊȅŎƘƭƻǳ ŘŜƎǊŀŘŀŎƛΣ 
ǇǊƻ ǎƳȅǎƭǳǇƭƴŞ ǎǊƻǾƴłƴƝ ǎ ǊŜłƭƴȇƳ ǇǊƻǎǘǌŜŘƝƳ ƧŜ ǘǌŜōŀ ǇƻǳȌƝǾŀǘ ƪƻƴŎŜƴǘǊŀŎŜ ōƭƝȌƝŎƝ ǎŜ ǘŠƳ 
ŦȅȊƛƻƭƻƎƛŎƪȇƳ [10]. 
 
{ŀƳƻȊǌŜƧƳŠ ŜȄƛǎǘǳƧƝ ƛ ƪƻƳǇƭŜȄƴƝ ƳŞŘƛŀΣ Ƨŀƪƻ ƧŜ 5ǳƭōŜŎŎƻǾƻ ƳƻŘƛŦƛƪƻǾŀƴŞ 9ŀƎƭŜƻǾƻ ƳŞŘƛǳƳ 
(DMEM) [11]Σ ƻōƻƘŀŎŜƴŞ ƻ ŀƳƛƴƻƪȅǎŜƭƛƴȅΣ ǾƛǘŀƳƝƴȅ ŀ ŘŀƭǑƝ ōƛƻƭƻƎƛŎƪȅ ŀƪǘƛǾƴƝ ǎƭƻȌƪȅΦ 

V kombinaci s CO  ŀǘƳƻǎŦŞǊƻǳΣ ƪǘŜǊł ǳŘǊȌǳƧŜ ǎǘŀōƛƭƴƝ ǇIΣ ƧŜ 5a9a őŀǎǘƻ ǾȅǳȌƝǾłƴƻ ƴŜƧŜƴ 
pǊƻ ŘŜƎǊŀŘŀŎƛΣ ŀƭŜ ƛ ǇǊƻ ƪǳƭǘƛǾŀŎƛ ōǳƴŠƪΣ Ƨŀƪƻ Ƨǎƻǳ ŦƛōǊƻōƭŀǎǘȅΣ ƻǎǘŜƻōƭŀǎǘȅ őƛ ŜƴŘƻǘŜƭƻǾŞ ōǳƶƪȅ 
[12]. 
 
¦ǾŜŘŜƴł ƳŞŘƛŀ ǇǌŜŘǎǘŀǾǳƧƝ ǇƻǳȊŜ ƴŜƧőŀǎǘŠƧƛ ȊƳƛƶƻǾŀƴŞ ŀ ǑƛǊƻŎŜ ǾȅǳȌƝǾŀƴŞ ǎƛƳǳƭŀőƴƝ ǇǊƻǎǘǌŜŘƝ 
ǇƻǇǎŀƴŞ Ǿ ƭƛǘŜǊŀǘǳǌŜΦ YǊƻƳŠ ǘŠŎƘǘƻ ōŠȌƴȇŎƘ ǾŀǊƛŀƴǘ ǾǑŀƪ Ǿ ƴŠƪǘŜǊȇŎƘ ǇǌƝǇŀŘŜŎƘ ŘƻŎƘłȊƝ ǘŀƪŞ 
ƪ ǇƻǳȌƛǘƝ ǎǇŜŎƛłƭƴŠ ǇǌƛǇǊŀǾŜƴȇŎƘ ƳŞŘƛƝΣ ƪǘŜǊł Ƨǎƻǳ ƴŀǾǊȌŜƴŀ ƴŀ ƳƝǊǳ ƪƻƴƪǊŞǘƴƝƳ 
ŜȄǇŜǊƛƳŜƴǘłƭƴƝƳ ǇƻŘƳƝƴƪłƳ őƛ ǘȅǇǻƳ ǘŜǎǘƻǾŀƴȇŎƘ ƳŀǘŜǊƛłƭǻΦ 
± ǇǌƝǎǇŠǾƪǳ ōǳŘƻǳ ŘƛǎƪǳǘƻǾłƴŀ ƘƭŀǾƴƝ ƻƳŜȊŜƴƝ ǎǇƻƧŜƴł ǎ ǇƻǳȌƛǘƝƳ ƴŜƧőŀǎǘŠƧƛ ǇƻǳȌƝǾŀƴȇŎƘ 
ƪǳƭǘƛǾŀőƴƝŎƘ ƳŞŘƛƝΦ hƳŜȊŜƴƝ ŀ ǾȇƘƻŘȅ ǎǇƻƧŜƴŞ ǎ ƧŜƧƛŎƘ ŀǇƭƛƪŀŎƝ ōǳŘƻǳ ŘŜƳƻƴǎǘǊƻǾłƴȅ ƴŀ 
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ǇǌƝƪƭŀŘŜŎƘ ŘŜƎǊŀŘŀőƴƝŎƘ ȊƪƻǳǑŜƪ ǇǌƝǊƻŘƴƝŎƘ ŀ ǎȅƴǘŜǘƛŎƪȇŎƘ ǇƻƭȅƳŜǊǻΣ ƧƳŜƴƻǾƛǘŠ ƪƻƭŀƎŜƴǳ 
ǘȅǇǳ L ǾŜ ŦƻǊƳŠ ƭȅƻŦƛƭƛȊƻǾŀƴȇŎƘ ǎŎŀŦŦƻƭŘǻ ƴŜōƻ ŜȄǘǊǳŘƻǾŀƴȇŎƘ ƎŜƭǻΦ 5ŀƭǑƝƳ ǇǌƝƪƭŀŘŜƳ ōǳŘƻǳ 
ƳŀǘŜǊƛłƭȅ ƴŀ ōłȊƛ ǇƻƭȅƪŀǇǊƻƭŀƪǘƻƴǳ ƴŜōƻ ƧŜƘƻ ƪƻǇƻƭȅƳŜǊǳ ǎ ƪȅǎŜƭƛƴƻǳ ǇƻƭȅƳƭŞőƴƻǳ, a to ve 
ŦƻǊƳŠ ƪƻƳǇƻȊƛǘǳ ƴŜōƻ ȊǾƭłƪƶƻǾŀƴȇŎƘ ŎƘƛǊǳǊƎƛŎƪȇŎƘ ƴƛǘƝΦ tƻȊƻǊƴƻǎǘ ōǳŘŜ ǾŠƴƻǾłƴŀ 
ƳƻȌƴƻǎǘŜƳ ǎǊƻǾƴłƴƝ ǎ ǇǊƻǎǘǌŜŘƝƳ ƛƴ ǾƛǾƻ ŀ ŘłƭŜ ǵǎƪŀƭƝƳ ƴŠƪǘŜǊȇŎƘ ƛƴŘƛǾƛŘǳłƭƴŠ ƴŀǾǊȌŜƴȇŎƘ 
ŘŜƎǊŀŘŀőƴƝŎƘ ǎȅǎǘŞƳǻΦ 

½łǾŠǊ 
bŀǇƻŘƻōŜƴƝ ǘŠƭƴƝƘƻ ǇǊƻǎǘǌŜŘƝ Ǿ ƭŀōƻǊŀǘƻǊƴƝŎƘ ǇƻŘƳƝƴƪłŎƘ ǇǌŜŘǎǘŀǾǳƧŜ ǾȇǊŀȊƴŠ ƴłǊƻőƴȇ ǵƪƻƭΦ 
aƻȌƴƻǎǘƛ ǎƛƳǳƭŀŎŜΣ ŀ ǇǌŜŘŜǾǑƝƳ ƛƴǘŜǊǇǊŜǘŀŎŜ ǾȇǎƭŜŘƪǻ Ƨǎƻǳ ǾȇǊŀȊƴŠ ƻƳŜȊŜƴȅ Ƨŀƪ ǘŜŎƘƴƛŎƪȇƳƛ 
ƭƛƳƛǘȅ ƭŀōƻǊŀǘƻǊƴƝƘƻ ǇǊƻǎǘǌŜŘƝΣ ǘŀƪ ƛ ǇƻőǘŜƳ ŀ ƪƻƳǇƭŜȄƴƻǎǘƝ ƴŀǇƻŘƻōƻǾŀƴȇŎƘ ōƛƻƭƻƎƛŎƪȇŎƘ 
ŦŀƪǘƻǊǻΦ 

tƻŘŠƪƻǾłƴƝ  
¢ŀǘƻ ǇǊłŎŜ ōȅƭŀ ǇƻŘǇƻǌŜƴŀ DǊŀƴǘƻǾƻǳ ŀƎŜƴǘǳǊƻǳ 2ŜǎƪŞƘƻ ǾȅǎƻƪŞƘƻ ǳőŜƴƝ ǘŜŎƘƴƛŎƪŞƘƻ 
v Praze SGS25/124/OHK2/3T/12 a programovȇƳ projektem aƛƴƛǎǘŜǊǎǘǾŀ ȊŘǊŀǾƻǘƴƛŎǘǾƝ 2w 
s ǊŜƎΦ őΦ NW24-02-00206. 
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Research in the field of piezoelectric biomaterials with the main ability to transform 
mechanical stimuli into the electrical ones (or vice versa), has experienced a significant 
expansion in the recent years. These strategic materials have wide range of applications in the 
field of medicine, mainly for a tissue remodelling or to mimic complex tissue structures. The 
unique characteristic of these materials is their ability to accumulate electrical charge based 
on even subtle mechanical stimuli such as walking, blood flow, breathing, etc. [1].  
 
Many materials with piezoelectric properties come from groups of ceramics, polymers or 
composites, both natural or synthetic. Some of them have high piezoelectric response while 
also being brittle, inflexible or even toxic, like lead zirconate titanate. However, the ideal 
material for medical applications should be non-toxic, biocompatible, have a high piezoelectric 
response and be easy to manufacture [2]. 
 
In 1986 the piezoelectric properties of a group of biopolymers called polyhydroxyalkanoates 
(PHAs), such as polyhydroxybutyrate (PHB), were demonstrated. Also, the degree of 
crystallization and the orientation of the polymer influence its piezoelectric properties [3]. 
Therefore, the aim of this research is to enhance the piezoelectric response of PHB through 
controlled biocrystallization and orientation. In addition, PHA are polymers of hydroxy acids, 
which can be produced by bacteria in the form of intracellular granules. Those polymers are 
produced as secondary metabolites, when the bacteria are cultured in the media with an 
excess carbon source and usually limited amount of nitrogen. Moreover, various waste 
materials such as starch, whey, coffee grounds, etc. can also be used as the carbon source in 
the media. This way, it is possible to obtain natural biocompatible material that is piezoelectric 
and can be produced from various waste sources, supporting the circular economy [4]. 
 
As a model microorganism, the rod-shaped bacteria called Cupriavidus necator H16 were 
selected, because they can produce up to 80 % of the PHB in the dry biomass. 
Biocrystallization can be induced by several stress factors, such as high temperature, pH or 
osmotic stress. For the degree of biocrystallization, Fourier transform infrared spectroscopy 
(FTIR) was used. Our proposed systems for the orientation are surfaces with microstructures 
prepared using photolithography and the application of the standing surface acoustic wave 
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(SSAW) to ensure the required orientation. Atomic force microscope (AFM) images were used 
to verify the degree of cell orientation. 
 

 

Fig 1 Partially oriented bacterial cells measured by AFM (left), FTIR spectra with arrows indicating the peaks which are 
confirming the PHB crystallization (right) 
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ǎƴŀŘƴŞƳǳ ǘŀǾŜƴƝΣ ŜȄǘǊǳȊƛ ǘǊȅǎƪƻǳ ŀ ǘŀƪŞ ǇǌƝȊƴƛǾŞ ǾȇǊƻōƴƝ ŎŜƴŠΦ tǊƻ ǎǾŞ Ǿƭŀǎǘƴƻǎǘƛ ƧŜ t[! őŀǎǘƻ 
ȊǾŀȌƻǾłƴƻ ǇǊƻ ōƛƻǊŜǎƻǊōƻǾŀǘŜƭƴŞ ŀǇƭƛƪŀŎŜ ƛƴŘƛǾƛŘǳłƭƴƝŎƘ ƴłƘǊŀŘ Ǿ ƭƛŘǎƪŞƳ ǘŠƭŜΦ bŜǾȇƘƻŘƻǳ 
ǾǑŀƪ ƳǻȌŜ ōȇǘ ǾȅǑǑƝ ǘǳƘƻǎǘ ƳŀǘŜǊƛłƭǳ ǾŜ ǎǊƻǾƴłƴƝ ǎ ǇǌƛǊƻȊŜƴƻǳ ǇƻŘŘŀƧƴƻǎǘƝ ŎŞǾΦ błǊƻőƴŠƧǑƝ ǎŜ 
ǳƪłȊŀƭƻ ōȇǘ ƴŀǎǘŀǾŜƴƝ ǇŀǊŀƳŜǘǊǻ о5 ǘƛǎƪǳ Ǉǌƛ ǾȇǊƻōŠ ǾȊƻǊƪǻ Ȋ ƘȅŘǊƻƎŜƭǻΣ ƪǘŜǊŞ Ƨǎƻǳ Ȋŀ 
ƘȅŘǊŀǘƻǾŀƴŞƘƻ ǎǘŀǾǳ ƳŜŎƘŀƴƛŎƪȅ ǇƻŘŘŀƧƴŠƧǑƝ a ƳŀƧƝ ǘŀƪ ǇƻǘŜƴŎƛłƭ ƭŞǇŜ ƴŀƘǊŀȊƻǾŀǘ ƳŠƪƪŞ 
ǘƪłƴŠΦ aŜŎƘŀƴƛŎƪŞ ŎƘƻǾłƴƝ ƻōƻǳ ǘȅǇǻ ǾȊƻǊƪǻ ōȅƭƻ ƘƻŘƴƻŎŜƴƻ ƴŀ ȊłƪƭŀŘŠ ǘŀƘƻǾȇŎƘ ȊƪƻǳǑŜƪ 
s ǾȅǳȌƛǘƝƳ ƪƻƴǎǘƛǘǳǘƛǾƴƝŎƘ ƳƻŘŜƭǻ ȊŀƭƻȌŜƴȇŎƘ ƴŀ ƪǾŀȊƛ-ƭƛƴŜłǊƴƝ ǘŜƻǊƛƛ ǾƛǎƪƻŜƭŀǎǘƛŎƛǘȅ 
a ƘȅǇŜǊŜƭŀǎǘƛŎƛǘŠΦ 

tƻŘŠƪƻǾłƴƝ  
±ȇȊƪǳƳ ōȅƭ ǇƻŘǇƻǌŜƴ aƛƴƛǎǘŜǊǎǘǾŜƳ ǑƪƻƭǎǘǾƝΣ ƳƭłŘŜȌŜ ŀ ǘŠƭƻǾȇŎƘƻǾȅ 2w Ǿ ǊłƳŎƛ ƎǊŀƴǘǳ 
LUASK22174: .ƛƻǊŜǎƻǊōƻǾŀǘŜƭƴŞ ƳŀǘŜǊƛłƭȅ ǇǊƻ ŀŘƛǘƛǾƴƝ ǾȇǊƻōǳ ŎŞǾƴƝŎƘ ƴłƘǊŀŘ ŀ ƧŜƧƛŎƘ 
ōƛƻƳŜŎƘŀƴƛŎƪł ŎƘŀǊŀƪǘŜǊƛȊŀŎŜ. 
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о5 ǘƛǎƪ ƴłƘǊŀŘȅ ƪƻƭŜƴƴƝƘƻ ƪƭƻǳōǳ Ȋ ōƛƻƳŜŘƛŎƝƴǎƪŞ ǎƭƛǘƛƴȅ /ƻ-Cr-Mo: 
Konkurence pro technologii ǇǌŜǎƴŞƘƻ ƭƛǘƝΚ 

Iŀƴŀ ¢ƘǳǊƭƻǾł1Σ 5ŀƭƛōƻǊ ±ƻƧǘŠŎƘ1* 
 
1 ̈ ǎǘŀǾ ƪƻǾƻǾȇŎƘ ƳŀǘŜǊƛłƭǻ ŀ ƪƻǊƻȊƴƝƘƻ ƛƴȌŜƴȇǊǎǘǾƝΣ ±~/I¢ tǊŀƘŀΣ ¢ŜŎƘƴƛŎƪł рΣ мсс ну tǊŀƘŀ 6  
ϝ 5ŀƭƛōƻǊΦ±ƻƧǘŜŎƘϪǾǎŎƘǘΦŎȊ   

Abstrakt 
błƘǊŀŘȅ ƪƻƭŜƴƴƝƘƻ ƪƭƻǳōǳ ǎŜ Ǿ ǎƻǳőŀǎƴƻǎǘƛ Ǿ 2w ǾȅǊłōŠƧƝ ƴŜƧőŀǎǘŠƧƛ Ȋ ōƛƻƳŜŘƛŎƝƴǎƪŞ ƪƻōŀƭǘƻǾŞ 
slitiny Co-28Cr-6Mo (ASTM F75; ISO 5832-пύΣ ƪǘŜǊł Ƴł ƻŘǇƻǾƝŘŀƧƝŎƝ ƪƻƳōƛƴŀŎƛ ǇŜǾƴƻǎǘƛΣ 
ōƛƻƪƻƳǇŀǘƛōƛƭƛǘȅΣ ƪƻǊƻȊƴƝ ƻŘƻƭƴƻǎǘƛ in vivo ŀ ǘǊƛōƻƭƻƎƛŎƪȇŎƘ ǾƭŀǎǘƴƻǎǘƝΦ ± ƴŠƪǘŜǊȇŎƘ ƻƘƭŜŘŜŎƘ 
Ƨǎƻǳ ŘƻƪƻƴŎŜ ǘȅǘƻ Ǿƭŀǎǘƴƻǎǘƛ ǇǌƝȊƴƛǾŠƧǑƝ Ǿ ǇƻǊƻǾƴłƴƝ ǎ ƪƻǊƻȊƛǾȊŘƻǊƴȇƳƛ ƻŎŜƭŜƳƛ όƻŎŜƭ омс [ύ 
a s titanovou slitinou Ti Grade 5 (Ti-6Al-4V). V ǎƻǳőŀǎƴƻǎǘƛ ǎŜ ǾȇǊƻōŀ ƴłƘǊŀŘ ƪƻƭŜƴƴƝƘƻ ƪƭƻǳōǳ 
ŘŠƧŜ ǘŜŎƘƴƻƭƻƎƛƝ ǇǌŜǎƴŞƘƻ ƭƛǘƝ ǎ ǾȅǘŀǾƛǘŜƭƴȇƳ ƳƻŘŜƭŜƳΦ ¢ŜŎƘƴƻƭƻƎƛŜ ǇǌŜǎƴŞƘƻ ƭƛǘƝ Ƴł ƴŠƪǘŜǊł 
ƻƳŜȊŜƴƝΣ ƪŘȅ ƳŜȊƛ ƘƭŀǾƴƝ ǇŀǘǌƝ ƻƳŜȊŜƴȇ ǇƻőŜǘ ŘƻŘŀǾŀǘŜƭǻ ƻŘƭƛǘƪǻ ǇƻȌŀŘƻǾŀƴŞ ƪǾŀƭƛǘȅΣ ǾŜƭƪȇ 
ƻŘǇŀŘ ŀ ŜƴŜǊƎŜǘƛŎƪł ƴłǊƻőƴƻǎǘ ƭƛǘƝΣ ƳƻȌƴƻǎǘ ǾȇǊƻōȅ ǇƻǳȊŜ ǎǘŀƴŘŀǊŘƛȊƻǾŀƴȇŎƘ ǘǾŀǊǻ ŀ ǊƻȊƳŠǊǻ 
ƴłƘǊŀŘ ŀǘŘΦ ½ ǘƻƘƻǘƻ ŘǻǾƻŘǳ ƴŠƪǘŜǌƝ ǾȇǊƻōŎƛ ƴƻǾŠ ǇƭłƴǳƧƝ ȊŀǾŜŘŜƴƝ ǇǊƻƎǊŜǎƛǾƴƝ ǘŜŎƘƴƻƭƻƎƛŜ о5 
tisku ς ƪƻƴƪǊŞǘƴŠ {[a ς Řƻ ǾȇǊƻōȅ ƪƻƭŜƴƴƝŎƘ ƴłƘǊŀŘΦ  
V ǇǊŜȊŜƴǘƻǾŀƴŞƳ ǇǌƝǎǇŠǾƪǳ ōǳŘƻǳ ǇǊŜȊŜƴǘƻǾłƴȅ ŘƻǎŀǾŀŘƴƝ ǾȇǎƭŜŘƪȅ ǎǘǳŘƛŜ ȊŀōȇǾŀƧƝŎƝ ǎŜ 
ǇƻǊƻǾƴłƴƝƳ ǾƭŀǎǘƴƻǎǘƝ ǎƭƛǘƛƴȅ /ƻ-Cr-aƻ ƴŀ ƧŜŘƴŞ ǎǘǊŀƴŠ ǾȅǊƻōŜƴŞ ǇǌŜǎƴȇƳ ƭƛǘƝƳ ŀ ƴŀ ŘǊǳƘŞ 
ǎǘǊŀƴŠ ǾȅǊƻōŜƴŞ о5 ǘƛǎƪŜƳ ǘŜŎƘƴƻƭƻƎƛƝ {[a όt.CύΦ Wǎƻǳ ǇƻǊƻǾƴłƴȅ ǎǘǊǳƪǘǳǊƴƝ Ǿƭŀǎǘƴƻsti a z nich 
ǾȅǇƭȇǾŀƧƝŎƝ ƳŜŎƘŀƴƛŎƪŞ ŎƘƻǾłƴƝ ƻōƻǳ ƳŀǘŜǊƛłƭǻΦ   

tƻŘŠƪƻǾłƴƝ 
!ǳǘƻǌƛ ŘŠƪǳƧƝ ŦƛƴŀƴőƴƝ ǇƻŘǇƻǌŜ a~a¢ 2w ƴŀ ǎǇŜŎƛŦƛŎƪȇ ǾȅǎƻƪƻǑƪƻƭǎƪȇ ǾȇȊƪǳƳ Ǿ ǊłƳŎƛ ǇǊƻƧŜƪǘǳ 
őΦ !мψC/I¢ψнлнрψлммΦ  

{ǘǌŜŘŀ муΦ сΦ нлнр ммΥпр 

wƻȊǑƝǌŜƴł ǊŜŀƭƛǘŀ Ǿ ǊŜƘŀōƛƭƛǘŀőƴƝ ǇŞőƛ ƻ ŘŠǘƛ ǎ DMO 

aƻƴƛƪŀ ~ƻǊŦƻǾł1, Rudolf Psotta1Σ aŀǊŜƪ .ǳǊŜǑ2, Josef Kraus3 a tŜǘǊ ~ƛŦǘŀ1 
 
1 ±ȅǎƻƪł Ǒƪƻƭŀ ǘŠƭŜǎƴŞ ǾȇŎƘƻǾȅ ŀ ǎǇƻǊǘǳ t![9{¢w!Σ ǎǇƻƭΦ ǎ ǊΦ ƻΦΣ tǊŀƘŀ. 
2 ·w LƴǎǘƛǘǳǘŜ ǎΦǊΦƻΦΣ tƭȊŜƶ. 
3 Yƭƛƴƛƪŀ ŘŠǘǎƪŞ ƴŜǳǊƻƭƻƎƛŜΣ нΦ ƭŞƪŀǌǎƪł Ŧŀƪǳƭǘŀ a FN Motol, Praha. 
*  monika.sorfova@ftvs.cuni.cz  

¨ǾƻŘ 
bŀǑƝƳ ŎƝƭŜƳ ōȅƭƻ ǾȅǘǾƻǌƛǘ ŘƛƎƛǘłƭƴƝ ǎȅǎǘŞƳ ǊŜƘŀōƛƭƛǘŀŎŜ ŎŜƴǘǊłƭƴƝŎƘ ƘȅōƴȇŎƘ ǇƻǊǳŎƘ ȊŀƭƻȌŜƴŞ 
ƴŀ ƪƻƎƴƛǘƛǾƴŠ ǇǎȅŎƘƻƭƻƎƛŎƪȇŎƘ όǘƻǇ-Řƻǿƴύ ǇǌƝǎǘǳǇŜŎƘ ǎ ǾȅǳȌƛǘƝƳ ǘŜŎƘƴƻƭƻƎƛŜ ǊƻȊǑƝǌŜƴŞ ǊŜŀƭƛǘȅ 
ό!wύ ǳ ŘŠǘƝΦ ½ŀƳŠǌili jsme ǎŜ ƴŀ ŘŠǘƛ s ŘŠǘǎƪƻǳ ƳƻȊƪƻǾƻǳ ƻōǊƴƻǳ ό5ahύ ve ǾŠƪǳ с-14 let. 
tǌŜǎǘƻȌŜ ǘŀǘƻ ǇƻǊǳŎƘŀ ƴŜƴƝ ƭŞőƛǘŜƭƴŞΣ ǎǇǊłǾƴł ǊŜƘŀōƛƭƛǘŀŎŜΣ ŦȅȊƛƻǘŜǊŀǇƛŜ ŀ ǇƻŘǇǻǊƴł ǇŞőŜ 
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ƳƻƘƻǳ ǾȇǊŀȊƴŠ ȊƭŜǇǑƛǘ ƪǾŀƭƛǘǳ ȌƛǾƻǘŀ ŀ ǇƻƳƻŎƛ ǇƻǎǘƛȌŜƴȇƳ ŘŠǘŜƳ ŘƻǎłƘƴƻǳǘ Ŏƻ ƴŜƧǾŠǘǑƝ 
samostatnosti. V ǊłƳŎƛ ǊŜƘŀōƛƭƛǘŀőƴƝ ǇŞőŜ ŘŠǘƛ ǎ 5ah ŎǾƛőƛƭȅ ǎ ǾȅǳȌƛǘƝƳ ǘŞǘƻ ǘŜŎƘƴƻƭƻƎƛŜ Ǉƻ 
Řƻōǳ п ŀȌ с ǘȇŘƴǻΦ  

5Šǘǎƪł ƳƻȊƪƻǾł ƻōǊƴŀ 5ah 
5Šǘǎƪł ƳƻȊƪƻǾł ƻōǊƴŀ ό5ahύ ƧŜ ƴŜǳǊƻƭƻƎƛŎƪł ǇƻǊǳŎƘŀΣ ƪǘŜǊł ƻǾƭƛǾƶǳƧŜ ǇƻƘȅōƻǾŞ ǎŎƘƻǇƴƻǎǘƛ 
ŀ ƪƻƻǊŘƛƴŀŎƛ ǎǾŀƭǻΦ ±Ȋƴƛƪł Ǿ ŘǻǎƭŜŘƪǳ ǇƻǑƪƻȊŜƴƝ ƳƻȊƪǳ ōŠƘŜƳ ǊŀƴŞƘƻ ǾȇǾƻƧŜΣ őŀǎǘƻ ǇǌŜŘ 
ƴŀǊƻȊŜƴƝƳΣ ōŠƘŜƳ ǇƻǊƻŘǳ ƴŜōƻ ƪǊłǘŎŜ Ǉƻ ƴŠƳΦ tǊƻƧŜǾǳƧŜ ǎŜ ǊǻȊƴȇƳƛ ǎǘǳǇƴƛ ƳƻǘƻǊƛŎƪȇŎh 
ƻōǘƝȌƝΣ ǎǾŀƭƻǾƻǳ ȊǘǳƘƭƻǎǘƝΣ ƴŜƪƻƻǊŘƛƴƻǾŀƴȇƳƛ ǇƻƘȅōȅ őƛ ǇǊƻōƭŞƳȅ ǎ ǊƻǾƴƻǾłƘƻǳΦ bŠƪǘŜǊŞ ŘŠǘƛ 
ǎ 5ah ƳƻƘƻǳ ƳƝǘ ƛ ƻōǘƝȌŜ ǎ ǌŜőƝΣ ǎƭǳŎƘŜƳ őƛ ƛƴǘŜƭŜƪǘŜƳΣ ŀǾǑŀƪ ǘȅǘƻ ǇǊƻƧŜǾȅ Ƨǎƻǳ ǾŜƭƳƛ 
ƛƴŘƛǾƛŘǳłƭƴƝΦ 5Šǘǎƪł ƳƻȊƪƻǾł ƻōǊƴŀ ό5ahύ ǎŜ ŘŠƭƝ ƴŀ ƴŠƪƻƭƛƪ ŦƻǊŜƳ ǇƻŘƭŜ ǘȅǇǳ ǇƻǎǘƛȌŜƴƝ 
ƴŜǊǾƻǾŞ ǎƻǳǎǘŀǾȅ ŀ ǇƻƘȅōƻǾȇŎƘ ŦǳƴƪŎƝΣ Ƨŀƪ ǾƛŘƝƳŜ Ǿ ǘŀōǳƭŎŜ мΦ 
 

Tabulka 1 CƻǊƳȅ ŘŠǘǎƪŞ ƳƻȊƪƻǾŞ ƻōǊƴȅ ό¢ƽǘƘΣ нлнпύ 

błȊŜǾ Popis 

{ǇŀǎǘƛŎƪł ŦƻǊƳŀ 70-ул ҈ ǇƻǎǘƛȌŜƴȇŎƘΣ ŎƘŀǊŀƪǘŜǊƛȊǳƧŜ Ƨƛ 
ǘǊǾŀƭŞ ǎǾŀƭƻǾŞ ƴŀǇŠǘƝΣ ƪǘŜǊŞ ƻƳŜȊǳƧŜΣ ŀȌ 
ȊƴŜƳƻȌƶǳƧŜ ǇƻƘȅō 

5ƛǇŀǊŜǘƛŎƪł ŦƻǊƳŀ ǇƻǎǘƛȌŜƴƝ ƪƻƴőŜǘƛƴΣ ƘƭŀǾƴŠ ŘƻƭƴƝ ƪƻƴőŜǘƛƴȅ 

IŜƳƛǇŀǊŜǘƛŎƪł ŦƻǊƳŀ ƻŎƘǊƴǳǘƝ ǇƻǎǘƛƘǳƧŜ ƧŜŘƴǳ ǎǘǊŀƴǳ ǘŠƭŀ 

¢ǊƛǇŀǊŜǘƛŎƪł ŦƻǊƳŀ ǇƻǎǘƛƘǳƧŜ ǘǌƛ ƪƻƴőŜǘƛƴȅΣ ƴŀǇǌƝƪƭŀŘ ŘǾŠ 
ŘƻƭƴƝ ŀ ƧŜŘƴǳ ƘƻǊƴƝ ƪƻƴőŜǘƛƴǳ 

YǾŀŘǊǳǇŀǊŜǘƛŎƪł ŦƻǊƳŀ ǇƻǎǘƛȌŜƴƝ ǎǾŀƭǻ ƘƭŀǾȅΣ ǘǊǳǇǳ ŀ ƪƻƴőŜǘƛƴ 

bŜǎǇŀǎǘƛŎƪł ŦƻǊƳŀ 10-нл ҈ ǇǌƝǇŀŘǻ  

5ȅǎƪƛƴŜǘƛŎƪł ŦƻǊƳŀ ǎǾŀƭƻǾŞ ƴŀǇŠǘƝ ǎŜ ǎǘǌƝŘłΣ ǾȊƴƛƪŀƧƝ 
ƴŜƻǾƭŀŘŀǘŜƭƴŞ ƳƛƳƻǾƻƭƴƝ ǇƻƘȅōȅ ǘŠƭŀΣ 
ǘǌŀǎƭŀǾȇ ǇƻƘȅō 

IȅǇƻǘƻƴƛŎƪł ŦƻǊƳŀ ǎǾŀƭƻǾŞ ƴŀǇŠǘƝ ƧŜ ŎŜƭƪƻǾŠ ǎƴƝȌŜƴŞΣ ŀ ǘƻ 
ƘƭŀǾƴŠ ƴŀ ǘǊǳǇǳ ŀ ƪƻƴőŜǘƛƴłŎƘΦ bŜƧƛǎǘł 
ŎƘǻȊŜΣ ȊǾŠǘǑŜƴȇ ǊƻȊǎŀƘ ǇƻƘȅōǳ Ǿ 
ƪƭƻǳōŜŎƘΦ hōǾȅƪƭŜ Ǿ оΦ ǊƻŎŜ ǇǌŜŎƘłȊƝ Řƻ 
ƧƛƴŞ ŦƻǊƳȅΦ  

!ǘŀƪǘƛŎƪł ŦƻǊƳŀ  5-мл ҈ ƭƛŘƝ ǎ 5ahΣ ǘŠȌƪƻǎǘƛ ǎ ǊƻǾƴƻǾłƘƻǳΣ 
ƪƻƻǊŘƛƴŀŎƝ ǇƻƘȅōǳΣ ǇǌƝǘƻƳƴȇ ƧŜ ǘǌŜǎ ǘŠƭŀ 
Ǉǌƛ ǾŠŘƻƳŞ őƛƴƴƻǎǘƛΣ ǇƻǑƪƻȊŜƴƝ ƳƻȊŜőƪǳ 

YƻƳōƛƴƻǾŀƴŞ ǇƻǑƪƻȊŜƴƝ ƴŜƧőŀǎǘŠƧƛ ȊƪƻƳōƛƴƻǾŀƴł ƧŜ ǎǇŀǎǘƛŎƪł ŀ 
ŘȅǎƪƛƴŜǘƛŎƪł ŦƻǊƳŀ 

¢ŜǊŀǇƛŜ о5 ōǊȇƭŜƳƛ 
bŀǑŜ ǎƴŀƘŀ ƻǾƭƛǾƴƛǘ ǇƻƘȅōƻǾŞ ǎŎƘƻǇƴƻǎǘƛ ŘŠǘƝ ǎȅǎǘŞƳŜƳ ǎ VR ǎŜ ȊŀƳŠǌǳƧŜ ƪǊƻƳŠ ƭƻƪƻƳƻőƴƝch 
funkcƝΣ ǘŀƪŞ ƴŀ ŦǳƴƪŎŜ ǇƻǎǘǳǊłƭƴƝΦ hōŠ ǘȅǘƻ ŦǳƴƪŎŜ Ƨǎƻǳ ǎƛ ǾŜƭƳƛ ōƭƝȊƪŞ ŀ ƧŜƧƛŎƘ ǇǊƻŎǾƛőƻǾłƴƝ 
a stimulace ƴŜǊǾƻǎǾŀƭƻǾȇŎƘ ŘǊŀƘ ŀ ǎȅǎǘŞƳǻΣ ƪǘŜǊŞ ƧŜ ȊŀƧƛǑǙǳƧƝ ƧŜ ǎƻǳőłǎǘƝ ŎŜƭŞ ǌŀŘȅ ǵƭƻƘ 
s ǾȅǳȌƛǘƝƳ ±wΦ {ƻǳőłǎǘƝ ǵƪƻƭǻ ƧŜ ȊŀǳƧƳǳǘƝ ǇƻȌŀŘƻǾŀƴŞ ǇƻȊƛŎŜ ǘŠƭŀ v kombinaci s ƪƻƴłƴƝƳ 
ǎǇŜŎƛŦƛƪƻǾŀƴȇŎƘ ǇƻƘȅōǻΦ WŜŘƴŀ ǵƭƻƘŀ ƴŀǇǌΦ ǎǘƛƳǳƭǳƧŜ ǇƻƪǊőŜƴƝ ŘƝǘŠǘŜ Řƻ ǾȅǎƻƪŞƘƻ ŘǌŜǇǳ 
a ƳƝǊƴŞ ǇǌŜŘƪƭƻƴŠƴƝ ǘǊǳǇǳ ǘŀƪΣ ŀōȅ ŘƝǘŠ αprolezlo ŘǳǘȇƳ kmenemάΦ ¨ƪƻƭŜƳ ŎǾƛőƝŎƝ osoby 
s ǾȅǳȌƛǘƝƳ ǊƻȊǑƝǌŜƴŞ ǊŜŀƭƛǘȅ ƧŜ ƧƛƴŘȅ αǇǌŜƪǊƻőŜƴƝ Ǉƻǘƻƪŀά ǇǌŜǎƪłƪłƴƝƳ Ǉƻ ƪŀƳŜƴŜŎƘΣ ŎƻȌ 
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podporuje orientaci v prostoru a vynucuje kladeƴƝ ƴƻƘȅ ƴŀ ǊǻȊƴŠ ǳƳƝǎǘŠƴł ƻǇƻǊƴł ƳƝǎǘŀΦ 5ŀƭǑƝ 
ǵƭƻƘŀ ǌŜǑƝ ǎǘƛƳǳƭŀŎƛ ŎƘǻȊŜ stranou, tj. bokemΦ ¢ƝƳ ŘƻǎłƘƴŜƳŜ ǎǘƛƳǳƭŀŎŜ ǎǾŀƭƻǾȇŎƘ ǎƪǳǇƛƴ 
ŀōŘǳƪǘƻǊǻ ŀ ŀŘŘǳƪǘƻǊǻ ƪȅőƭŜΣ ƪǘŜǊŞ Ƨǎƻǳ őŀǎǘƻ ƻǎƭŀōŜƴȅ ŀ ǘŀƪǘƻ ǇǌƝƳƻ Ƨǎƻǳ Ǿ ōŠȌƴŞ ƭƻƪƻƳƻŎƛ 
ǎǇƻǌŜ ǾȅǳȌƝǾłƴȅΦ tǌŜǎǘƻ Ƨǎƻǳ ƧŜƧƝ ƴŜƻǇƻƳŜƴǳǘŜƭƴƻǳ ŘƝƭőƝ ǎƻǳőłǎǘƝΦ 
 

 

hōǊłȊŜƪ 1 Potok ς ŎǾƛőŜƴƝ ǎǘƛƳǳƭǳƧƝŎƝ ǎŎƘƻǇƴƻǎǘƛ ǊǻȊƴŞ ŘŞƭƪȅ ƪǊƻƪǳΣ ǳŘǊȌŜƴƝ ǊƻǾƴƻǾłƘȅΣ  
ŀƪǘƛŀǾŎƛ ŀōŘǳƪǘƻǊǻ Ǉǌƛ ǵƪǊƻƪǳ ǎǘǊŀƴƻǳ ŀƧΦ 

tƻǎǘǳǊłƭƴƝ ǎŎƘƻǇƴƻǎǘƛ Ƨǎƻǳ ŘłƭŜ ǇǊƻŎǾƛőƻǾłƴȅ ƛ Ǿ ǵƪƻƭŜŎƘ ȊŀƳŠǌŜƴȇŎƘ ǇǊƛƻǊƛǘƴŠ ƴŀ ƘƻǊƴƝ 
ƪƻƴőŜǘƛƴȅΦ WŜŘƴł ǎŜ ǘŀƪ ƴŀǇǌΦ ƻ ǘǊƘłƴƝ ǇƭƻŘǻ ȊŜ ǎǘǊƻƳǳ όƛ Ǿȅǎƻƪƻ ƴŀŘ ƘƭŀǾƻǳύΣ ƻōƪǊŜǎƭƻǾłƴƝ 
ƻōǊŀȊŎǻ ŀƴŜōƻ ǎƭŜŘƻǾłƴƝ ǇƻƘȅōǳƧƝŎƝŎƘ ǎŜ ōŀǊŜǾƴȇŎƘ ƳƝőƪǻ ς ŎƻȌ ǾȅƴǳŎǳƧŜ ǑƛǊƻƪȇ ǊƻȊǎŀƘ 
pohybu hlavy a trupu Ǉǌƛ ȊŀŎƘƻǾŀƴƝ ǎǘłƭŞ ǎǘƻƧƴŞ ōłȊŜ ƻǇƻǊȅ ƴƻƘƻǳ ƴŀ ǇƻŘƭƻȌŎŜ. WŜ ȊǌŜƧƳŞΣ ȌŜ 
ǇǊƻŎǾƛőŜƴƝ ƘǊǳōŞ ƳƻǘƻǊƛƪȅ ƘƻǊƴƝŎƘ ƪƻƴőŜǘƛƴ ŀ ǘǊǳǇǳΣ ǘŀƪ ȊǇǻǎƻōǳƧŜ ǳǊőƛǘŞ ŘȅƴŀƳƛŎƪŞ 
ǾȅŎƘȅƭƻǾłƴƝ ǎǘƻƧƝŎƝ ƻǎƻōȅ ŀ ǘƝƳ ƴŀǇƻƳłƘł ŘǊǳƘƻǘƴŠ ƪ ǇǊƻŎǾƛőŜƴƝ ǇƻǎǘǳǊłƭƴƝŎƘ ŦǳƴƪŎƝΦ 
 

 

hōǊłȊŜƪ 2 {ōŠǊ ǇƭƻŘǻ ς ŎǾƛőŜƴƝ ǎǘƛƳǳƭǳƧƝŎƝ ƴŀǇǌΦ ǵŎƘƻǇ ƪǳƭƻǾȇ ŀ ǑǇŜǘƪƻǾȇΣ ƻǇƻȊƛŎƛ ǇŀƭŎŜΣ ǇǊƻƴŀőƴƝ ŀ ǎǳǇƛƴŀőƴƝ ǇƻƘȅō 
ǇǌŜŘƭƻƪǘƝΦ ± ƻōǘƝȌƴŞ ǾŀǊƛŀƴǘŠ ƛ ƘǊǳōł ƳƻǘƻǊƛƪŀ ǇŀȌŜ ŀ ǘǊǳǇǳΦ 

±Ŝƭƪł ǎƪǳǇƛƴŀ ŀǇƭƛƪŀŎƝ о5 ǊƻȊǑƝǌŜƴŞ ǊŜŀƭƛǘȅ ǎŜ ȊŀƳŠǌǳƧŜ ǘŀƪŞ ƴŀ ƧŜƳƴƻǳ ƳƻǘƻǊƛƪǳΣ ƴŀ ŦƻǊƳǳ 
ǵŎƘƻǇǳ όǑǇŜǘƪƻǾȇ ŀ ŘƭŀƶƻǾȇ ǵŎƘƻǇύ ŀ ƧŜƘƻ ǳǾƻƭƴŠƴƝΦ {ƻǳőłǎǘƝ ƧŜ ƛ ŎƝƭŜƴł ƳŀƴƛǇǳƭŀŎŜ ŘǊȌŜƴŞƘƻ 
ƻōƧŜƪǘǳ όǎłȊŜƴƝ ƪǾŠǘƛƴ Řƻ ƪǾŠǘƛƴłőǻύΦ tǊƻŎǾƛőƻǾłƴŀ ƧŜ ǘŀƪŞ ǇǊƻƴŀŎŜ ŀ ǎǳǇƛƴŀŎŜ ǇǌŜŘƭƻƪǘƝΣ 
ǇǌŜŘŜǾǑƝƳ Ǉǌƛ ƻōǊŀŎŜƴƝ ƪŀǊŜǘ Ǿ ǊłƳŎƛ ƘǊȅ ǇŜȄŜǎƻΦ  
 
±ȇƘƻŘƻǳ ǾǑŜŎƘ ǘŠŎƘǘƻ ǵƭƻƘ ƧŜΣ ȌŜ ŘƝǘŠ ƧŜ ǾǘŀȌŜƴƻ Řƻ ƘǊȅ ƴŜōƻ ǵƪƻƭǳ ŀ ǇƻƳƻŎƝ ǾƛȊǳłƭƴƝƘƻ о5 
ǇǊƻǎǘǌŜŘƝ ƧŜ ȊłōŀǾƴƻǳ ŦƻǊƳƻǳ ǎǘƛƳǳƭƻǾłƴƻ Ǿ ǘǊŞƴƻǾłƴƝ ǾȇǑŜ ȊƳƝƴŠƴȇŎƘ ǇƻƘȅōƻǾȇŎƘ ŦǳƴƪŎƝ 
a ƧŜƧƛŎƘ ǇǌƛǊƻȊŜƴȇŎƘ ƪƻƳōƛƴŀŎƝΦ tƻǘǾǊŘƛƭŀ ǎŜ ǾȇōƻǊƴł ǎǇƻƭǳǇǊłŎŜ ƛ ǎ ŘŠǘƳƛ ǎ ǇǌƛŘǊǳȌŜƴȇƳƛ 
ǇǎȅŎƘƛŎƪȇƳƛ ǇƻǊǳŎƘŀƳƛ όƴŀǇǌΦ ŀǳǘƛǎƳǳǎΣ porucha pozornosti). 
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hōǊłȊŜƪ 3 {ǇŜŎƛŦƛƪŀŎŜ ƳƻȌƴȇŎƘ ƳƻŘƛŦƛƪŀŎƝ ǇǊƻǾŜŘŜƴƝ ŎǾƛőŜƴƝ 

tǊƻ ǘŜǊŀǇŜǳǘȅ ƧŜ ǇǌƛǇǊŀǾŜƴŀ ǎǘǊǳőƴł ƛƴŦƻǊƳŀŎŜ ƻ ƪŀȌŘŞƳ ȊŜ ŎǾƛőŜƴƝΣ ƪǘŜǊŞ ƭȊŜ ƴŀǾƝŎ ȊǾƻƭƛǘ 
v ǊǻȊƴŞƳ ǎǘǳǇƴƛ ƻōǘƝȌƴƻǎǘƛ ŀ Ǿ ǊǻȊƴŞƳ őŀǎƻǾŞƳ ǘǊǾłƴƝ όhōǊłȊŜƪ оύΦ tǊƻ ƪŀȌŘŞ ŎǾƛőŜƴƝ ƧŜ 
ǎǇŜŎƛŦƛƪƻǾłƴƻ ȊŀƳŠǌŜƴƝ ƴŀ ǾȅōǊŀƴŞ ŦǳƴƪŎŜ ŀ ƭƻƪŀƭƛǘȅ ǘŠƭŀ ŎǾƛőƝŎƝƘƻΦ 

/ƘǻȊŜ ƻǎƻōȅ ǎ DMO  
tǊƻ ǇƻǎƻǳȊŜƴƝ ǎŎƘƻǇƴƻǎǘƛ ŎƘǻȊŜ ǾȅǳȌƝǾłƳŜ ƛƴŜǊŎƛłƭƴƝ ǎŜƴȊƻǊ Ǿ ǊłƳŎƛ ǎȅǎǘŞƳǳ D-Walk (BTS 
.ƛƻŜƴƎƛƴŜŜǊƛƴƎύΦ ¢ŜǎǘǳƧŜƳŜ млƳ ǘŜǎǘ ŎƘǻȊŜΣ ǾŜ ƪǘŜǊŞƳ Ƨǎƻǳ ƘƻŘƴƻŎŜƴȅ ǇŀǊŀƳŜǘǊȅ Ƨŀƪƻ ƧŜ 
ƪŀŘŜƴŎŜΣ ŘŞƭƪŀ ƪǊƻƪǳΣ Řƻōŀ ǎǘƻƧƴŞ ŀ ǑǾƛƘƻǾŞ ŦłȊŜ ƪǊƻƪǳΦ 2ŀǎǘł ƧŜ ǇǌƝǘƻƳƴƻǎǘ ǊǻȊƴŞ ƳƝǊȅ 
ƴŜǳǊƻƭƻƎƛŎƪȇŎƘ ǇǌƝȊƴŀƪǻ ƴŀ ƧŜŘƴŞ ǇƻƭƻǾƛƴŠ ǘŠƭŀΦ tŀǊŀƳŜǘǊȅ ŎƘŀǊŀƪǘŜǊƛȊǳƧƝŎƝ ǎȅƳŜǘǊƛƛ 
ƪƛƴŜƳŀǘƛŎƪȇŎƘ ǾŜƭƛőƛƴΣ ǾőŜǘƴŠ ǇǊƻǇǳƭȊƴƝŎƘ ǎŎƘƻǇƴƻǎǘƝ Ƨǎƻǳ Ǿ ǇǌƝǇŀŘŠ ǘŞǘƻ ƭŞȊŜ ǾŜƭƳƛ ŘǻƭŜȌƛǘŞ 
(Yazici, 2022). tƻŘǊƻōƴŠƧƛ ǎŜ Ǉǌƛ ǘŜǎǘƻǾłƴƝ ƭƻƪƻƳƻŎŜ ŘŠǘƝ ǎ 5ah ȊŀƳŠǌǳƧŜƳŜ na parametry 
ǇƻǇƛǎǳƧƝŎƝ ǇƻȊƛŎƛ ǇłƴǾŜ ǾŜ о5Φ 

tłƴŜǾ ŀ ƧŜƧƝ ǇƻȊƛŎŜ  
.ŠƘŜƳ ƪǊƻƪƻǾŞƘƻ Ŏȅƪƭǳ ǎŜ ǇƻȊƛŎŜ ǇłƴǾŜ ς ƧŜƧƝ ŀƴǘŜǊƻ őƛ ǇƻǎǘŜǊƻverzƴƝ ǇƻǎǘŀǾŜƴƝΣ ǑƛƪƳƻǎǘ ǾŜ 
ŦǊƻƴǘłƭƴƝ ǊƻǾƛƴŠ ŀ ǊƻǘŀŎŜ ǇłƴǾŜ ς ƳƻƘƻǳ ƭƛǑƛǘ ƻŘ ȊŘǊŀǾŞ ŎƘǻȊŜΣ Ƨŀƪ ǾƛŘƝƳŜ Ǿ ǇǊǻōŠƘǳ ƘƻŘƴƻǘȅ 
ǾŜƭƛƪƻǎǘƛ ǵƘƭǳ Ǿ ǇǊǻōŠƘǳ ǎǘƻƧƴŞ ŀ ǑǾƛƘƻǾŞ ŦłȊŜ ƪǊƻƪǳΦ  
 

 

hōǊłȊŜƪ 4 tłƴŜǾ ŀ ƧŜƧƝ ŀƴǘŜǾŜǊȊŜ ς retroverze v ǊƻǾƛƴŠ ǎŀƎƛǘłƭƴƝ 

 

 

hōǊłȊŜƪ 5 tłƴŜǾ ŀ ƧŜƧƝ ǑƛƪƳƻǎǘ ς tj. ƴŀƪƭƻƴŠƴƝ Ǿ ǊƻǾƛƴŠ ŦǊƻƴǘłƭƴƝ 
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hōǊłȊŜƪ 6 tłƴŜǾ ŀ ƧŜƧƝ ƻǘłőŜƴƝ Ǿ ǊƻǾƛƴŠ ǘǊŀƴǎǾŜǊǎłƭƴƝ 

Z ǇǊǻōŠƘǳ ƪǌƛǾŜƪ ǇƻȊƻǊǳƧŜƳŜΣ ȌŜ ǳ ǘŞǘƻ ƻǎƻōȅ ƧŜ ǇłƴŜǾ Ǿ pozici anteverze όhōǊłȊŜƪ пύ ŀ ƴŀǾƝŎ 
ǑƛƪƳƻ ǘŀƪΣ ȌŜ ƧŜ leǾł ǎǘǊŀƴŀ ǇłƴǾŜ ǾȇǑ ƴŜȌ praǾł όhōǊłȊŜƪ рύΦ tƻƘȅōŜƳ ŘƻƭƴƝŎƘ ƪƻƴőŜǘƛƴ 
ǾȅǾƻƭŀƴł ǊƻǘŀŎŜ ǇłƴǾŜ ƧŜ ȊŘŜ ƪƻƴłƴŀ Ǿ ƳŜƴǑƝƳ ǊƻȊǎŀƘǳ όhōǊłȊŜƪ сύΣ ƴŜȌ ƧŜ ŦȅȊƛƻƭƻƎƛŎƪŞΦ 
hōǊłȊƪȅ п ŀȌ с ōȅƭȅ ǾȅǘǾƻǌŜƴȅ ǎƻŦǘǿŀǊŜƳ G-Walk (BTS Bioengineering) ǇǊƻ ƴłƳƛ ƴŀƳŠǌŜƴł 
data. tƻŘƻōƴŞ ǎƻǳǾƛǎƭƻǎǘƛ о5 ŎƘŀǊŀƪǘŜǊƛǎǘƛƪ ǇǊǻōŠƘǳ ƪƛƴŜƳŀǘƛŎƪȇŎƘ ǾŜƭƛőƛƴ ŎƘǻȊŜ ŘŠǘƝ ǎ 5ah 
popisuje (Sangeux et Armand, 2015). 
 
½ǾȇǑŜƴł őƛƴƴƻǎǘ ǇǌƝǇŀŘƴŠ ǎǇŀǎǘƛŎƛǘŀ ǎǾŀƭǻΣ ƪǘŜǊŞ ǾȅƪƻƴłǾŀƧƝ ŜȄǘŜƴȊƛ ƪȅőƭŜ ƳǻȌŜ ƳƝǘ Ȋŀ ŘǻǎƭŜŘŜƪ 
ƴŀƪƭƻƴŠƴƝ ǇłƴǾŜ ŘƻȊŀŘǳ ǘȊǾΦ ǊŜǘǊƻǾŜǊȊƛΦ Wǎƻǳ ǘƻ ǇǌŜŘŜǾǑƝƳ ǎǾŀƭƻǾł ǎƪǳǇƛƴŀ ǘȊǾΦ ƘŀƳǎǘǊƛƴƎǻ 
a m. gluteus maximus. Synergicky s ƴƛƳƛ ōȅ Ǉǻǎƻōƛƭƛ ōǌƛǑƴƝ ǎǾŀƭȅ (ǇǌŜŘŜǾǑƝƳ ǇǌƝƳȇ ōǌƛǑƴƝ ǎǾŀƭ). 
bŀƻǇŀƪ Ǿȇǎƪȅǘ ǎǇŀǎǘƛŎƛǘȅ ŀŘŘǳƪǘƻǊǻ ƪȅőŜƭŜ ŀ ƳΦ ƛƭƛƻǇǎƻŀǎ ǾŜŘŜ ƪ ŀŘŘǳƪŎƛ ŀ ǾƴƛǘǌƴƝ ǊƻǘŀŎƛ 
femuru. To je obvykle spojeno s ŀƴǘŜǾŜǊȊƝ ǇłƴǾŜΣ ǘƧΦ ƴŀƪƭƻƴŠƴƝƳ ŘƻǇǌŜŘǳΣ Ƨŀƪ ǾƛŘƝƳŜ ƴŀ 
ƻōǊłȊƪǳ т. (Armand 2016) 

 

hōǊłȊŜƪ 7 tƻǎǘŀǾŜƴƝ ŘƻƭƴƝŎƘ ƪƻƴőŜǘƛƴ ȊǇǻǎƻōŜƴŞ ƪƻƴǘǊŀƪǘǳǊŀƳƛ ǎǾŀƭǻ Ǉǌƛ 5ah ς vlevo (Qin 2020),  
ǎŎƘŞƳŀ ǾǇǊŀǾƻ όbƻǾŀ IŜŀŘŀŎƘŜ нлмуύ 

±Ŝ ŦǊƻƴǘłƭƴƝ ǊƻǾƛƴŠ ƳǻȌŜƳŜ ǇƻȊƻǊƻǾŀǘ ǑƛƪƳƻǎǘ ǇłƴǾŜΣ ƪŘȅ ƧŜ ƧŜŘƴŀ ǎǘǊŀƴŀ όƴŀǇǌΦ ǇǊŀǾłύ ƴƝȌ 
ƴŜȌ ŘǊǳƘłΦ ¢ƻ ƳƻƘƻǳ ȊǇǻǎƻōƛǘ ǎǾƻǳ ȊǾȇǑŜƴƻǳ ŀƪǘƛǾƛǘƻǳ ŀōŘǳƪǘƻǊȅ ǘŞȌŜ ǎǘǊŀƴȅΣ ƴŜōƻ 
ŘǊǳƘƻǎǘǊŀƴƴŞ ŀŘŘǳƪǘƻǊȅΦ .ŠƘŜƳ ƪǊƻƪǳΣ ǾŜ ŦłȊƛ ƻǇƻǊȅ ƻ ƧŜŘƴǳ ƪƻƴőŜǘƛƴǳ όƴŀǇǌΦ ǇǊŀǾƻǳύΣ 
ŘƻŎƘłȊƝ ƪ ǳŘǊȌŜƴƝ ǇƻȊƛŎŜ ǇłƴǾŜ ƘƻǊƛȊƻƴǘłƭƴŠ ŀƪǘƛǾƛǘƻǳ ŀōŘǳƪǘƻǊǻ ǎǘƻƧƴŞ ƪƻƴőŜǘƛƴȅΦ bƻǊƳłƭƴƝ 
ƧŜ ǇƻȊƻǊƻǾŀǘ ƛ ƳƝǊƴŞ ȊǾŜŘłƴƝ ǇłƴǾŜ ƴŀ ǎǘǊŀƴŠ ƻǇŀőƴŞ ǾƻƭƴŞ ƪƻƴőŜǘƛƴȅΦ ± ǇǌƝǇŀŘŠ ƧŜƧƛŎƘ ƻǎƭŀōŜƴƝ 
ƳǻȌŜ ƻǇŀőƴł ǎǘǊŀƴŀ ǇłƴǾŜ ƪƭŜǎƴƻǳǘΣ ǇǊƻǘƻȌŜ Ƨƛ Ǿ ƘƻǊƛȊƻƴǘłƭƴƝ ǇƻȊƛŎƛ ǎǾŀƭȅ ƴŜǳŘǊȌƝΦ YƭƛƴƛŎƪȅ 



   
 

рс 
 

ƻȊƴŀőƻǾŀƴŞ Ƨŀƪƻ ¢ǊŜƴŘŜƭŜƴōǳǊƎƻǾŀ ŎƘǻȊŜΦ bŜōƻ ƳǻȌŜ ŘƻƧƝǘ ƪŜ ƪƻƳǇŜƴȊŀŎƛ ǘƝƳΣ ȌŜ ƻǎƻōŀ 
ǇǌŜǎǳƴŜ ǘǊǳǇ ŀ ƘƻǊƴƝ őłǎǘ ǘŠƭŀ ƴŀŘ ǎǘƻƧƴƻǳ ƪƻƴőŜǘƛƴǳΦ ¢ƝƳ ǎŜ ƴŀƻǇŀƪ ƴŜƻǇƻǊƻǾł ǘŜŘȅ ƻǇŀőƴł 
ǎǘǊŀƴŀ ǇłƴǾŜ ȊǾŜŘł ƴŀŘ ƘƻǊƛȊƻƴǘłƭǳΦ YƭƛƴƛŎƪȅ ƻȊƴŀőƻǾŀƴŞ Ƨŀƪƻ 5ǳŎƘŜƴƴƻǾŀ ŎƘǻȊŜΦ (Kiernan 
2018)  

½łǾŠǊ 
{ȅǎǘŞƳ ŎǾƛőŜƴƝ ǎ ǾȅǳȌƛǘƝƳ ǊƻȊǑƝǌŜƴŞ ǊŜŀƭƛǘȅ ōȅƭ ǾȅǾƛƴǳǘ ŀǳǘƻǊǎƪȇƳ ǘȇƳŜƳ Ǿ ǊłƳŎƛ ǇǊƻƧŜƪǘǳ 
¢!2w ǎǇŜŎƛŦƛŎƪȅ ǇǊƻ ǇƻǘǌŜōȅ ŘŠǘƝ ǎ DMO. V ǎƻǳőŀǎƴŞ ŘƻōŠ ǇǊƻōƝƘł ƪƭƛƴƛŎƪł ǎǘǳŘƛŜΣ ƪŘȅ ƧŜ 
ŘŠǘŜƳ Ǿ ǊłƳŎƛ ƭłȊŜƶǎƪŞƘƻ Ǉƻōȅǘǳ ǳƳƻȌƴŠƴƻ ŎǾƛőƛǘ ǎ ƴŀǑƝƳ ŘƛƎƛǘłƭƴƝƳ ǎȅǎǘŞƳŜƳΦ /ǾƛőŜƴƝ 
s ǾȅǳȌƛǘƝƳ ǘƻƘƻǘƻ ǎȅǎǘŞƳǳ ǎ ǊƻȊǑƝǌŜƴƻǳ ǊŜŀƭƛǘƻǳ ƧŜ ǇƻȊƛǘƛǾƴŠ ǇǌƛƧƝƳłƴƻ Ƨŀƪ ŎǾƛőƝŎƝƳƛ ŘŠǘƳƛΣ ǘŀƪ 
ƻŘōƻǊƴȇƳƛ ǊŜƘŀōƛƭƛǘŀőƴƝƳƛ ǇǊŀŎƻǾƴƝƪȅΦ 
tǊƻ ǇƻǎƻǳȊŜƴƝ ŜŦŜƪǘǳ ǘŞǘƻ ǘŜǊŀǇƛŜ ǘŜǎǘǳƧŜƳŜ ƧŜƳƴƻǳ ƳƻǘƻǊƛƪǳΣ ǇƻǎǘǳǊłƭƴƝ ŦǳƴƪŎŜ ŀ ƪǾŀƭƛǘǳ 
ŎƘǻȊŜΦ ± ǘƻƳǘƻ ǇǌƝǎǇŠǾƪǳ ƧǎƳŜ ǎŜ ǾƝŎŜ ȊŀƳŠǌƛƭƛ ƴŀ ǇǊƛƴŎƛǇȅ ŀ ǎƻǳǾƛǎƭƻǎǘƛ ƘƻŘƴƻŎŜƴƝ ŎƘǻȊŜ ŘŠǘƝ 
s ŘŠǘǎƪƻǳ ƳƻȊƪƻǾƻǳ ƻōǊƴƻǳ.  

tƻŘŠƪƻǾłƴƝ 
tǊƻōƭŜƳŀǘƛƪŀ ƧŜ ǌŜǑŜƴŀ Ǿ ǊłƳŎƛ ǇǊƻƧŜƪǘǳ ŀǇƭƛƪƻǾŀƴŞƘƻ ǾȇȊƪǳƳǳΥ 5ƛƎƛǘŀƭƛȊŀŎŜ ǊŜƘŀōƛƭƛǘŀőƴƝ ǇŞőŜ ŘŠǘƝ 
ǎ ƘȅōƴȇƳƛ ǇƻǊǳŎƘŀƳƛ ȊŀƭƻȌŜƴŞ ƴŀ ǊƻȊǑƝǌŜƴŞ ǊŜŀƭƛǘŠΣ ƪƽŘ ǇǊƻƧŜƪǘǳ ¢vлмлллломΣ Řƻōŀ ǌŜǑŜƴƝ нлно-
нлнсΣ ƘƭΦ ǌŜǑƛǘŜƭ ǇǊƻŦΦ tŀŜŘ5ǊΦ wǳŘƻƭŦ tǎƻǘǘŀΣ tƘΦ5ΦΣ ǇƻǎƪȅǘƻǾŀǘŜƭ ǇƻŘǇƻǊȅΥ ¢ŜŎƘƴƻƭƻƎƛŎƪł ŀƎŜƴǘǳǊŀ 
2w ό¢!2wύ Ǿ ǊłƳŎƛ tǊƻƎǊŀƳǳ ƴŀ ǇƻŘǇƻǊǳ ŀǇƭƛƪƻǾŀƴŞƘƻ ǾȇȊƪǳƳǳ ŀ ƛƴƻǾŀŎƝ SIGMA ς DC3. 

tƻŘŠƪƻǾłƴƝ ǇŀǘǌƝ ǘŀƪŞ {ǘłǘƴƝƳ ƭŞőŜōƴȇƳ ƭłȊƴƝƳ WŀƴǎƪŞ [łȊƴŠΣ ǎΦ ǇΦ ŀ [łȊƴƝƳ ¢ŜǇƭƛŎŜ Ǿ 2ŜŎƘłŎƘΣ ŀΦǎΦ 
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{ǘǌŜŘŀ муΦ сΦ нлнр мнΥлл 

Custom Made Implants & AI 

aŀǊǘƛƴ IŀǾǊłƴŜƪ 1,2*, Matej Daniel 1, Ivo Bukovsky 1Σ Wŀƴ IŜǌǘ3 ŀ !ƴǘƻƴƝƴ {ƻǎƴŀ3 
 
1 ¨ǎǘŀǾ mechanikyΣ ōƛƻƳŜŎƘŀƴƛƪȅ ŀ ƳŜŎƘŀǘǊƻƴƛƪȅΣ Cŀƪǳƭǘŀ ǎǘǊƻƧƴƝ 2±¦¢ Ǿ tǊŀȊŜΦ ¢ŜŎƘƴƛŎƪł пΣ 

160 00 Praha ς Dejvice.  
2 wϧ5 5ŜǇŀǊǘƳŜƴǘΣ tǊƻ{Ǉƻƴ ǎǇƻƭΦ ǎ ǊΦƻΦΣ WƛǌƝƘƻ ±ƻǎƪƻǾŎŜ онлсΣ нтн 01 Kladno. 
3 мΦ ƻǊǘƻǇŜŘƛŎƪł ƪƭƛƴƛƪŀΣ мΦ [C ¦Y ŀ Cb aƻǘƻƭΦ ± ¨Ǿŀƭǳ упκмΣ tǊŀƘŀ рΦ 
*  martin.havranek@prospon.cz   
 
tŜǊǎƻƴŀƭƛȊŀŎŜ ƻǊǘƻǇŜŘƛŎƪȇŎƘ ŀ ƻƴƪƻƭƻƎƛŎƪȇŎƘ ƛƳǇƭŀƴǘłǘǻ όhōǊłȊŜƪ мύ ǇǌŜŘǎǘŀǾǳƧŜ ƳƴƻƘŘȅ 
ƧŜŘƛƴƻǳ ƳƻȌƴƻǎǘ ǇǊƻ ƻōƴƻǾŜƴƝ Ŧǳƴƪőƴƻǎǘƛ ƪƭƻǳōǻ ƴŜōƻ ȊłŎƘǊŀƴȅ ƪƻƴőŜǘƛƴȅΦ {ǘǳŘƛŜ ǎŜ 
ȊŀƳŠǌǳƧŜ ƴŀ ƪƻƳōƛƴŀŎƛ ōƛƻƳŜŎƘŀƴƛŎƪȇŎƘ ƳƻŘŜƭǻ ǾȅǳȌƝǾŀƧƝŎƝŎƘ ƳŜǘƻŘǳ ƪƻƴŜőƴȇŎƘ ǇǊǾƪǻ 
(MKP) ŀ ǊǻȊƴȇŎƘ ǇǌƝǎǘǳǇǻ ǎǘǊƻƧƻǾŞƘƻ ǳőŜƴƝ ǇǊƻ ƴłǾǊƘ ŀ ǊŜŀƭƛȊŀŎƛ ƛƳǇƭŀƴǘłǘǻ ǇǌƛȊǇǻǎƻōŜƴȇŎƘ 
ƴŀ ƳƝǊǳ ƪƻƴƪǊŞǘƴƝƳǳ ǇŀŎƛŜƴǘƻǾƛΦ {ǘŠȌŜƴƝƳ prvkem ōƛƻƳŜŎƘŀƴƛŎƪŞ ŀƴŀƭȇȊȅ je metoda 
ƪƻƴŜőƴȇŎƘ ǇǊǾƪǻΣ ƪǘŜǊł ōȅƭŀ ǇƻǳȌƛǘŀ ƪ ǎƛƳǳƭŀŎƛ ŦȅȊƛƻƭƻƎƛŎƪȇŎƘ ǇƻŘƳƝƴŜƪ ȊŀǘƝȌŜƴƝ ŀ ŜȄǘǊŀƪŎƛ 
mŜŎƘŀƴƛŎƪŞƘƻ ǎǘƛƳǳƭǳΣ ƪǘŜǊȇ ƪƻǊŜƭǳƧŜ ǎ ǊŜƳƻŘŜƭŀŎƝ ƪƻǎǘƛ όhōǊłȊŜƪ нύΦ aŜŎƘŀƴƛŎƪȇ ǎǘƛƳǳƭ 
ǎƭƻǳȌƝ jako ƘƭŀǾƴƝ ǾǎǘǳǇƴƝ vlastnost όαŦŜŀǘǳǊŜάύ pro modely ǎǘǊƻƧƻǾŞƘƻ ǳőŜƴƝ ȊŀƭƻȌŜƴŞ ƴŀ αIƛƎƘ 
hǊŘŜǊ bŜǳǊƻƴ ¦ƴƛǘά ŀ α!ŘŀǇǘƛǾŜ [ƛƴŜŀǊ bŜǳǊƻƴά. /ƝƭŜƳ ƧŜ ŘƻǎłƘƴƻǳǘ ƻǇǘƛƳłƭƴƝ ŦƛȄŀŎŜ 
ƛƳǇƭŀƴǘłǘǳ ŀ ƳƛƴƛƳŀƭƛȊƻǾŀǘ ǇǊŀǾŘŠǇƻŘƻōƴƻǎǘ ƧŜƘƻ ǳǾƻƭƴŠƴƝ ǇƻƳƻŎƝ ǘǾŀǊƻǾŞ ƻǇǘƛƳŀƭƛȊŀŎŜΣ ǘŀƪ 
ŀōȅ ōȅƭƻ ŘƻǎŀȌŜƴƻ ŜŦŜƪǘƛǾƴƝ ǊŜƳƻŘŜƭŀŎŜ ƪƻǎǘƛΦ  

  
hōǊłȊŜƪ 11 /a ǊŜǾƛȊƴƝ ŀŎŜǘŀōǳƭłǊƴƝ ƧŀƳƪŀ  hōǊłȊŜƪ 2 DǊŀŦ ȊƴłȊƻǊƶǳƧƝŎƝ ƪƻǊŜƭŀŎƛ ƳŜȊƛ ƴŀƳŠǌŜƴȇƳƛ 

ƳŜŎƘŀƴƛŎƪȇƳƛ ǇƻŘƴŠǘȅ ŀ ƻŘǇƻǾƝŘŀƧƝŎƝƳƛ ȊƳŠƴŀƳƛ ƪƻǎǘƴƝ 
ǊŜƳƻŘŜƭŀŎŜ ǇƻȊƻǊƻǾŀƴȇƳƛ ƴŀ ǊŜƴǘƎŜƴƻǾȇŎƘ ǎƴƝƳŎƝŎƘ ǎŜ 
ǎǘŀǘƛǎǘƛŎƪƻǳ ŀƴŀƭȇȊƻǳΦ 

tƻŘŠƪƻǾłƴƝ  
¢Ŝƴǘƻ őƭłƴŜƪ ǾȊƴƛƪƭ Ȋŀ ǇƻŘǇƻǊȅ ǇǊƻƧŜƪǘǳ .Lh59Dw!5!.[9Υ tƭŀǘŦƻǊƳŀ ǇǊƻ ƳƻŘŜǊƴƝ 
implantologii ς ǾȇȊƪǳƳ ƛƴŘƛǾƛŘǳŀƭƛȊƻǾŀƴȇŎƘ ōƛƻŘŜƎǊŀŘŀōƛƭƴƝŎƘ ƳŀǘŜǊƛłƭǻΣ ǊŜƎƛǎǘǊŀőƴƝ őƝǎƭƻΥ 
/½ΦлнΦлмΦлмκллκноψлнлκлллурмнΣ ƪǘŜǊȇ ƧŜ ǎǇƻƭǳŦƛƴŀƴŎƻǾłƴ 9ǾǊƻǇǎƪƻǳ ǳƴƛƝ. 

  

mailto:martin.havranek@prospon.cz
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{ǘǌŜŘŀ муΦ сΦ нлнр мнΥмр 

±ȅǳȌƛǘƝ aYt ǇǊƻ ǎǘǳŘƛǳƳ ƘƻƧŜƴƝ ƪƻǎǘƛ 

[ǳƪłǑ ½ŀŎƘ1* a Matej Daniel1 
 
1 ¨ǎǘŀǾ mechanikyΣ ōƛƻƳŜŎƘŀƴƛƪȅ ŀ ƳŜŎƘŀǘǊƻƴƛƪȅΣ Cŀƪǳƭǘŀ ǎǘǊƻƧƴƝ 2±¦¢ Ǿ tǊŀȊŜΦ ¢ŜŎƘƴƛŎƪł пΣ 

160 00 Praha ς Dejvice.  
*  lukas.zach@fs.cvut.cz   
 
9ȄƛǎǘǳƧŜ ǌŀŘŀ ƳŀǘŜƳŀǘƛŎƪȇ ƳƻŘŜƭǻ Ǌǻǎǘǳ ƪƻǎǘƛ ǾȅǳȌƛǘŜƭƴȇŎƘ Ǉǌƛ ƳƻŘŜƭƻǾłƴƝ ȊƭƻƳŜƴƛƴȅ ƪƻǎǘƛΦ 
tǊŜŘƛƪŎƛ ƘƻƧŜƴƝ ȊƭƻƳŜƴƛƴȅ Ǿ ǇǊƻǎǘǌŜŘƝ ƳŜǘƻŘȅ ƪƻƴŜőƴȇŎƘ ǇǊǾƪǻ όaYtύ ƭȊŜ ǇǊƻǾŞǎǘ ǎƻǳőƛƴƴƻǎǘƝ 
ƴŠƪƻƭƛƪŀ ǇƻǎǘǳǇǻΦ bŀǑƝƳ ŎƝƭŜƳ ƧŜ ƧŜƧ ŀǇƭƛƪƻǾŀǘ ƴŀ ȊƭƻƳŜƴƛƴǳ ǇŀȌƴƝ ƪƻǎǘƛΣ ǳ ƪǘŜǊŞ ǇǊƻōƝƘł ƘƻƧŜƴƝ 
Ȋŀ ǇƻƳƻŎƛ ƪƻǎǘƴƝƘƻ ƘǌŜōǳ ŦƛȄƻǾŀƴŞƘƻ ƴŠƪƻƭƛƪŀ ǑǊƻǳōȅΦ ± ǇǊǾƴƝƳ ƪǊƻƪǳ je Ȋŀ ǇƻǘǌŜōƝ ŘŜŦƛƴƻǾŀǘ 
ȊŀǘƝȌŜƴƝ ǇŀȌƴƝ ƪƻǎǘƛ Ǉǌƛ ǾȅōǊŀƴȇŎƘ ǇƻƘȅōŜŎƘ a ƴłǎƭŜŘƴŠ ǎŜǎǘŀǾit 3D model ƻōǎŀƘǳƧƝŎƝ ǾŜƭƛƪƻǎǘƴŠ 
ƻŘǇƻǾƝŘŀƧƝŎƝ ƛƴǘǊŀƳŜŘǳƭłǊƴƝ ƘǌŜō. V tomto geometǊƛŎƪŞƳ ƳƻŘŜƭǳ ƭȊŜ ȊƧŜŘƴƻŘǳǑŜƴŠ ŘŜŦƛƴƻǾŀǘ 
ȊƭƻƳŜƴƛƴǳ Ƨŀƪƻ ǇǌƝőƴŞ ǇƻǊǳǑŜƴƝ ƻ ǘƭƻǳǑǙŎŜ м ƳƳΦ Y ǌŜǑŜƴƝ ǵƭƻƘȅ ƭȊŜ ǎ ƳƴƻƘŀ ǾȇƘƻŘŀƳƛ ǾȅǳȌƝǘ 
ƳŜǘƻŘǳ ƪƻƴŜőƴȇŎƘ ǇǊǾƪǻ όaYtύ ŀ ǵƭƻƘǳ ǌŜǑƛǘ Ƨŀƪƻ statickou ǎ ƪƻƴǘŀƪǘŜƳ ƳŜȊƛ ƘǌŜōŜƳ ŀ ƪƻǎǘƝΦ 
WŜ ŎƝƭŜƳ Ǿ ǊłƳŎƛ ǌŜǑŜƴƝ ǇƻǊƻǾƴŀǘ ǾȇǎƭŜŘƪȅ ǾŜ ŘǾƻǳ ǾŀǊƛŀƴǘłŎƘ ς ǎ Ǉƭƴƻǳ ŦƛȄŀŎƝ ŀ ǎ tzv. 
dynamizovanou ŦƛȄŀŎƝ ƘǌŜōǳΣ ƪŘȅ ǇƻǎǘǳǇƴŠ ŘƻŎƘłȊƝ ƪ ǳǾƻƭƴŠƴƝ ŦƛȄŀŎŜ ƘǌŜōǳ Ǿ ƪƻǎǘƛΦ 
aŀǘŜƳŀǘƛŎƪŞ ƳƻŘŜƭȅ Ǌǻǎǘǳ ƪƻǎǘƝ ƭȊŜ Řƻ ǇǊƻǎǘǌŜŘƝ aYt ōŀƭƝƪǳ !ōŀǉǳǎκ/!9 ŀǇƭƛƪƻǾŀǘ ǎƪǊȊŜ 
ǇǊƻƎǊŀƳƻǾŀŎƝ ƧŀȊȅƪ tȅǘƘƻƴΦ ¢Ŝƴ ŘƻǾƻƭǳƧŜ ƻǇŀƪƻǾŀƴŠ ǎǇƻǳǑǘŠǘ ǾȇǇƻőŜǘƴƝ ƳƻŘŜƭΣ 
ŀǳǘƻƳŀǘƛȊƻǾŀǘ ǾȅƘƻŘƴƻŎŜƴƝ ǾȇǎƭŜŘƪǻ όǇǌŜŘŜǾǑƝƳ ǾŜ ȊƭƻƳŜƴƛƴŠύ ŀ ƳŠƴƛǘ ǇƻŘƭŜ ǘƻƘƻ ǾǎǘǳǇƴƝΣ 
ȊŘŜ ƳŀǘŜǊƛłƭƻǾŞΣ Ǿƭŀǎǘƴƻǎǘƛ ȊƭƻƳŜƴŞ őłǎǘƛ ƪƻǎǘƛΦ ±ȇǎƭŜŘƪȅ ǘŀƪƻǾȇŎƘǘƻ simulacƝ ǾŜ ŦƻǊƳŠ 
ƴŀǇƧŀǘƻǎǘƴƝŎƘ ŀ ŘŜŦƻǊƳŀőƴƝŎƘ ƳŀǇ ǎƭƻǳȌƝ Ƨŀƪƻ ǾǎǘǳǇƴƝ Řŀǘŀ ǇǊƻ ƧŜƧƛŎƘ ŘŀƭǑƝ ȊǇǊŀŎƻǾłƴƝ 
v ƳŜŎƘŀƴƻōƛƻƭƻƎƛŎƪŞƳ ƳƻŘŜƭu ƘƻƧŜƴƝ ȊƭƻƳŜƴƛƴȅ ƪƻǎǘƛΣ ƪǘŜǊȇ ǾȅŎƘłȊƝ ǇǌŜŘŜǾǑƝƳ 
z Prendergastova modelu [1]. Ten vyhodnocuje tzv. index remodelace. hōŘƻōƴŠ ƭȊŜ ǳǊőƛǘ ǘȊǾΦ 
ƳƝǊǳ ŀǇƻȊƛŎŜ ȊƘƻƧŜƴŞ ƪƻǎǘƛ ŘƭŜ 9ƭƭŜǳŎƘŀ ŀ ƪƻƭΦ ώнϐΦ ¢ŠƳƛǘƻ ǎŀƳƻǎǘŀǘƴȇƳƛ ŀǇƭƛƪŀŎŜƳƛ ƧŜ ƳƻȌƴŞ 
ǇǌŜŘǇƻǾŠŘŠǘ ƪǾŀƭƛǘǳ ǾȊƴƛƪƭŞ ƪƻǎǘƛ ǾŜ ȊƭƻƳŜƴƛƴŠ. 

tƻŘŠƪƻǾłƴƝ  
¢Ŝƴǘƻ ǾȇȊƪǳƳ ōȅƭ ǇƻŘǇƻǌŜƴ ¢ŜŎƘƴƻƭƻƎƛŎƪƻǳ ŀƎŜƴǘǳǊƻǳ 2ŜǎƪŞ ǊŜǇǳōƭƛƪȅΣ ǇǊƻƧŜƪǘŜƳ 
őΦ C²лслмлнмр ǎ ƴłȊǾŜƳ ά±ȇȊƪǳƳ ŀ ǾȇǾƻƧ ǎǘŀōƛƭƛȊŀőƴƝŎƘ ƪƻǘǾƝŎƝŎƘ ǎȅǎǘŞƳǻ ǇǊƻ ȊŀƧƛǑǘŠƴƻǳ 
ƛƴǘǊŀƳŜŘǳƭłǊƴƝ ƻǎǘŜƻǎȅƴǘŞȊǳάΦ 
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Muscle contraction as a molecular motor 

CǊŀƴǘƛǑŜƪ aŀǊǑƝƪ1 
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Abstract 
Fluctuations push the system out of equilibrium and thus extract the necessary free energy 
from the surroundings (mostly from temperature fluctuations). This energy can be used to 
create new dissipative structures or can serve as the driving force of molecular motors. The 
concept of a molecular motor is used to describe muscle contraction. The force (acceleration)-
velocity relation from the molecular motor model based on the Menten-Michaelis  enzymatic 
reaction, is compared with the usual Hill equation of muscle and with experiment. For the 
relevant part of the experimental data, the ratio of the Michaelis constant to the ATP 
concentration, i.e., KM/nATP, is constant. This ratio is not constant under extreme loads, such 
as stretching (maximum force at zero contraction velocity), or maximum velocity at zero load. 
It is very interesting that the relevant experimental data correspond approximately to the 5% 
the maximum rate of ATP consumption. This leads to the conclusion that the muscle has 
a sufficiently large reserve in terms of ATP consumption under conditions corresponding to 
maximum performance. 

Introduction 
We will analyze the properties of Menten-Michaelis enzyme kinetics, [3], [4], [5]. The model 
serves to explain how an enzyme can cause kinetic rate enhancement of a reaction and 
explains how a reaction rate depends on the concentration of enzyme and substrate. The 
enzyme E interacts with the substrate S by binding to its active site to form the enzyme-
substrate complex (or activated enzyme) ES. That reaction is followed by the decomposition 
of ES to regenerate the free enzyme E and the new product P, see Fig. 1.  

 
Fig. 1 a) Change in concentrations over time for enzyme E, substrate S, enzyme-substrate complex ES and product P. The co-
ncentration profile of the individual components is only qualitatively plotted. In reality, the concentration of the activated 
enzyme-substrate complex nES never exceeds the concentration of the enzyme nE.  

b) Value of Michaelis konstant KM is equal to the concentration of the substrate when the rate is half of the maximum ve-
locity / 2

1max
x , see Wikipedia. 
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- = = = + = =
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From this it is clear that the substrate concentration [ ]Sn 3kmol/m decreases as fast as the 

product concentration [ ]Pn 3kmol/m  increases. Moreover, during the reaction the sum of the 

concentrations 
0n is constant, which means that the sum of free enzyme molecules E and 

enzyme molecules bound in the activated enzyme-substrate complex ES is always the same. 

The Michaelis constant [ ]MK 3kmol/m  is the ratio of the rate constants of chemical reactions 

(2), (3). 

Muscle contraction as a function of a molecular motor 
Most molecular motors are based on the physical activity of motor proteins, with their energy 
being derived from ATP molecules [6]. Menten-Michaelis kinetics can be used to model muscle 
contraction, which can be interpreted as a molecular motor, see e.g.,[5]. This mechanism can 
be described by the following chemical kinetics 
 

 1

12+
2
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ATP ATP-motor(x)
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power stroke and ADP+P release
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By consuming the substrate ATP, muscle fibers (actin-myosin) receive the necessary energy  
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A muscle can perform both expansion work (contraction)  
expW p VD= and non-expansion 

work (stretching) 
expnonW V pD=- .  These two points correspond to two different formu-

lations of the energy balance. Energy balance for expansion work is 

 exp exp exp

0 0 0

Q T S U W U F S TD D D D D D D
= = =

= = + = - - (5) 

and energy balance for non-expansion work is 

 

exp exp exp

0

exp exp

0
0

non non non

non

Q T S H W H G S T

U W W G S T

D D D D D D D

D D D D D

=

=
=

= = + = - -

= + + - -
 (6) 

We assume that the same temperature 0TD =  is maintained in both modes, so the amount 
of heat 0T SD ¸ is released. The change in internal energy UD  is also zero because the tem-
perature of the muscle does not change and the change in free energy is equal to the magni-

tude of the expansion work, i.e., exp exp exp 10.5F W T S QD D D= = = = -1 -1kJ mol K . In the case of 

non-expansion work ς stretching - only part of the Gibbs free enthalpy GD  is  converted into 

internal (structural and chemical) changes and part of it is converted into heat due to the 

increase in pressure in the muscle (
expnonW V pD=- ), see (6). 
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Force ς velocity relation 
We can also describe the molecular motor (2), (3) quantitatively, using the energy balance 
equation (4). We start from the equation (1), which will provide us with the energy balance of 
the contraction from the amount of the substrate ATP consumed. We assume that depen-ding 

on the type of contraction, the amount of energy consumed is 
expQD  or 

expnonQD , see (5) and 

(6). 
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 (7) 

 

Here we have designated the sarcomere expansion power (per unit mass) as 
expw and the force 

per unit mass-acceleration as a. The contraction velocity is v. For non-expansion work 
expnonGD  

we derive the same relationship as (7). The only difference is that the mechanical work av is 

replaced by the generation of internal stress / [ 2 2W/kg=m /s ]sarp r and any chemical changes. 

sarr  is the density of the sarcomere (muscle) and is approximately 1.1-1.4 g/cm3. 

Using Avogadro's number AN  we can determine the power of one or ATPN  molecules 

simultaneously occurring processes. The power of a certain number of ATPN   cross-bridges for 

a certain time interval tD is obtained by applying the relation (7) 
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The rate /ATPN tD  of ATP consumption determines mechanical performance and thus the 

generated force ATPf  and speed of contraction vATP
. An analogue of the Hill equation of 

muscle is the following alternative form 
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 (9) 

 
The Michaelis constant generally depends on both the contraction speed and the force, i.e. 

( , )K a v . Both extreme points (isometric contraction and maximum contraction velocity) occur 

under the condition ( , ) / 1ATPK a nv , therefore far from the condition of maximum reaction 

rate, see Fig. 1b) and maximum power, see Fig. 2. 
The force (acceleration)-velocity relation from the molecular motor model (7) is compared 
with the usual Hill equation of muscle and with experiment [1], [2]. For the relevant part of 

the experimental data, the ratio ( , ) /v ATPK a n  is constant, see Fig. 2.This ratio is not constant 
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under extreme loads, such as stretching (maximum force at zero contraction velocity), or 
maximum velocity at zero load. In these extreme cases, the Michaelis constant (1) is much 
larger than the ATP concentration. This can be explained by the strong decrease in the rate 

constant 1k +and therefore the increase in the concentration of the activated complex ES  

( ( )ATP motor x), see (2).  The consequence is also a decrease in the number of myosin-actin 

cross-bridges.  
It is very interesting that the relevant experimental data correspond approximately to the 5% 
the maximum rate of ATP consumption, see Fig. 1b). This leads to the conclusion that the 
muscle has a sufficiently large reserve in terms of ATP consumption under conditions corres-
ponding to maximum performance. 

 

Fig. 2 Comparison of the classical Hill equation of muscle fitted to relevant experiments with the acceleration-velocity rela-
tion derived from a model of contraction acting as a molecular motor (2) and (3). The concentration of ATP is approximately 

equal to one tenth of the Michaelis constant. This corresponds to approximately the reaction rate / 201maxx . So the muscle 

works only at 5% of the maximum consumption of ATP, see the relation (7) and Fig.1b). 
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Conclusion 
The concept of a molecular motor (2)and (3) allows us to describe the contraction of a single 
muscle fiber-element actin-myosin. Skeletal muscle has a complex structure: Muscle fibers 
(cells) are the basic unit of muscle. They are long, cylindrical, tubular cells with tapering conical 
ends, unbranching, and not perfectly round in cross section. The number of fibers varies from 
50 to 300 in each fasciculus (bundle). Each muscle is actually made up of 10 to 150 bundles of 
muscle fibers. A membrane (sarcolemma) surrounds the bundle of fibers, which also contains 
mitochondria ς the muscle's energy factories. The muscle is permeated by nerves and blood 
vessels. A muscle typically has several hundred thousand parallel fibers in its center (the 
muscle belly) and tapers toward its ends (the origin and insertion). Due to the large number 
of muscle fibers in a sarcomere, its force effects and contraction speed are significantly 
different from the effect of a single actin-myosin cross-bridge. Experimentally determined 
values for one cross-bridge are in the range of 1 to 6 pN for force and 400 to 800 nm/s for 
maximum contraction speeds. 
Comparing this data with the relationship (8) for the mechanical power of cross-bridges 
indicates the possible number of ATP molecules and the rate of their interaction. The cor-

responding value of the quantity /ATPN tD  is about 140. It is difficult to experimentally 

determine the force effects of a single cross-bridge connection.  
For an accurate description of muscle function, a phenomenological description is important. 
When the entire muscle is loaded, the individual muscle fibers cooperate with each other, 
which is difficult to detect from a microscopic point of view. The properties of the muscle as 
a whole must therefore be described phenomenologically, i.e., in a state where all myofibrils 
cooperate. The force-velocity relationship, which is easily measurable, serves this purpose 
well, see the relation (9)and Fig. 2. 
This diversity is confirmed by force experiments. For example, a typical vertebrate muscle 
produces, during an isometric contraction and at optimal length, approximately 25ς33 N of 
force per square centimeter of muscle cross-sectional area. Some invertebrate muscles, such 
as the crab claws, produce greater force. This is because the sarcomere is much longer and 
thus has more sites for actin and myosin binding, and thus greater force generation per square 
centimeter, but at the cost of much lower velocity. 
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wŀƳŜƴƴƝ ƪƭƻǳō ƧŜ ǇǊƻ ǎǾǻƧ ǊƻȊǎłƘƭȇ ǇƻƘȅō ƴłŎƘȅƭƴȇ ƪ ƴŜǎǘŀōƛƭƛǘŠΣ ǇǌƛőŜƳȌ ƴŜǎǘŀōƛƭƛǘŀ ǊŀƳŜƴŜ 
ǇǌŜŘǎǘŀǾǳƧŜ ǾȇȊƴŀƳƴƻǳ őłǎǘ ȊǊŀƴŠƴƝ ǳ ǎǇƻǊǘƻǾŎǻΦ tǊƻ ǇƻŎƘƻǇŜƴƝ ŀ ƭŞőōǳ ƧŜ ƪƭƝőƻǾŞ 
ǇǊƻȊƪƻǳƳŀǘ ȊłƪƭŀŘƴƝ ǇǌƝőƛƴȅΦ {ǘŀōƛƭƛǘŀ ǊŀƳŜƴŜ ƧŜ ǳŘǊȌƻǾłƴŀ ŘȅƴŀƳƛŎƪȇƳƛ ǎǾŀƭƻǾȇƳƛ ǎƛlami 
a ƻǊƛŜƴǘŀŎƝ ƘƭŀǾƛŎŜ ƘǳƳŜǊǳ ŀ ƭƻǇŀǘƪȅΣ ŎƻȌ ƧŜ ǌƝȊŜƴƻ ǎƪŀǇǳƭƻƘǳƳŜǊłƭƴƝƳ ǊȅǘƳŜƳ ό{IwύΦ 
bŀǑŜ ǎǘǳŘƛŜ ǎƛ ƪƭŀŘƭŀ Ȋŀ ŎƝƭ ƴǳƳŜǊƛŎƪȅ ƻŘƘŀŘƴƻǳǘΣ Ƨŀƪ {Iw ƻǾƭƛǾƶǳƧŜ ǎǘŀōƛƭƛǘǳ ǊŀƳŜƴƴƝƘƻ ƪƭƻǳōǳ 
ǇƻƳƻŎƝ ƳǳǎŎǳƭƻǎƪŜƭŜǘłƭƴƝƘƻ ƳƻŘŜƭǳ Ǿ ǇǊƻǎǘǌŜŘƝ hǇŜƴ{ƛƳΦ aƻŘŜƭ ǎ мл ǎǘǳǇƴƛ Ǿƻƭƴƻǎǘƛ ŀ нс 
ǎǾŀƭƻǾŠ-ǑƭŀŎƘƻǾȇƳƛ ƧŜŘƴƻǘƪŀƳƛ ǎƛƳǳƭƻǾŀƭ ŀōŘǳƪŎƛ ǇŀȌŜ ƻŘ л Řƻ фл ǎǘǳǇƶǻΦ .ȅƭȅ ŀƴŀƭȅȊƻǾłƴȅ 
ǘǌƛ ƪƛƴŜƳŀǘƛŎƪŞ ƳƻŘŜƭȅ {IwΥ ȊŀŦƛȄƻǾŀƴł ƭƻǇŀǘƪŀΣ ƪƭŀǎƛŎƪȇ {Iw нΥм ŀ ŜȄǇŜǊƛƳŜƴǘłƭƴŠ ǳǊőŜƴȇ {Iw 
όŘƭŜ ²ǳ Ŝǘ ŀƭΦΣ нлмсύΦ YƛƴŜǘƛŎƪł Řŀǘŀ ōȅƭŀ ȊƝǎƪłƴŀ ƻǇǘƛƳŀƭƛȊŀŎƝ ǎǾŀƭƻǾȇŎƘ ǎƛƭ ŀ ƻŘƘŀŘŜƳ 
ƪƭƻǳōƴƝŎƘ ǎƛƭΦ DƭŜƴƻƘǳƳŜǊłƭƴƝ ǎǘŀōƛƭƛǘŀ ōȅƭŀ ƪǾŀƴǘƛŦƛƪƻǾłƴŀ ǇƻƳŠǊŜƳ ŘƛǎƭƻƪŀőƴƝ ŀ ƪƻƳǇǊŜǎƴƝ 
ǎƝƭȅ ǇǻǎƻōƝŎƝ ƴŀ ƎƭŜƴƻƛŘ όǇƻƳŠǊ ǎǘŀōƛƭƛǘȅ {wύΦ ±ŜǊƛŦƛƪŀŎŜ ƳƻŘŜƭǳ ǇǊƻōŠƘƭŀ ǇƻǊƻǾƴłƴƝƳ 
ǎǾŀƭƻǾȇŎƘ ŀƪǘƛǾŀŎƝ ǎ 9aD Řŀǘȅ ŀ ƪƭƻǳōƴƝŎƘ ǎƛƭ ǎ ŜȄǇŜǊƛƳŜƴǘłƭƴŠ ƳŠǌŜƴȇƳƛ ȊŀǘƝȌŜƴƝƳƛ 
z ŘŀǘŀōłȊŜ hǊǘƘƻƭƻŀŘΦ 
 

Obr. 1 {ŎƘŞƳŀ ƳŜǘƻŘƛƪȅ ǾȅǳȌƛǘŞ ǇǊƻ ǳǊőŜƴƝ ǎǘŀōƛƭƛǘȅ ǊŀƳŜƴƴƝƘƻ ƪƭƻǳōǳΦ 
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IƭŀǾƴƝ ǾȇǎƭŜŘƪȅ ǳƪłȊŀƭȅΣ ȌŜ ǇǌŜŘǇƻǾŠȊŜƴŞ ƎƭŜƴƻƘǳƳŜǊłƭƴƝ ƪƻƴǘŀƪǘƴƝ ǎƝƭȅ ǎŜ ǎƘƻŘǳƧƝ 
s ŜȄǇŜǊƛƳŜƴǘłƭƴƝƳƛ ƳŠǌŜƴƝƳƛΣ ŀ ǘƻ ōŜȊ ƻƘƭŜŘǳ ƴŀ ƳƻŘŜƭ {IwΦ ½ŀǘƝȌŜƴƝ ƪƭƻǳōǳ ǎŜ ƳŜȊƛ ǎŎŞƴłǌƛ 
{Iw ŀ ȊŀŦƛȄƻǾŀƴŞ ƭƻǇŀǘƪȅ ƭƛǑƛƭƻ ƳƛƴƛƳΦ !ƴŀƭȇȊŀ ǇƻƳŠǊǳ ǎǘŀōƛƭƛǘȅ ǇǊƻƪłȊŀƭŀΣ ȌŜ ŀōǎŜƴce SHR, 
ǘŜŘȅ ȊŀŦƛȄƻǾŀƴł ƭƻǇŀǘƪŀΣ ǾȇǊŀȊƴŠ ȊǾȅǑǳƧŜ ǊƛȊƛƪƻ ƪƭƻǳōƴƝ ƴŜǎǘŀōƛƭƛǘȅΣ ȊŜƧƳŞƴŀ Ǉǌƛ ȊŀǘƝȌŜƴƝ όн ƪƎ 
ȊłǾŀȌƝύΦ .ŜȊ ǇƻƘȅōǳ ƭƻǇŀǘƪȅ ǎŜ ƪƭƻǳōƴƝ ǎƝƭŀ ǇǌŜǎƻǳǾł ŘƻƳƛƴŀƴǘƴŠ ƪ ƘƻǊƴƝƳǳ ǎŜƎƳŜƴǘǳ 
ƎƭŜƴƻƛŘǳΣ ŎƻȌ ǾŜŘŜ ƪ ƧŜƘƻ ǇǌŜǘƝȌŜƴƝΦ 9ȄǇŜǊƛƳŜƴǘłƭƴŠ ǳǊőŜƴȇ {IwΣ ƪǘŜǊȇ ȊŀƘǊƴǳƧŜ ƛ őŀǎƴȇ ǇƻƘȅō 
ƭƻǇŀǘƪȅΣ ȊǾȅǑǳƧŜ ǎǘŀōƛƭƛǘǳ ƪƭƻǳōǳΦ 
 

 
Obr. 2 LƴŘŜȄ ǎǘŀōƛƭƛǘȅ ǊŀƳŜƴƴƝƘ ƻ ƪƭƻǳōǳ Ǉǌƛ ǾƻƭƴŞ ŀōŘǳƪŎƛ ŀ ŀōŘǳƪŎƛ ǎ ǘƝƘƻǳ н ƪƎΦ 

 
bŀǑŜ ȊƧƛǑǘŠƴƝ ƴŀȊƴŀőǳƧƝΣ ȌŜ ƛ ƧŜƳƴȇ ǎƪŀǇǳƭłǊƴƝ ǇƻƘȅō Ǿ őŀǎƴŞ ŦłȊƛ ŜƭŜǾŀŎŜ ǇŀȌŜ όǇƻŘ ол ǎǘǳǇƶǻύ 
ƧŜ ǇǊƻ ǎǘŀōƛƭƛǘǳ ǊŀƳŜƴŜ ȊłǎŀŘƴƝΣ ƛ ƪŘȅȌ ƧŜ Ǿ ƭƛǘŜǊŀǘǳǌŜ őŀǎǘƻ ƻǇƻƳƝƧŜƴΦ !ōǎŜƴŎŜ őŀǎƴŞƘƻ 
ǇƻƭƻƘƻǾłƴƝ ƭƻǇŀǘƪȅ ƳǻȌŜ ǾŞǎǘ ƪ ǎǳǇŜǊƛƻǊƴƝ ƳƛƎǊŀŎƛ ƘƭŀǾƛŎŜ ƘǳƳŜǊǳ ŀ ǇǌƛǎǇƝǾŀǘ ƪ ǊƻȊǾƻƧƛ ŀǊǘǊƽȊȅΣ 
ƭŞȊƝ ƎƭŜƴƻƛŘǳ ŀ ŘŜƎŜƴŜǊŀǘƛǾƴƝŎƘ ǊǳǇǘǳǊ ǊƻǘłǘƻǊƻǾŞ ƳŀƴȌŜǘȅΦ ¢ȅǘƻ ǇƻȊƴŀǘƪȅ ƳŀƧƝ ŘǻƭŜȌƛǘŞ 
ƛƳǇƭƛƪŀŎŜ ǇǊƻ ǇƻŎƘƻǇŜƴƝ ǊŀƳŜƴƴƝŎƘ ǇŀǘƻƭƻƎƛƝ ǎƻǳǾƛǎŜƧƝŎƝŎƘ ǎ ƴŜǎǘŀōƛƭƛǘƻǳΣ Ƨŀƪƻ ƧŜ ƛƳǇƛƴƎŜƳŜƴǘ 
ǎȅƴŘǊƻƳΣ ŀ ǇǊƻ ǊƻȊǾƻƧ ǊŜƘŀōƛƭƛǘŀőƴƝŎƘ ǎǘǊŀǘŜƎƛƝ ȊŀƳŠǌŜƴȇŎƘ ƴŀ ȊƭŜǇǑŜƴƝ ǎƪŀǇǳƭłǊƴƝ ƪƛƴŜƳŀǘƛƪȅΦ 

tƻŘŠƪƻǾłƴƝ  
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Introduction 
Static optimization is a method for muscle forces estimation based on inverse kinematics and 
dynamics. Static optimization is difficult to use in the musculoskeletal systems with contact 
forces as the experimental data usually include some tracking errors, leading to infeasible 
positions for static optimization. Moreover, sometimes the task is not to estimate muscle 
forces but to predict a particular motion. For nonlinear systems, which most of the 
musculoskeletal models are, the direct collocation (DC) method is one of the viable 
approaches for optimal trajectory estimation. DC is a nonlinear programming problem with 
the discretized dynamical system over a time interval and parameterized states and controls 
in each step, minimizing the objective function. This approach was successfully used in a gait 
prediction [1] or cycling techniques and strategies [2]. 

Upper extremity analysis 
In this work we dealt with the use of direct collocation method for muscle force estimation of 
the shoulder complex. The dynamic system was discretized to 100 nodes; the task was to 
follow an experimental trajectory while minimizing muscle activations 

άὭὲ ύ ὥὸ ύ ήὸ ή Ὠὸ 

where ὥὸ  is the muscle activation of ὲ-th muscle, ήὸ  and ή  are the ά-th calculated 
and experimentally measured coordinates, respectively, and ύ  and ύ  are the optimization 
weights. 
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Fig 1. The resulting trajectories for sternoclavicular, acromioclavicular, glenohumeral and elbow joints, respectively. Note 
that the feasible trajectory for the models are not exactly the experimental data trajectories due to the scapula-thorax contact 
forces and experiment errors. 

Fig. 1 shows the experimental data and the calculated trajectories for humeral elevation in 
scapular plane. Fig. 2 shows the resulting muscle activations of muscle elements that were 
measured using the EMG. 
 

 
Fig 2. The resulting activations compared to the experimental EMG data. 

Conclusion 
In this work we showed that optimal trajectory approach can be used to calculate the muscle 
forces estimation of the upper extremity. The aim of the future work will be the predictions 
of changes of scapular motion during pathological conditions. 
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¢Ŝƴǘƻ ǾȇȊƪǳƳ ǎŜ ȊŀōȇǾł ƳƻŘŜƭƻǾłƴƝƳ ŀ ǌƝȊŜƴƝƳ ŜȄƻǎƪŜƭŜǘǳ ƘƻǊƴƝ ƪƻƴőŜǘƛƴȅ ǇǊƻ ǊŜƘŀōƛƭƛǘŀőƴƝ 
ǵőŜƭȅΣ ǎŜ ȊŀƳŠǌŜƴƝƳ ƴŀ ƧŜƘƻ ƛƴǘŜǊŀƪŎƛ ǎ ƘƻǊƴƝ ƪƻƴőŜǘƛƴƻǳ őƭƻǾŠƪŀΦ tǊƻ ƻǾŠǌŜƴƝ ƪƻƴŎŜǇǘǳ ƧŜ 
ǾȅǳȌƛǘ ȊƧŜŘƴƻŘǳǑŜƴȇ ǊƻǾƛƴƴȇ ŘȅƴŀƳƛŎƪȇ ƳƻŘŜƭ ƘƻǊƴƝ ƪƻƴőŜǘƛƴȅΣ ǾŜ ƪǘŜǊŞƳ ƧŜ ǇƻǳȌƛǘƻ ƻǎƳ 
ǎǾŀƭǻ ǾȇȊƴŀƳƴŠ ǎŜ ǇƻŘƝƭŜƧƝŎƝŎƘ ƴŀ ǇƻƘȅōǳ ƘƻǊƴƝ ƪƻƴőŜǘƛƴȅ Ǿ ǎŀƎƛǘłƭƴƝ ǊƻǾƛƴŠΦ YŀȌŘȇ ǎǾŀƭ ƧŜ 
ƳƻŘŜƭƻǾłƴ Ƨŀƪƻ ¢ƘŜƭŜƴǻǾ ǎǾŀƭƻǾȇ ƳƻŘŜƭ ǎ ǘǳƘƻǳ ǑƭŀŎƘƻǳΦ tŀǊŀƳŜǘǊȅ ǎǾŀƭǻ ǇǊƻ ǊƻǾƛƴƴȇ ƳƻŘŜƭ 
Ƨǎƻǳ ȊƝǎƪłƴȅ ǇǊƻƧŜƪőƴƝ ƳŜǘƻŘƻǳΣ ǇǌŜǾłŘŠƧƝŎƝ ǇǻǾƻŘƴƝ ǇŀǊŀƳŜǘǊȅ ǎǾŀƭǻ Řƻ ǊƻǾƛƴȅΦ yƝȊŜƴƝ ǇƻƭƻƘȅ 
ƘƻǊƴƝ ƪƻƴőŜǘƛƴȅ ƧŜ ŘƻǎŀȌŜƴƻ ƳŜǘƻŘƻǳ ŘƻǇƻőǘŜƴȇŎƘ ƳƻƳŜƴǘǻ όŎƻƳǇǳǘŜŘ ǘƻǊǉǳŜǎύ ǎǇƻƭǳ 
s ƻǇǘƛƳŀƭƛȊŀŎƝ ǇǊƻ ǾȅǌŜǑŜƴƝ ǎǾŀƭƻǾŞ ǊŜŘǳƴŘŀƴŎŜΦ 9ȄƻǎƪŜƭŜǘ ƧŜ ƳƻŘŜƭƻǾłƴ Ƨŀƪƻ ŘǾƻƧƛǘŞ ƪȅǾŀŘƭƻ 
ǎ ŀƪǘǳłǘƻǊȅ ǳƳƝǎǘŠƴȇƳƛ Ǿ ƪƭƻǳōŜŎƘ ŀ ƧŜ ǊƻǾƴŠȌ ǌƝȊŜƴ ƳŜǘƻŘƻǳ ŎƻƳǇǳǘŜŘ ǘƻǊǉǳŜǎΦ tǊƻ 
ǇǊƻǇƻƧŜƴȇ ǎȅǎǘŞƳ ƘƻǊƴƝ ƪƻƴőŜǘƛƴȅ ŀ ŜȄƻǎƪŜƭŜǘǳ Ƨǎƻǳ ƴŀǾǊȌŜƴȅ ǘǊŀƧŜƪǘƻǊƛŜ ƻǇŀƪǳƧƝŎƝŎƘ se 
ǇƻƘȅōǻΣ ƛƳƛǘǳƧƝŎƝ ǇǌƛǊƻȊŜƴŞ ǇƻƘȅōȅ ƘƻǊƴƝ ƪƻƴőŜǘƛƴȅΣ ŀ Ƨǎƻǳ ǳǊőŜƴȅ ǇǊƻ ǊŜƘŀōƛƭƛǘŀőƴƝ ǵőŜƭȅΦ 
9ŦŜƪǘƛǾƛǘŀ ǘƻƘƻǘƻ ƪƻƴŎŜǇǘǳ ƧŜ ŀƴŀƭȅȊƻǾłƴŀ ǇƻƳƻŎƝ ǎƛƳǳƭŀŎƝ ǇǊƻǾłŘŠƴȇŎƘ ǎŜ ȊŘǊŀǾƻǳ 
a ȊǊŀƴŠƴƻǳ ƘƻǊƴƝ ƪƻƴőŜǘƛƴƻǳΦ 
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2ǘǾǊǘŜƪ мфΦ сΦ нлнр ммΥмрςмнΥол 

tǌŜŘƴłǑƪȅ ǾȇƘŜǊŎǻ /Ŝƴȅ ǇǊƻŦΦ ±ŀƭŜƴǘȅ ŀ ǇǊƻŦΦ 2ƛƘłƪŀ Ȋŀ ƴŜƧƭŜǇǑƝ ŘƛǎŜǊǘŀőƴƝ ǇǊłŎƛ ŀ /Ŝƴȅ Ȋŀ 

ƴŜƧƭŜǇǑƝ ŘƛǇƭƻƳƻǾƻǳ ǇǊłŎƛ Ǿ ƻōƻǊǳ ōƛƻƳŜŎƘŀƴƛƪȅΦ 
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¨¢9wº мтΦ сΦ нлнр 

мтΥлл ς муΥлл 
 

  



   
 

тп 
 

¨ǘŜǊȇ мтΦ сΦ нлнр мтΥллςмуΥлл 

aƻȌƴƻǎǘƛ ƳŀǘŜǊƛłƭƻǾŞƘƻ ǘŜǎǘƻǾłƴƝ Ǿ COMTES FHT 

Jakub Fousek1*Σ aŀǘƻǳǑ ¦ƘƭƝƪ1 
 
1 aŜŎƘŀƴƛŎƪł ȊƪǳǑŜōƴŀΣ /ha¢9{ CI¢Φ tǊǻƳȅǎƭƻǾł ффрΣ ооп пмΣ 5ƻōǌŀƴȅ 
*  jakub.fousek@comtesfht.cz  

Abstrakt 
{ǇƻƭŜőƴƻǎǘ /ha¢9{ CI¢ ƧŜ ǾȇȊƪǳƳƴƻǳ ƻǊƎŀƴƛȊŀŎƝ ȊŀƧƛǑǙǳƧƝŎƝ ǾȇȊƪǳƳ ŀ ǾȇǾƻƧ ǇǌŜŘŜǾǑƝƳ 
v ƻōƭŀǎǘƛ ƪƻǾƻǾȇŎƘ ƳŀǘŜǊƛłƭǻΦ ±ȇȊƪǳƳƴŞ ŀƪǘƛǾƛǘȅ ƻǊƎŀƴƛȊŀŎŜ ȊŀƘǊƴǳƧƝ ƻŘŘŠƭŜƴƝ ǘǾłǌŜƴƝΣ 
ǘŜǇŜƭƴŞƘƻ ȊǇǊŀŎƻǾłƴƝΣ ƳŜǘŀƭǳǊƎƛŜΣ ƪƻƴǎǘǊǳƪŎŜΣ ǇƻőƝǘŀőƻǾŞƘƻ ƳƻŘŜƭƻǾłƴƝΣ ŀŘƛǘƛǾƴƝ ǾȇǊƻōȅΣ 
ƳŜǘŀƭƻƎǊŀŦƛŜ ŀ ƳŜŎƘŀƴƛŎƪŞƘƻ ǘŜǎǘƻǾłƴƝΦ ±ȇȊƪǳƳ ƴŀ ƧŜŘƴƻǘƭƛǾȇŎƘ ƻŘŘŠƭŜƴƝŎƘ ǇǊƻōƝƘł Ǿ ǵȊƪŞ 
ǎǇƻƭǳǇǊłŎƛ ǎ ƳƴƻƘŀ ƪƻƳŜǊőƴƝƳƛ ŀ ǇǊƻƧŜƪǘƻǾȇƳƛ ǇŀǊǘƴŜǊȅΣ Ƨŀƪƻ Ƨǎƻǳ ƴŀǇǌƝƪƭŀŘ 2±¦¢Σ 5ƻƻǎŀƴΣ 
!ǇǇƭŜ ŀ ƳƴƻƘƻ ŘŀƭǑƝŎƘΦ ¢Ŝƴǘƻ ǇǌƝǎǇŠǾŜƪ ƧŜ ǾŠƴƻǾłƴ ƻŘŘŠƭŜƴƝ ƳŜŎƘŀƴƛŎƪŞƘƻ ǘŜǎǘƻǾłƴƝ 
/ha¢9{ CI¢ ŀ ƧŜƘƻ ǎǇƻƧŜƴƝƳ ǎ ǇǊƻƧŜƪǘȅ ŀ ǾȇȊƪǳƳŜƳ ǘȇƪŀƧƝŎƝ ǎŜ ōƛƻƳŜŎƘŀƴƛƪȅΦ 
V ǇǌƝǎǇŠǾƪǳ ƧŜ ǳǾŜŘŜƴƻ ƴŠƪƻƭƛƪ ǇǌƝƪƭŀŘǻ ǘŜǎǘƻǾłƴƝ ƳŜŎƘŀƴƛŎƪȇŎƘ ǾƭŀǎǘƴƻǎǘƝ Ǿ kontextu 
ōƛƻƳŜŎƘŀƴƛƪȅΦ tǊǾƴƝƳ ǇǌƝƪƭŀŘŜƳ ƧŜ ǵƴŀǾƻǾŞ ǘŜǎǘƻǾłƴƝ ƛƳǇƭŀƴǘłǘǳ ǘŜƳǇƻǊƻƳŀƴŘƛōǳƭłǊƴƝƘƻ 
ƪƭƻǳōǳΣ ƪǘŜǊȇ ōȅƭ ŘŜŦƛƴƻǾŀƴȇƳ ȊǇǻǎƻōŜƳ ƴŀƳłƘłƳ ŎȅƪƭƛŎƪȇƳ ȊŀǘŠȌƻǾłƴƝƳ Ȋŀ ǵőŜƭŜƳ ȊƧƛǑǘŠƴƝΣ 
ȊŘŀ ƛƳǇƭŀƴǘłǘ ǾƛȊ hōǊłȊŜƪ  ŘƻǎŀƘǳƧŜ ŘƻǎǘŀǘŜőƴŞ ǵƴŀǾƻǾŞ ȌƛǾƻǘƴƻǎǘƛΦ  

 

 

hōǊłȊŜƪ 1 aƻŘŜƭ ŀ ŦǳƴƪőƴƝ ǾȊƻǊŜƪ ƛƳǇƭŀƴǘłǘǳ ǘŜƳǇƻǊƻƳŀƴŘƛōǳƭłǊƴƝƘƻ ƪƭƻǳōǳ 

5ŀƭǑƝƳ ǇǌƝƪƭŀŘŜƳ ƧŜ ǾȇǾƻƧ ƻǾŠǌŜƴŞ ǘŜŎƘƴƻƭƻƎƛŜ ǾȇǊƻōȅ ƳŀǘŜǊƛłƭǳ ¢ƛ-12Mo-6Zr-нCŜ ǇǊƻ ǇƻǳȌƛǘƝ 
v ōƛƻƳŜŎƘŀƴƛŎŜ Ǉǌƛ ǾȇǊƻōŠ ƛƳǇƭŀƴǘłǘǻΦ ± ǇǊǻōŠƘǳ ǌŜǑŜƴƝ ǘƻƘƻǘƻ ǇǊƻƧŜƪǘǳ ōȅƭŀ ǇƻǳȌƛǘŀ 
ǘŜŎƘƴƻƭƻƎƛŜ ǊƻǘŀőƴƝƘƻ ǊȅŎƘƭƻƪƻǾłƴƝ Ǿ kombinaci s ǊƻȊǇƻǳǑǘŠŎƝƳ ȌƝƘłƴƝƳ ǇǊƻ ŘƻǎŀȌŜƴƝ 
ƻǇǘƛƳłƭƴƝŎƘ ƳŜŎƘŀƴƛŎƪȇŎƘ ǾƭŀǎǘƴƻǎǘƝ ƳŀǘŜǊƛłƭǳ ǇǊƻ ōƛƻƳŜŎƘŀƴƛŎƪŞ ǵőŜƭȅΦ ±ȇǎƭŜŘƴł 
ƻǇǘƛƳŀƭƛȊƻǾŀƴł ƳƛƪǊƻǎǘǊǳƪǘǳǊŀ ƧŜ ǾƛŘƛǘŜƭƴł ƴŀ hōǊłȊŜƪ Φ tǊƻ ŎƘŀǊŀƪǘŜǊƛȊŀŎƛ ƳŜŎƘŀƴƛŎƪȇŎƘ 
ǾƭŀǎǘƴƻǎǘƝ ōȅƭŀ ƳƛƳƻ ƧƛƴŞ ǘŀƪŞ ǇƻǳȌƛǘŀ ƳŜǘƻŘƛƪŀ ƳƛƴƛŀǘǳǊƛȊƻǾŀƴȇŎƘ ǘŀƘƻǾȇŎƘ ǘŜǎǘǻΣ ƪǘŜǊł 
ŘƻǾƻƭǳƧŜ ǘŜǎǘƻǾłƴƝ ǾŜƭƛŎŜ ƳŀƭȇŎƘ ƻōƧŜƳǻ ƳŀǘŜǊƛłƭǳ ŀ ǳƳƻȌƶǳƧŜ ƴŀǇǌΦ ǇƻǎƻǳȊŜƴƝ ƘƻƳƻƎŜƴƛǘȅ 
ƛ ƴŀ ǇƻƭƻǘƻǾŀǊŜŎƘ ƳŜƴǑƝŎƘ ǊƻȊƳŠǊǻΦ 
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hōǊłȊŜƪ 2 hǇǘƛƳŀƭƛȊƻǾŀƴł ƳƛƪǊƻǎǘǊǳƪǘǳǊŀ ƳŀǘŜǊƛłƭǳ ¢ƛ-12Mo-6Zr-нCŜ Ǉƻ ǊƻǘŀőƴƝƳ ǊȅŎƘƭƻƪƻǾłƴƝ ŀ ǊƻȊǇƻǳǑǘŠŎƝƳ ȌƝƘłƴƝ 

 
WŜŘƴƝƳ Ȋ ǇǌƝƪƭŀŘǻ ƳŜŎƘŀƴƛŎƪŞƘƻ ǘŜǎǘƻǾłƴƝ Ǿ /ha¢9{ CI¢ ƧŜ ǘŀƪŞ ƪǾŀȊƛ-ǎǘŀǘƛŎƪŞ ŀ ŘȅƴŀƳƛŎƪŞ 
ǘŜǎǘƻǾłƴƝ ƛƳǇƭŀƴǘłǘǳ ǇǊƻ ƪǊŀƴƛƻǇƭŀǎǘƛƪǳΦ /ƝƭŜƳ ƳŜŎƘŀƴƛŎƪŞƘƻ ǘŜǎǘƻǾłƴƝ ƪǊŀƴƛƻǇƭŀǎǘƛŎƪŞƘƻ 
ƛƳǇƭŀƴǘłǘǳ ōȅƭƻ ǳǊőŜƴƝ ƪǊƛǘƛŎƪȇŎƘ ƳƝǎǘΣ ǾŜ ƪǘŜǊȇŎƘ ŘƻŎƘłȊƝ ƪ ǇǊǾƴƝƳǳ ǇƻǊǳǑŜƴƝΦ 5ŀƭǑƝƳ 
ǾȇǎǘǳǇŜƳ ǘŜǎǘƻǾłƴƝ ƧŜ ǘŀƪŞ ƛƴŦƻǊƳŀŎŜ ƻ ƳƴƻȌǎǘǾƝ ŀōǎƻǊōƻǾŀƴŞ ŜƴŜǊƎƛŜ Řƻ ǇƻǊǳǑŜƴƝ 
ƛƳǇƭŀƴǘłǘǳΦ tǊƻ ǘŜǎǘƻǾłƴƝ ōȅƭ ǾȅǊƻōŜƴ ǇǌƝǇǊŀǾŜƪΣ Ƨŀƪƻ ǇǌŜǎƴȇ ƴŜƎŀǘƛǾ ƛƳǇƭŀƴǘłǘǳΣ ƪǘŜǊȇ ƧŜ 
ƳƻȌƴŞ ǾƛŘŠǘ ƴŀ hōǊłȊŜƪ Φ 5Ɲƪȅ ƪƻƳǇƭŜȄƴƝƳǳ ǘǾŀǊǳ ōȅƭƻ ƳƻȌƴŞ ǎƛƳǳƭƻǾŀǘ ǘŜǎǘƻǾŀŎƝ ǇǊƻǎǘǌŜŘƝ 
Ŏƻ ƴŜƧǾŠǊƴŠƧƛ ōǳŘƻǳŎƝƳǳ ǳǇƭŀǘƴŠƴƝ ƛƳǇƭŀƴǘłǘǳΦ 

 
 

hōǊłȊŜƪ 3 ¢ŜǎǘƻǾŀŎƝ ǇǌƝǇǊŀǾŜƪ όǾƭŜǾƻύ ŀ ǎŜǘǳǇ ǇǊƻ ŘȅƴŀƳƛŎƪŞ ǘŜǎǘƻǾłƴƝ ƪǊŀƴƛłƭƴƝƘƻ ƛƳǇƭŀƴǘłǘǳ (vpravo) 
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¨ǘŜǊȇ мтΦ сΦ нлнр мтΥллςмуΥлл 

¦ǊőŜƴƝ ƳŜŎƘŀƴƛŎƪȇŎƘ ǾƭŀǎǘƴƻǎǘƝ ƪƻǎǘƴƝƘƻ ǎǾŀƭƪǳ ǇǊƻ ƴłǾǊƘ 
ȊŀǘŠȌƻǾłƴƝ ǊƻǎǘƻǳŎƝƘƻ ƘǌŜōǳ  

¢ƻƳłǑ DƻƭŘƳŀƴƴ1*Σ !ŘŀƳ YǊŀǘƻŎƘǾƝƭ1, [ǳƪłǑ ½ŀŎƘ1  
 
1 ¨ǎǘŀǾ mechanikyΣ ōƛƻƳŜŎƘŀƴƛƪȅ ŀ ƳŜŎƘŀǘǊƻƴƛƪȅΣ Cŀƪǳƭǘŀ ǎǘǊƻƧƴƝ 2±¦¢ Ǿ tǊŀȊŜΦ ¢ŜŎƘƴƛŎƪł пΣ 

160 00 Praha ς Dejvice.  
*  tomas.goldmann@fs.cvut.cz  
 
/ƝƭŜƳ ǘƻƘƻǘƻ ǇǊƻƧŜƪǘǳ ƧŜ ƴłǾǊƘ ȊŀǘŠȌƻǾłƴƝ ǊƻǎǘƻǳŎƝƘƻ ƘǌŜōǳ ǇǊƻ ƭŞőōǳ ȊƭƻƳŜƴƛƴ ŘƭƻǳƘȇŎƘ 
ƪƻǎǘƝΦ ½łǎŀŘƴƝ ƧŜ ǇǊƻ ǘŜƴǘƻ ƴłǾǊƘ ǳǊőŜƴƝ ōƛƻƳŜŎƘŀƴƛŎƪȇŎƘ ǾƭŀǎǘƴƻǎǘƝ ƪƻǎǘƴƝƘƻ ǎǾŀƭƪǳΣ ŀ ǘƻ 
v ǊǻȊƴȇŎƘ ŦłȊƝŎƘ ƘƻƧŜƴƝΦ YŀȌŘł z ǘŠŎƘǘƻ ŦłȊƝ ȊŀƘǊƴǳƧŜ ǘǾƻǊōǳ ƧƛƴŞƘƻ ǘȅǇǳ ǘƪłƴŠ.  ± ǇƻőłǘŜőƴƝ 
ŦłȊƛ Ƴł ȊłƴŠǘƭƛǾł ǊŜŀƪŎŜ Ȋŀ ƴłǎƭŜŘŜƪ ǾȊƴƛƪ ƘŜƳŀǘƻƳǳ ŀ ƎǊŀƴǳƭŀőƴƝ ǘƪłƴŠΦ 5ǊǳƘł ŦłȊŜ ƧŜ 
ŎƘŀǊŀƪǘŜǊƛȊƻǾłƴŀ ǘǾƻǊōƻǳ ƳŠƪƪŞƘƻ ƪŀƭǳǎǳ ǎŜǎǘłǾŀƧƝŎƝƘƻ Ȋ ŎƘǊǳǇŀǾőƛǘŞ ƴŜōƻ ŎƘƻƴŘǊƻƛŘƴƝ 
ǘƪłƴŠΣ ȊŀǘƝƳŎƻ ǘǌŜǘƝ ŦłȊŜ ȊŀƘǊƴǳƧŜ ƻǎƛŦƛƪŀŎƛ ƳŠƪƪŞƘƻ ƪƻǎǘƴƝƘƻ ǎǾŀƭƪǳ a ƧŜƘƻ ǘǳƘƴǳǘƝ ŀȌ Řƻ 
vzniku ƪƻǎǘƴƝ ǘƪłƴŠΦ bŀƪƻƴŜŎ ǎŜ ƪƻǎǘƴƝ ǎǾŀƭŜƪ ŘƻǎǘłǾł Řƻ ŦłȊŜ ǊŜƳƻŘŜƭŀŎŜΣ ōŠƘŜƳ ƪǘŜǊŞ ƧŜ 
ƪƻǎǘ ǇƻǎǘǳǇƴŠ tuhne a je ƴŀƘǊŀȊƻǾłƴŀ ƭŀƳŜƭłǊƴƝ ƪƻǎǘƴƝ ǘƪłƴƝΦ L ƪŘȅȌ ǘȅǘƻ őǘȅǌƛ ŦłȊŜ Ƨǎƻǳ 
ŘƻőŀǎƴŞΣ ǘŀƪ ȊƧƛǑǘŠƴƝ ǘŠŎƘǘƻ ǘǳƘƻǎǘƴƝŎƘ ǇŀǊŀƳŜǘǊǻ ƧŜ ȊłǎŀŘƴƝ ǇǊƻ ƴłǾǊƘ ȊŀǘŠȌƻǾłƴƝ ǊƻǎǘƻǳŎƝƘƻ 
ƘǌŜōǳΦ ½łƪƭŀŘƴƝ ƳŀǘŜǊƛłƭƻǾŞ ǇŀǊŀƳŜǘǊȅ ǇǊƻ ƧŜŘƴƻǘƭƛǾŞ ŦłȊŜ Ƨǎƻǳ ǎƘǊƴǳǘȅ Ǿ ¢ŀōǳƭŎŜ мΦ WŜ ȊǌŜƧƳŞΣ 
ȌŜ ǘȅǘƻ ǇŀǊŀƳŜǘǊȅ ǇǊƻ ǊǻȊƴŞ ŦłȊŜ ƘƻƧŜƴƝ ƧŜ ǾƘƻŘƴŞ ǇǊŜŘƛƪƻǾŀǘ ƳŀǘŜƳŀǘƛŎƪȇƳ aKP 
ƳƻŘŜƭƻǾłƴƝƳ ώмΣнϐΣ ƪǘŜǊŞ ƧŜ ǇƻŘǇƻǌŜƴƻ ŜȄǇŜǊƛƳŜƴǘłƭƴƝƳƛ ŘŀǘȅΣ ƴŀǇǌΦ ώоϐΦ aƻȌƴŞ ƧŜ ƛ ǾȅǳȌƛǘƝ 
ǎǇŜŎƛłƭƴŠ ƴŀǾǊȌŜƴŞƘƻ ƳŠǌƝŎƝƘƻ ȊŀǌƝȊŜƴƝΣ ƪǘŜǊŞ ƧŜ ȊŀƭƻȌŜƴƻ ƴŀ ŘƛǎǘǊŀƪőƴƝƳ ŀǇŀǊłǘǳ ŀ ǾŜŘŜ 
k ǾȅǘǾƻǌŜƴƝ ŀƴŀƭȅǘƛŎƪŞƘƻ ƳŀǘŜƳŀǘƛŎƪŞƘƻ ƳƻŘŜƭǳ ǇǊƻ ǇƻǇƛǎ ǘǳƘƻǎǘƛ ƪƻǎǘƴƝƘƻ ǎǾŀƭƪǳΦ  
 

Tabulka 1 {ǊƻǾƴłƴƝ ȊłƪƭŀŘƴƝŎƘ ƳŜŎƘŀƴƛŎƪȇŎƘ Ǿƭŀǎǘƴƻǎǘƛ ƪƻǎǘƴƝƘƻ ǎǾŀƭƪǳ ώм-пϐ ǇǊƻ ǊǻȊƴŞ ŦłȊŜ ƘƻƧŜƴƝ 

CłȊŜ ƘƻƧŜƴƝ ¸ƻǳƴƎǻǾ ƳƻŘǳƭ 
ώatŀϐ 

aŜȊ ǇŜǾƴƻǎǝ 
Ǿ ǘŀƘǳ ώatŀϐ 

aŜȊ ǇŜǾƴƻǎǝ 
Ǿ ǘƭŀƪǳ ώatŀϐ 

мΦ ŦłȊŜ ς ƘŜƳŀǘƻƳ лΣлрςлΣмф ς ς 

нΦ ŦłȊŜ ς ŎƘǊǳǇŀǾőƛǘł ǘƪłƶ нлςолΣс рΣфςнрΣм уΣфςосΣс 

оΦ ŦłȊŜ ς ƪƻǎǘƴƝ ǘƪłƶ нрπрл҈  тллςолсл плΣпςмпм руΦоςмфу 

пΦ ŦłȊŜ ς ƪƻǎǘƴƝ ǘƪłƶ слπмлл҈  нлллςнлллл морςмрл мроςнмр 

tƻŘŠƪƻǾłƴƝ  
¢Ŝƴǘƻ ǾȇȊƪǳƳ ƧŜ ǇƻŘǇƻǌŜƴ ǇǊƻƧŜƪǘŜƳ ¢!2w C²мнлмлллр ±ȇȊƪǳƳ ŀ ǾȇǾƻƧ ƴƻǾȇŎƘ ƪƻƴǎǘǊǳƪőƴƝŎƘ 
ǇǊƛƴŎƛǇǻ ƴŜƛƴǾŀȊƛǾƴŠ ǌƝȊŜƴŞƘƻ ǊǻǎǘƻǾŞƘƻ ǎŜƎƳŜƴǘǳ ǇǊƻ ŀǇƭƛƪŀŎŜ Ǿ ƻƴƪƻƭƻƎƛƛΣ ǘǊŀǳƳŀǘƻƭƻƎƛƛ 
a ortopedii. 
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¨ǘŜǊȇ мтΦ сΦ нлнр мтΥллςмуΥлл 

aŜŎƘŀƴƛŎƪł ƻŘŜȊǾŀ ŜȄǘǊǳŘƻǾŀƴŞƘƻ ƪƻƭŀƎŜƴǳ  
ƛȊƻƭƻǾŀƴŞƘƻ Ȋ ǊȅōƝ ƪǻȌŜ 

WƻǎŜŦ Yƻƭłǌ1*, Hynek Chlup1, ¢ƻƳłǑ {ǳŎƘȇ2 ŀ ¢ƻƳłǑ DǊǳǎ3 
 
1 ¨ǎǘŀǾ mechanikyΣ ōƛƻƳŜŎƘŀƴƛƪȅ ŀ ƳŜŎƘŀǘǊƻƴƛƪȅΣ Cŀƪǳƭǘŀ ǎǘǊƻƧƴƝ 2±¦¢ Ǿ tǊŀȊŜΦ ¢ŜŎƘƴƛŎƪł пΣ 

160 00 Praha ς Dejvice.  
2 ̈ ǎǘŀǾ ǎǘǊǳƪǘǳǊȅ ŀ ƳŜŎƘŀƴƛƪȅ ƘƻǊƴƛƴ !ƪŀŘŜƳƛŜ ǾŠŘ 2ŜǎƪŞ ǊŜǇǳōƭƛƪȅΣ ± IƻƭŜǑƻǾƛőƪłŎƘ фпκпмΣ 
tǊŀƘŀ уΣ 2Ŝǎƪł ǊŜǇǳōƭƛƪŀ. 

3 ±ǑŜƻōŜŎƴł ŦŀƪǳƭǘƴƝ ƴŜƳƻŎƴƛŎŜ Ǿ tǊŀȊŜΣ ¦ bŜƳƻŎƴƛŎŜ пффκнΣ мну лу tǊŀƘŀ. 
*  J.Kolar@fs.cvut.cz   
 
¢Ŝƴǘƻ ǇǌƝǎǇŠǾŜƪ ǇǌŜŘǎǘŀǾǳƧŜ ǇǊƻōƝƘŀƧƝŎƝ ŜȄǇŜǊƛƳŜƴǘłƭƴƝ ǇǊƻƧŜƪǘ ȊŀƳŠǌŜƴȇ ƴŀ ǾƭƛǾ ƛƻƴƛȊǳƧƝŎƝƘƻ 
ȊłǌŜƴƝ ƴŀ ǎǘǊǳƪǘǳǊłƭƴƝ ŀ ƳŜŎƘŀƴƛŎƪŞ Ǿƭŀǎǘƴƻǎǘƛ ƪƻƭŀƎŜƴƻǾȇŎƘ ƎŜƭǻ ŜȄǘǊŀƘƻǾŀƴȇŎƘ Ȋ ǊȅōƝŎƘ ƪǻȌƝ 
όǎǳƳŜőŜƪ ŀŦǊƛŎƪȇύ. Kolagen ǘŀƪǘƻ ȊƝǎƪŀƴȇ byl ǊǳőƴŠ ŜȄǘǊǳŘƻǾłƴ ǇƻƳƻŎƝ ŀǇƭƛƪłǘƻǊǳ ǎŜ ǑǘŠǊōƛƴƻǳ 
ƻ ǊƻȊƳŠǊŜŎƘ сȄн ƳƳΦ ±ȅōǊŀƴŞ ǾȊƻǊƪȅ byly ƻȊłǌŜƴȅ ‍-ǊŀŘƛŀŎƝ ƻ ŘłǾƪłŎƘ м ƪDȅΣ мл ƪDȅ ŀ нр kGy. 
¢ȅǘƻ ǾȊƻǊƪȅ ōȅƭȅ ƴłǎƭŜŘƴŠ ǘŜǎǘƻǾłƴȅ ƧŜŘƴƻƻǎƻǳ ǘŀƘƻǾƻǳ ȊƪƻǳǑƪƻǳ Ȋŀ ǵőŜƭŜƳ ȊƘƻŘƴƻŎŜƴƝ 
ȊƳŠƴ ƧŜƧƛŎƘ ƳŜŎƘŀƴƛŎƪȇŎƘ ǾƭŀǎǘƴƻǎǘƝΦ tǌƝǎǇŠǾŜƪ ƧŜ ƪƻƴŎƛǇƻǾłƴ Ƨŀƪƻ ǇƻǎǘŜǊ ŀ ǎƘǊƴǳƧŜ ŘƻǎŀǾŀŘƴƝ 
ǇǊǻōŠƘ experimentu ŀ ŘƛǎƪǳǘǳƧŜ ǇǊǻōŠȌƴŞ ǾȇǎƭŜŘƪȅ ƛ postup v optimalizaci ŜȄǘǊǳȊƴƝƘƻ ȊŀǌƝȊŜƴƝΦ 

¨ǾƻŘ 
± ǇƻǎƭŜŘƴƝŎƘ ƭŜǘŜŎƘ ǊȅōƝ ƪƻƭŀƎŜƴ ǎǘłƭŜ őŀǎǘŠƧƛ ƴŀƘǊŀȊǳƧŜ ƘƻǾŠȊƝ ƪƻƭŀƎŜƴ ƪǾǻƭƛ ƻōŀǾłƳ 
z ƛƳǳƴƻƎŜƴƛŎƛǘȅ ŀ ǇǌŜƴƻǎǳ ƴŜƳƻŎƝ όƴŀǇǌƝƪƭŀŘ ƴŜƳƻŎƛ ǑƝƭŜƴȇŎƘ ƪǊŀǾύΦ ¢Ŝƴǘƻ ǇǌƝǎǇŠǾŜƪ ǎǘǊǳőƴŠ 
ǎƘǊƴǳƧŜ ŀƪǘǳłƭƴƝ ǇƻƪǊƻƪ Ǿ ǘŜǎǘƻǾłƴƝ ǊȅōƝƘƻ ƪƻƭŀƎŜƴǳ ǎ ŎƝƭŜƳ ŎƘŀǊŀƪǘŜǊƛȊƻǾŀǘ ǾƭƛǾ ƛƻƴƛȊǳƧƝŎƝƘƻ 
ȊłǌŜƴƝ ƴŀ ǎǘǊǳƪǘǳǊǳ ŀ ƳŜŎƘŀƴƛŎƪŞ Ǿƭŀǎǘƴƻǎǘƛ ƪƻƭŀƎŜƴƴƝŎƘ ƎŜƭǻΦ 
 
± ǵǾƻŘƴƝ ŦłȊƛ ǇǌƝǇǊŀǾȅ ƧŜ ƪƻƭŀƎŜƴ ŜȄǘǊŀƘƻǾłƴ Ȋ ǊȅōƝ ƪǻȌŜ ŀ ǊǳőƴŠ ŜȄǘǊǳŘƻǾłƴ ǇƻƳƻŎƝ ǎǇŜŎƛłƭƴŠ 
ƴŀǾǊȌŜƴŞƘƻ ŜȄǘǊǳȊƴƝƘƻ ȊŀǌƝȊŜƴƝΦ tǊǾƻǘƴƝ ƴłǾǊƘ ŜȄǘǊǳȊƴƝƘƻ ȊŀǌƝȊŜƴƝΣ ǎƳŠǊƴƛŎŜ ǘƻƪǳ ŜȄǘǊǳȊŜ 
a ŦƛƴłƭƴƝ ǾȅƘƻǘƻǾŜƴƝ ŀǇƭƛƪłǘƻǊǳ Ƨǎƻǳ ȊƴłȊƻǊƴŠƴȅ ƴŀ hōǊłȊƪǳ мΦ .ȅƭƛ ȊƪƻǳƳłƴȅ ǊǻȊƴŞ 
ƘƳƻǘƴƻǎǘƴƝ ƪƻƴŎŜƴǘǊŀŎŜ ƪƻƭŀƎŜƴƴƝƘƻ ƎŜƭǳ όƻŘ о ҈ Řƻ мп ҈ ƘƳƻǘƴƻǎǘƴƝŎƘύ ŀ ǘŀƪŞ ƻǇǘƛƳłƭƴƝ 
ȊǇǻǎƻō ƘƻƳƻƎŜƴƛȊŀŎŜ ƎŜƭǳΦ ±zorky ōȅƭȅ ŜȄǘǊǳŘƻǾłƴȅ ǑǘŠǊōƛƴƻǳ ƻ ǊƻȊƳŠǊŜŎƘ сȄн ƳƳΦ 
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EȄǘǊǳŘƻǾŀƴŞ ǾȊƻǊƪȅ ōȅƭȅ ŦȅȊƛƪłƭƴŠ ǎƝǙƻǾłƴy ‍-ȊłǌŜƴƝƳ, ƴłǎƭŜŘƴŠ ōȅƭȅ ǾȊƻǊƪȅ ƻǘŜǎǘƻǾłƴȅ 
ƧŜŘƴƻƻǎƻǳ ǘŀƘƻǾƻǳ ȊƪƻǳǑƪƻǳΦ 5ƻ ōǳŘƻǳŎƴŀ ƧŜ ǇƭłƴƻǾłƴƻ ǘȅǘƻ Řŀǘŀ Ȋ ǘŀƘƻǾȇŎƘ ȊƪƻǳǑŜƪ 
ȊǇǊŀŎƻǾŀǘ ŀ ǇǌƝǇŀŘƴŠ ǊƻȊǑƝǌƛǘ ƳŠǌŜƴƝ ƛ ƻ ƧƛƴŞ ǑƝǌƪȅ ǑǘŠǊōƛƴ όлΣр ƳƳ ŀ р ƳƳύΣ ŀōȅŎƘƻƳ ǎƛƳǳƭƻǾŀƭƛ 
ǾȅǳȌƛǘƝ ǇǊƻ ǊǻȊƴŞ ōƛƻƳŜŎƘŀƴƛŎƪŞ ŀǇƭƛƪŀŎŜ Ƨŀƪƻ ƴŀǇǌƝƪƭŀŘ ǾȅǳȌƛǘƝ Ǿ ŎŞǾƴƝŎƘ ƴłƘǊŀŘłŎƘ ŀƴŜōƻ 
ƘŜƳƻǎǘŀǘƛŎƪŞ ƪǊȅǘȅ ǊŀƴΦ  
 
 
 
 
 
 
 

 
hōǊłȊŜƪ 1 ŀύ tǊǾƻǘƴƝ ƴłǾǊƘ ȊŀǌƝȊŜƴƝΣ ōύ ȊƴłȊƻǊƴŠƴƝ ǎƳŠǊǳ ǘƻƪǳΣ Ŏύ ŦƛƴłƭƴƝ ǾŜǊȊŜ ŀǇƭƛƪłǘƻǊǳ 

½łǾŠǊ 
WŜŘƴƝƳ Ȋ ƪƭƝőƻǾȇŎƘ ǇǊƻōƭŞƳǻ ǌŜǑŜƴȇŎƘ Ǉǌƛ ǇǌƝǇǊŀǾŠ ƳŀǘŜǊƛłƭǳ ǇǊƻ ŜȄǇŜǊƛƳŜƴǘ ōȅƭŀ 
optimalizace ƘƳƻǘƴƻǎǘƴƝƘƻ ȊŀǎǘƻǳǇŜƴƝ ƪƻƭŀƎŜƴǳ Ǿ ǇƻǳȌƛǘŞƳ geluΦ błǎƭŜŘƴŠ ōȅƭƻ ǾȅǳȌƛǘƻ 
ǾȅǎƻƪƻƻǘłőƪƻǾŞƘƻ ƘƻƳƻƎŜƴƛȊłǘƻǊǳ ǇǊƻ ƘƻƳƻƎŜƴƛȊŀŎƛ ƎŜƭǳΦ ½Ŝ ȊƪƻǳƳŀƴȇŎƘ ƪƻƴŎŜƴǘǊŀŎƝ ōȅƭŀ 
ǾȅōǊłƴŀ у ҈ ƪƻƴŎŜƴǘǊŀŎŜ ƎŜƭǳΣ ƪǘŜǊł ǎŜ ƧŜǾƛƭŀ Ǉǌƛ ǘŜǎǘƻǾłƴƝ Ƨŀƪƻ ƴŜƧƴŀŘŠƧƴŠƧǑƝ.  

tƻŘŠƪƻǾłƴƝ  
¢ŀǘƻ ǎǘǳŘƛŜ ōȅƭŀ ǇƻŘǇƻǌŜƴŀ ƎǊŀƴǘƻǾȇƳ ǇǊƻƧŜƪǘŜƳ ǳŘŠƭŜƴȇƳ aƛƴƛǎǘŜǊǎǘǾŜƳ ȊŘǊŀǾƻǘƴƛŎǘǾƝ 
2ŜǎƪŞ ǊŜǇǳōƭƛƪȅ όb²нп-02-00206). 
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