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Âñòóïëåíèå. Ìàòåìàòè÷åñêîå ìîäåëèðîâàíèå â 
ïîñëåäíåå âðåìÿ àêòèâíî èñïîëüçóåòñÿ äëÿ ïðîâåäå-
íèÿ ýêñïåðèìåíòàëüíûõ èññëåäîâàíèé â îðòîïåäèè è 
òðàâìàòîëîãèè, à òàêæå â õèðóðãèè øåéíîãî îòäåëà 
ïîçâîíî÷íèêà (ØÎÏ). Ñ ïîìîùüþ êîíå÷íî-ýëåìåíò-
íûõ ìîäåëåé (ÊÝÌ) èññëåäóþò íàïðÿæåííî-äåôîð-
ìèðîâàííîå ñîñòîÿíèå (ÍÄÑ) øåéíûõ ïîçâîíî÷íûõ 
äâèãàòåëüíûõ ñåãìåíòîâ (ÏÄÑ) ïðè íåðàçðóøàþùèõ 
ôèçèîëîãè÷åñêèõ íàãðóçêàõ è èõ ðàçëè÷íûõ ïàòîëî-
ãè÷åñêèõ ñîñòîÿíèÿõ, à òàêæå ôèêñèðóþùèõ ìåòàëëî-
êîíñòðóêöèé ïðè ìîäåëèðîâàíèè ðàçëè÷íûõ õèðóð-
ãè÷åñêèõ âìåøàòåëüñòâ íà ØÎÏ [1, 10]. Â ïîñëåäíåå 
âðåìÿ äàííàÿ ìåòîäèêà ïðèîáðåòàåò âñå áîëüøåå 
çíà÷åíèå, òàê êàê îíà ïîçâîëÿåò èçó÷àòü íåäîñòàòêè è 
ïðåèìóùåñòâà èçâåñòíûõ è íîâûõ ìåòîäèê õèðóðãè-
÷åñêîãî ëå÷åíèÿ, îïðåäåëÿòü è ïðåäîòâðàùàòü âîç-
ìîæíûå îñëîæíåíèÿ, ñâÿçàííûå ñ ôèêñèðóþùèìè 
ìåòàëëîêîíñòðóêöèÿìè. 

Âñå ÊÝÌ ØÎÏ ñîçäàþò äëÿ ïðîâåäåíèÿ îïðåäå-
ëåííûõ èññëåäîâàíèé ïðè ðàçëè÷íûõ ïàòîëîãè÷åñêèõ 
ñîñòîÿíèÿõ è ìîäåëèðîâàíèè õèðóðãè÷åñêèõ âìåøà-
òåëüñòâ, îäíàêî ñóùåñòâóþùèå ÊÝÌ íå ëèøåíû íå-
äîñòàòêîâ â ñîîòâåòñòâèè ñ ïîñòàâëåííûìè íàìè çà-
äà÷àìè [4, 8, 11, 14, 19]. Â íàéäåííûõ ëèòåðàòóðíûõ 
èñòî÷íèêàõ àâòîðû àíàëèçèðóþò èçìåíåíèÿ ÍÄÑ â 
òåëàõ ïîçâîíêîâ, ñìåæíûõ ìåæïîçâîíêîâûõ äèñêàõ, 
äóãîîòðîñò÷àòûõ ñóñòàâàõ, îäíàêî ÍÄÑ â ðàçëè÷íûõ 
îòäåëàõ òåë ïîçâîíêîâ íå èçó÷àþò, ÷òî íåîáõîäèìî 
äëÿ áîëåå òî÷íîé îöåíêè èçìåíåíèé âåëè÷èí íàïðÿ-
æåíèé Ìèçåñà â îáëàñòè ôèêñèðóþùèõ êîíñòðóêöèé 
è ìåæòåëîâîé îïîðû ïðè ìîäåëèðîâàíèè õèðóðãè÷å-
ñêèõ âìåøàòåëüñòâ, âûïîëíåííûõ èç ïåðåäíåãî äî-
ñòóïà [8, 9, 11, 12, 16]. 

Öåëü ðàáîòû – óñîâåðøåíñòâîâàòü êîíå÷íî-ýëå-
ìåíòíóþ ìîäåëü ÑIII/CVII è èññëåäîâàòü íàïðÿæåííî-
äåôîðìèðîâàííîå ñîñòîÿíèå å¸ ýëåìåíòîâ ïðè âåð-
òèêàëüíîé îñåâîé ñòàòè÷åñêîé íàãðóçêå. 

Îáúåêò è ìåòîäû èññëåäîâàíèÿ. Ïðîòîòèïîì 
äàííîé ìîäåëè ÿâëÿåòñÿ áèñåãìåíòàðíàÿ ÊÝÌ ÑIV/
ÑVI À. Å. Áàðûøà (2004 ã.), âïåðâûå ðàçðàáîòàí-
íàÿ â ÑÍÃ [1]. Â íàøåé ðàáîòå óñîâåðøåíñòâîâàíà 

÷åòûðåõñåãìåíòàðíàÿ ÊÝÌ ÑIII/ÑVII, êîòîðàÿ áûëà 
ðàçðàáîòàíà íà áàçå ëàáîðàòîðèè áèîìåõàíèêè Èí-
ñòèòóòà [2] è â êîòîðóþ íàìè áûëè âíåñåíû ñëåäóþ-
ùèå èçìåíåíèÿ:

  ÊÝÌ ìåæïîçâîíêîâûõ äèñêîâ áûëè óñîâåð-
øåíñòâîâàíû ñ ó÷åòîì èõ ñëîæíîé ñòðóêòóðû, âêëþ-
÷àþùåé ôèáðîçíîå êîëüöî è ïóëüïîçíîå ÿäðî. Ýòî 
ïîçâîëÿåò ïåðåäàâàòü íàãðóçêó îò Ñ3 ê Ñ7 îïîñðå-
äîâàííî ÷åðåç ÊÝÌ ìåæïîçâîíêîâûõ äèñêîâ, ÷òî 
ñïîñîáñòâóåò ïîëó÷åíèþ áîëåå òî÷íûõ ðåçóëüòàòîâ 
èññëåäîâàíèÿ. 

  Ïðèëîæåííóþ íàãðóçêó íà ïåðåäíèé îïîðíûé 
êîìïëåêñ ìîäåëè êðàíèàëüíî ðàñïîëîæåííîãî ïî-
çâîíêà Ñ3 ðàñïðåäåëÿëè áîëåå ïðîïîðöèîíàëüíî 
ìåæäó âåíòðàëüíûìè è äîðçàëüíûìè îòäåëàìè åãî 
òåëà. 

  Ïðèíèìàÿ âî âíèìàíèå òî, ÷òî â èññëåäîâàíèå 
âêëþ÷åíû ñóñòàâíàÿ êàïñóëà, ïåðåäíÿÿ è çàäíÿÿ ïðî-
äîëüíûå ñâÿçêè, à òàêæå æåëòàÿ è ìåæîñòèñòàÿ ñâÿç-
êè, äëÿ ïîëó÷åíèÿ áîëåå òî÷íûõ ðåçóëüòàòîâ âåëè÷èí 
íàïðÿæåíèÿ Ìèçåçà â ýòèõ ýëåìåíòàõ èññëåäóåìîé 
ìîäåëè èõ õàðàêòåðèñòèêè çàäàíû íåëèíåéíûìè. 

Ïîñòðîåíèå ÊÝÌ ñîñòîèò èç òðåõ îñíîâíûõ ýòà-
ïîâ. Íà ïåðâîì ýòàïå îáúåìíóþ ãåîìåòðè÷åñêóþ 
ñèñòåìó ðàçäåëÿëè íà ýëåìåíòû ïðîñòîé ôîðìû. 
Âñå ýòè ýëåìåíòû ñâÿçàíû ìåæäó ñîáîé â óçëàõ. Â 
íàøåì èññëåäîâàíèè èñïîëüçîâàëè äåñÿòèóçëîâîé 
òåòðàýäð ñ êâàäðàòè÷íîé àïïðîêñèìàöèåé (ðèñ. 1). 
Ðàçðàáîòàííàÿ ÊÝÌ ÑIII/ÑVII ñîñòîèò èç 33590 äåñÿ-
òèóçëîâûõ èçîïàðàìåòðè÷åñêèõ êîíå÷íûõ ýëåìåíòîâ 
è èìååò 55163 óçëà. 

Â óçëàõ çàäàþò îñíîâíûå íåèçâåñòíûå, ïåðå-
ìåùåíèÿ èëè íàïðÿæåíèÿ. Çíà÷åíèÿ íåèçâåñòíûõ 

ãäå  – âåêòîð íåèçâåñòíûõ äëÿ ýëåìåíòà, 

 – àïïðîêñèìèðóþùèé ïîëèíîì (ôóíê-

öèÿ ôîðìû ýëåìåíòà),  – âåêòîð óçëî âûõ 

íåèçâåñòíûõ. 
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ìåæäó óçëàìè àïïðîêñèìèðóåòñÿ ñ ïîìîùüþ ïîëè-
íîìà ïåðâîé èëè âòîðîé ñòåïåíè:

×åì ìåíüøå ðàçìåð êîíå÷íîãî ýëåìåíòà (óçëû 
áëèæå äðóã ê äðóãó) è ÷åì âûøå ñòåïåíü àïïðîêñè-
ìèðóþùåãî ïîëèíîìà, òåì òî÷íåå ïîëó÷àåòñÿ ðåøå-
íèå. Ñ äðóãîé ñòîðîíû, óâåëè÷åíèå ÷èñëà ýëåìåíòîâ 
è óâåëè÷åíèå ñòåïåíè ïîëèíîìà ïðèâîäèò ê óñëîæ-
íåíèþ âû÷èñëèòåëüíîé çàäà÷è è ñóùåñòâåííîìó 
óâåëè÷åíèþ âðåìåíè åå ðåøåíèÿ. Ñîâðåìåííûå 

Íà âòîðîì ýòàïå ïîñòðîåíèÿ ðàñ÷åòíîé ìîäå-
ëè çàäàíû ìåõàíè÷åñêèå õàðàêòåðèñòèêè êîìïîíåí-
òîâ ñèñòåìû. Ñâîéñòâà èñïîëüçîâàííûõ ìàòåðèàëîâ 
âçÿòû èç èçâåñòíîé ëèòåðàòóðû è ïðèâåäåíû â òà-
áëèöå 1 [11, 21, 22]. Ïðè ïðîâåäåíèè ðàñ÷åòîâ ìàòå-
ðèàëû ñ÷èòàþòñÿ îäíîðîäíûìè è èçîòðîïíûìè. 

Ðàññìàòðèâàÿ óðàâíåíèÿ ðàâíîâåñèÿ âñåé ìî-
äåëè â öåëîì è ó÷èòûâàÿ ïðè ýòîì âêëàä êàæäîãî 
ýëåìåíòà, ïðèõîäèì ê çàäà÷å ðåøåíèÿ ñèñòåìû àë-
ãåáðàè÷åñêèõ óðàâíåíèé îòíîñèòåëüíî âñåõ óçëîâûõ 
íåèçâåñòíûõ äàííîé ìîäåëè. Ðàçðåøàþùåå óðàâíå-
íèå èìååò âèä

[K]{X} = {F},
ãäå  [K] – ìàòðèöà æåñòêîñòè ìîäåëè;
 {X} – âåêòîð óçëîâûõ ïåðåìåùåíèé;
 {F} – âåêòîð óçëîâûõ óñèëèé. 

Â äàííîì èññëåäîâàíèè îöåíèâàþò íàïðÿæåííîå 
ñîñòîÿíèå ðàñ÷åòíîé ìîäåëè, êîòîðîå ðàññ÷èòûâàëè 
ïî íàéäåííûì ïåðåìåùåíèÿì. Ïîñòðîåííàÿ ìîäåëü 
ïðåäñòàâëÿåò ñîáîé ñëîæíóþ îáúåìíóþ ñòðóêòóðó è 
ïîýòîìó îöåíêà åå ñîñòîÿíèÿ ïî ñæèìàþùèì, ðàñòÿ-
ãèâàþùèì èëè êàñàòåëüíûì íàïðÿæåíèÿì äîâîëüíî 
çàòðóäíèòåëüíà, ò. ê. îíè íå ÿâëÿþòñÿ îïðåäåëÿþùè-
ìè ñ òî÷êè çðåíèÿ ïðî÷íîñòè. Áîëåå òî÷íóþ îöåíêó 
íàïðÿæåííîãî ñîñòîÿíèÿ äàþò ýêâèâàëåíòíûå íàïðÿ-
æåíèÿ Ìèçåñà, êàê íàèáîëåå èíôîðìàòèâíûå. Ýòè 
íàïðÿæåíèÿ ðàññ÷èòûâàëè ïî ñëåäóþùåé ôîðìóëå

Ðèñ. 1. Äåñÿòèóçëîâîé òåòðàýäð ñ êâàäðàòè÷íîé 

àïïðîêñèìàöèåé. 

Òàáëèöà 1

Ñâîéñòâà èñïîëüçîâàííûõ 
ìàòåðèàëîâ ïðè 

ìîäåëèðîâàíèè øåéíûõ 
ïîçâîíî÷íûõ äâèãàòåëüíûõ 

ñåãìåíòîâ

Ìàòåðèàë
Ìîäóëü 
Þíãà Å 
(ÌÏà)

Êîýô-
ôèöèåíò 

Ïóàñ-
ñîíà ν

Êîðòèêàëüíàÿ êîñòü 10 000 0,3

Ãóá÷àòàÿ êîñòü 450 0,2

Ñóñòàâíîé õðÿù 10,6 0,49

Ôèáðîçíîå 
êîëü öî ìåæ ïî-
çâîíêîâîãî äèñêà 

3,4 0,4

Ïóëüïîçíîå 
ÿäðî ìåæ ïîçâî-
íêîâîãî äèñêà

1 0,499

Ïåðåäíÿÿ 
ïðîäîëüíàÿ ñâÿçêà 20 0,3

Çàäíÿÿ ïðî-
äîëüíàÿ ñâÿçêà 15 0,3

Æåëòàÿ ñâÿçêà 8 0,3

Ñóñòàâíàÿ êàïñóëà 19 0,3

Ìåæîñòèñòàÿ ñâÿçêà 6 0,3

ãäå 
x
, 

y
, 

z
, 

yx
, 

zx
, 

yz
 êîìïîíåíòû íàïðÿæåíèé â òî÷êå òåëà [3, 4]. 

Äëÿ ñîçäàíèÿ ÊÝÌ ÑIII/ÑVII èñïîëüçîâàëè èçâåñòíûå äàííûå êîì-
ïüþòåðíîé òîìîãðàôèè ïàöèåíòà áåç ïðèçíàêîâ âðîæäåííîé è ïðè-
îáðåòåííîé ïàòîëîãèè, à òàêæå ëèòåðàòóðíûå äàííûå î ôèçèîëîãè-
÷åñêèõ ãåîìåòðè÷åñêèõ ïàðàìåòðàõ øåéíûõ ÏÄÑ [7, 15, 18]. Îáùèé 
ØÑÊ çàäàí â ôîðìå ëîðäîçà, åãî âåëè÷èíà ñîñòàâèëà 16 ãðàäóñîâ, à 
âåëè÷èíà ñåãìåíòàðíîãî ØÑÊ – 4 ãðàäóñîâ [12, 23]. Óñîâåðøåíñòâî-
âàííàÿ íàìè ìîäåëü ÏÄÑ ÑIII/CVII ïðåäñòàâëåíà íà ðèñ. 2. Äàëåå 
óñîâåðøåíñòâîâàííàÿ íàìè ìîäåëü áûëà ðàçäåëåíà íà êîíå÷íûå 
ýëåìåíòû ïðè ïîìîùè ïðîãðàììû ãåíåðàöèè êîíå÷íî-ýëåìåíòíîé 
ñåòêè. 

Òðåòèé ýòàï ñâÿçàí ñ çàäàíèåì ãðàíè÷íûõ óñëîâèé, íàïðàâëå-
íèé è âåëè÷èí íàãðóçîê, à òàêæå ìåñòà è âèä çàêðåïëåíèÿ ìîäåëè. 
Ê êðàíèàëüíîé ïîâåðõíîñòè òåëà Ñ3 ïðèëàãàþò íàãðóçêó, êîòîðóþ â 
ðàñ÷åòíîé ìîäåëè ïðèíèìàþò ðàâíîé Ð = 100 Í. Ðàñïðåäåëåííóþ íà-
ãðóçêó ïðèêëàäûâàþò ðàâíîìåðíî ê êðàíèàëüíîé ïîâåðõíîñòè òåëà 
ïîçâîíêà Ñ3 è êðàíèàëüíûì ïîâåðõíîñòÿì åãî ñóñòàâíûõ îòðîñòêîâ 
(ðèñ. 3). Íà ìîäåëü íàëîæåíû îãðàíè÷åíèÿ ïî ïåðåìåùåíèÿì íà 
êàóäàëüíîé ïëîñêîñòè òåëà ïîçâîíêà Ñ7 è åãî ñóñòàâíûõ îòðîñòêîâ. 
Äëÿ îöåíêè ÍÄÑ â ñîçäàííîé ìîäåëè èçó÷àëè âåëè÷èíû íàïðÿæåíèé 
Ìèçåñà. Äëÿ ïðåäîòâðàùåíèÿ äâèæåíèé â ñàìîì íèæíåì ïîçâîíêå 
ìîäåëè, ñîãëàñíî äàííûì ëèòåðàòóðû, ñàìûå íèæíèå óçëû êàóäàëü-
íîé çàìûêàòåëüíîé ïëàñòèíêè, äóãîîòðîñò÷àòûõ ñóñòàâîâ è îñòèñòûõ 
îòðîñòêîâ çàêðåïëÿþò [16]. Äëÿ ïðîâåäåíèÿ ðàñ÷åòîâ èñïîëüçîâàëè 
ëèöåíçèîííóþ ïðîãðàììó ANSYS. 

Ðåçóëüòàòû èññëåäîâàíèé è èõ îáñóæäåíèå. Ïðè èññëåäîâà-
íèè ÍÄÑ óñîâåðøåíñòâîâàííîé íàìè ÊÝÌ ÑIII/ÑVII ïðè íàãðóçêå 100 
Í ïîëó÷åíû ðåçóëüòàòû, êîòîðûå ïðåäñòàâëåíû â òàáëèöå 2. 

Ðåçóëüòàòû èññëåäîâàíèÿ ñâèäåòåëüñòâóþò î òîì, ÷òî íàèáîëåå 
íàãðóæåííûìè ÿâëÿþòñÿ ñóñòàâíûå ìàññû è êîðíè äóã ïîçâîíêîâ. 
Ó÷àñòêè ìîäåëè, ãäå çíà÷åíèå âåëè÷èí ÍÄÑ íàèáîëüøåå, íàõîäÿòñÿ â 

ïðîãðàììíûå êîìïëåêñû, èñïîëüçóþ-
ùèå ÌÊÝ, àâòîìàòèçèðóþò è îïòèìè-
çèðóþò ïðîöåññ âûáîðà ýëåìåíòîâ è 
ïîñòðîåíèÿ ÊÝ ñåòêè ãåîìåòðè÷åñêîé 
ìîäåëè. 
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ñóñòàâíûõ ìàññàõ è êîðíÿõ äóã ïîçâîíêà Ñ6. Çíà÷åíèå 
âåëè÷èíû íàïðÿæåíèé Ìèçåñà äëÿ íèõ ñîñòàâëÿåò 2,3 
è 7 ÌÏà ñîîòâåòñòâåííî. Â òåëàõ ïîçâîíêîâ íàèáîëåå 
íàïðÿæåííîé ÿâëÿåòñÿ êðàíèàëüíàÿ çàìûêàòåëüíàÿ 
ïëàñòèíêà â ñåãìåíòå Ñ3 (1,3 ÌÏà), à íàèìåíåå – â 
ñåãìåíòå Ñ7 (0,7 ÌÏà). Â êàóäàëüíûõ çàìûêàòåëüíûõ 
ïëàñòèíêàõ âåëè÷èíû íàïðÿæåíèé Ìèçåñà íàèáîëü-
øèå â ñåãìåíòàõ Ñ6 è Ñ7 – ñîñòàâëÿþò 0,7 ÌÏà. 
Òàêèì îáðàçîì, â óñîâåðøåíñòâîâàííîé ÊÝÌ íàè-
ìåíåå íàïðÿæåííûìè ÿâëÿþòñÿ êîðíè è ïëàñòèíû 
äóãè, ñóñòàâíûå ìàññû è êðàíèàëüíàÿ çàìûêàòåëüíàÿ 
ïëàñòèíêà ïîçâîíêà Ñ7, à íàèáîëåå íàïðÿæåííûìè – 
êîðíè äóãè è ñóñòàâíûå ìàññû Ñ6. Àíàëèçèðóÿ ÍÄÑ 
òåë ïîçâîíêîâ, ïðèøëè ê âûâîäó, ÷òî âåëè÷èíû íà-
ïðÿæåíèé Ìèçåñà â êðàíèàëüíûõ îòäåëàõ òåë ïîçâîí-
êîâ âûøå, ÷åì â êàóäàëüíûõ, à â äîðñàëüíûõ îòäåëàõ 
òåë ïîçâîíêîâ âûøå, ÷åì â âåíòðàëüíûõ. 

Äëÿ ïîäòâåðæäåíèÿ âàëèäíîñòè ìîäåëè ïðîâå-
äåíî ñðàâíåíèå ïîëó÷åííûõ äàííûõ ñ ðåçóëüòàòàìè, 
ïðåäñòàâëåííûìè â ñïåöèàëüíîé ëèòåðàòóðå. Ïî 
ñðàâíåíèþ ñ ðåçóëüòàòàìè èçâåñòíûõ ðàáîò, ñóùå-
ñòâåííûõ îòëè÷èé â õàðàêòåðå ðàñïðåäåëåíèÿ è çíà-
÷åíèé âåëè÷èí íàïðÿæåíèé Ìèçåñà â äàííîé ÊÝÌ íå 
âûÿâëåíî [1, 2, 8, 23]. 

À. Å. Áàðûø è ñîàâò. íà îñíîâå áèñåãìåíòàðíîé 
ÊÝÌ ÑIV/ÑVI [1] ðàçðàáîòàëè ÷åòûðåõñåãìåíòàðíóþ 
ÊÝÌ ÑIII/ÑVII [2], êîòîðàÿ èìååò ïðåèìóùåñòâà ïðè 
ìîäåëèðîâàíèè ìîíî- è áèñåãìåíòàðíîãî ñïîíäè-
ëîäåçà, îäíàêî â íåé ÊÝÌ ìåæïîçâîíêîâûõ äèñêîâ 
ïîñòðîåíû áåç ðàçäåëåíèÿ íà ôèáðîçíîå êîëüöî è 
ïóëüïîçíîå ÿäðî, íå ó÷òåíû íåëèíåéíûå õàðàêòåðè-
ñòèêè ñâÿçîê, íàãðóçêà íà ïåðåäíèé îïîðíûé êîì-
ïëåêñ ðàñïðåäåëåíà íå ðàâíîìåðíî. Â èññëåäîâàíèè 
Î. Â. Âåðåòåëüíèêà ïðè ïðîâåäåíèè ðàñ÷åòîâ íå çà-
äàíû çíà÷åíèÿ îáùåãî è ñåãìåíòàðíîãî øåéíîãî ñà-
ãèòòàëüíîãî êîíòóðà, à àíàëèç ÍÄÑ øåéíûõ ñåãìåí-
òîâ àâòîðû ïðîâîäÿò òîëüêî íà ïîëîâèíå ÊÝÌ ØÎÏ, 
ðàçäåëåííîé â ñàãèòòàëüíîé ïëîñêîñòè, ñ öåëüþ åå 
óïðîùåíèÿ, íî ïðè ýòîì íå ó÷èòûâàÿ àíàòîìè÷å-
ñêèå îñîáåííîñòè è âîçìîæíóþ àñèììåòðèþ øåéíûõ 

Ðèñ. 2. ×åòûðåõñåãìåíòàðíàÿ ãåîìåòðè÷åñêàÿ ìîäåëü 
øåéíûõ ïîçâîíî÷íûõ äâèãàòåëüíûõ ñåãìåíòîâ ÑIII/CVII 

(ñâÿçî÷íî-êàïñóëüíûé àïïàðàò íå ïðåäñòàâëåí). 

Ðèñ. 3. Ñõåìà íàãðóæåíèÿ
è çàêðåïëåíèÿ

 ìîäåëè. 

 Òàáëèöà 2 

Ðåçóëüòàòû èññëåäîâàíèÿ ÍÄÑ 
óñîâåðøåíñòâîâàííîé ÊÝÌ ÑIII/ÑVII ïðè 
Ñòàòè÷åñêîé íåðàçðóøàþùåé íàãðóçêå 

100 Í

Èçó÷àåìàÿ ìîäåëü 
ýëåìåíòà ïîçâîíêà 

Ñ3 Ñ4 Ñ5 Ñ6 Ñ7

Êðàíèàëüíàÿ çàìûêàòåëüíàÿ 
ïëàñòèíà òåëà ïîçâîíêà (ÌÏà)

1,3 1 0,8 0,8 0,7

Êàóäàëüíàÿ çàìûêàòåëüíàÿ 
ïëàñòèíà òåëà ïîçâîíêà (ÌÏà)

0,6 0,6 0,5 0,7 0,7

Êîðíè äóãè (ÌÏà) 2,5 3,8 3,3 7 1,7

Ïëàñòèíû äóãè (ÌÏà) 0,3 0,2 0,2 0,2 0,1

Ñóñòàâíûå ìàññû (ÌÏà) 2 2,2 2,3 2,3 1,6

ïîçâîíêîâ [3]. Óñî-
âåðøåíñòâîâàíèÿ, 
ïðîâåäåííûå â ïî-
ñëåäíèå ãîäû äðóãè-
ìè àâòîðàìè, ïîçâî-
ëÿþò ñîçäàâàòü áîëåå 
äåòàëüíûå ÊÝÌ. Åñëè 
ðàíåå â ÊÝÌ ó÷èòû-
âàëè òîëüêî îòëè÷èå 
â õàðàêòåðèñòèêàõ 
êîñòíîé òêàíè (ãóá-
÷àòàÿ, êîðòèêàëüíàÿ), 
òî íà ñîâðåìåííîì 
ýòàïå èñïîëüçóþò 
äàííûå î ðàçëè÷èè 
õàðàêòåðèñòèê ìÿã-
êîòêàíûõ ýëåìåíòîâ 
øåéíûõ ÏÄÑ. Â ñî-
âðåìåííûõ ÊÝÌ ó÷òå-
íà ñëîæíàÿ ñòðóêòóðà 
ì å æ ï î ç â î í ê î â î ã î 
äèñêà è èçó÷åíî åãî 

ïîâåäåíèå ñ ó÷åòîì ðàçëè÷íûõ õàðàêòåðèñòèê åãî ñî-
ñòàâëÿþùèõ [8, 9, 10, 16, 20]. Â ÊÝÌ ïîñëåäíèõ ëåò 
ó÷èòûâàëè íåëèíåéíîå ïîâåäåíèå ñâÿçî÷íîãî àï-
ïàðàòà, êîãäà ñîïðîòèâëåíèå ñâÿçîê ìåíÿåòñÿ â çà-
âèñèìîñòè îò ïðîèñõîäÿùåé äåôîðìàöèè ìîäåëè 
[8, 9, 10, 14, 16, 20]. Îäíàêî â íàéäåííûõ íàìè èç-
âåñòíûõ ÊÝÌ ÍÄÑ â ðàçëè÷íûõ îòäåëàõ òåë ïîçâîí-
êîâ â äîñòàòî÷íîé ñòåïåíè íå èçó÷åíà. Íåäîñòàòêîì 
èçâåñòíûõ ÊÝÌ Yogannandan, Li è Greaves ÿâëÿåòñÿ 
íåäîñòàòî÷íî äåòàëüíîå ìîäåëèðîâàíèå îáëàñòè ñó-
ñòàâíûõ ìàññ [10, 16, 21]. Â ÊÝÌ Kallemeyn, Galbuse-
ara, Greaves è Zhang äëÿ ïîñòðîåíèÿ ÊÝÌ òåë ïîçâîí-
êîâ èñïîëüçîâàëè øåñòèãðàííûå ýëåìåíòû, ÷òî ïðè 
îïðåäåëåííûõ óñëîâèÿõ ìîæåò ïðèâåñòè ê ïðåðûâè-
ñòîñòè êðàåâ òåë ïîçâîíêîâ è ñíèæåíèþ äîñòîâåð-
íîñòè ïîëó÷åííûõ ðåçóëüòàòîâ [8, 10, 14, 24]. Â ÊÝÌ 
Kallemeyn è Palomar ñâÿçî÷íûé àïïàðàò ïðåäñòàâëåí 
â âèäå 3D ïó÷êîâ, äåéñòâóþùèõ òîëüêî â íàïðÿæåí-
íîì ñîñòîÿíèè [14, 17]. Zhang è ñîàâòîðû ïðåäñòàâè-
ëè ÊÝÌ, ãäå ñâÿçî÷íûé àïïàðàò ïðåäñòàâëåí â âèäå 
2-óçëîâûõ çâåíüåâ, êîòîðûé ïîçâîëÿåò ïåðåäàâàòü 
òîëüêî îñåâóþ íàãðóçêó [24]. Â ÊÝÌ Li, Galbuseara, 
Panzer, Zhang ôèáðîçíîå êîëüöî ïðåäñòàâëåíî â 



Â³ñíèê ïðîáëåì á³îëîã³¿ ³ ìåäèöèíè – 2014 – Âèï. 4, Òîì 4 (116)194

ÌÅÒÎÄÈ ² ÌÅÒÎÄÈÊÈ

âèäå øåñòèãðàííûõ ýëåìåíòîâ, ÷òî ïðè íåäîñòàòî÷-
íî òî÷íîì ïîñòðîåíèè ìîäåëè ìîæåò ïðèâåñòè ê ïðå-
ðûâèñòîñòè åãî êîíòóðà è èñêàæåíèè ðåçóëüòàòîâ èñ-
ñëåäîâàíèÿ [8, 16, 19, 24]. 

Âûâîäû. Îòëè÷èòåëüíûìè îñîáåííîñòÿìè óñî-
âåðøåíñòâîâàííîé íàìè ìóëüòèñåãìåíòàðíîé ìàòå-
ìàòè÷åñêîé ìîäåëè øåéíîãî îòäåëà ïîçâîíî÷íèêà 
ÿâëÿþòñÿ äåòàëüíîå âîññîçäàíèå ñëîæíîé ñòðóêòóðû 
åãî ìåæïîçâîíêîâûõ äèñêîâ è íåëèíåéíûõ õàðàê-
òåðèñòèê êàïñóëüíî-ñâÿçî÷íîãî àïïàðàòà, à òàêæå 
áîëåå ïðîïîðöèîíàëüíîå ðàñïðåäåëåíèå íàãðóçêè íà 
ïåðåäíèé îïîðíûé êîìïëåêñ êðàíèàëüíîãî ñåãìåíòà 
ìîäåëè, ÷òî ñïîñîáñòâóåò ïîëó÷åíèþ áîëåå äîñòî-
âåðíûõ ðåçóëüòàòîâ âåëè÷èí íàïðÿæåíèÿ Ìèçåçà â 

èçó÷àåìîé áèîìåõàíè÷åñêîé ñèñòåìå. Äàííàÿ ìî-
äåëü ïîçâîëÿåò èññëåäîâàòü íàïðÿæåííî-äåôîðìè-
ðîâàííîå ñîñòîÿíèå øåéíîãî îòäåëà ïîçâîíî÷íèêà 
ïðè ðàçëè÷íûõ âàðèàíòàõ íàãðóæåíèÿ, à òàêæå ïîñëå 
èìèòàöèè äåêîìïðåññèâíî-ñòàáèëèçèðóþùèõ âìå-
øàòåëüñòâ. Ïîëó÷åííûå íàìè ðåçóëüòàòû èçó÷åíèÿ 
âåëè÷èí íàïðÿæåíèé Ìèçåñà â äàííîé óñîâåðøåí-
ñòâîâàííîé ìîäåëè ñîïîñòàâèìû ñ ëèòåðàòóðíûìè, 
÷òî ïîäòâåðæäàåò å¸ âàëèäíîñòü. 

Ïåðñïåêòèâîé äàëüíåéøèõ èññëåäîâàíèé ÿâ-
ëÿåòñÿ ïðîâåäåíèå ìàòåìàòè÷åñêîãî ìîäåëèðîâàíèÿ 
ïåðåäíåãî ìåæòåëîâîãî ñïîíäèëîäåçà ñ ïîìîùüþ 
ðèãèäíûõ è äèíàìè÷åñêèõ öåðâèêàëüíûõ ïëàñòèí. 
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ÌÓËÜÒÈÑÅÃÌÅÒÍÀÐÍÅ ÌÀÒÅÌÀÒÈ×ÍÅ ÌÎÄÅËÞÂÀÍÍß ØÈÉÍÈÕ ÕÐÅÁÒÎÂÈÕ ÐÓÕÎÂÈÕ 

ÑÅÃ ÌÅÍÒ²Â 
Áàðèø Î. ª., Êîçèðºâ Ñ. Î., ßðåñüêî Î. Â. 
Ðåçþìå. Ïðîâåäåíî äîñë³äæåííÿ íàïðóæåíî–äåôîðìîâàíîãî ñòàíó ó õðåáòîâèõ ðóõîâèõ ñåãìåíòàõ ÑIII-

CVII ïðè ô³ç³îëîã³÷íîìó âåðòèêàëüíîìó ñòàòè÷íîìó íàâàíòàæåíí³. Óäîñêîíàëåíî â³äîìó ê³íöåâî–åëåìåíòíó 
ìîäåëü ÑIII/CVII çà ðàõóíîê ìîäåëþâàííÿ ô³áðîçíîãî ê³ëüöÿ òà ïóëüïîçíîãî ÿäðà ì³æõðåáöåâèõ äèñê³â, çàäàíî 
íåë³í³éí³ õàðàêòåðèñòèêè çâ’ÿçîê. Íàéá³ëüø íàãðóæåíèìè åëåìåíòàìè º ñóãëîáîâ³ ìàñè òà êîðí³ äóã õðåáö³â ó 
ñåãìåíò³, ùî íàéá³ëüø âèðàæåíî íà ð³âí³ Ñ6. Ó ò³ëàõ õðåáö³â íàéá³ëüø íàïðóæåíîþ º êðàí³àëüíà çàìèêàëüíà 
ïëàñòèíêà õðåáöÿ Ñ3, à íàéìåíø íàïðóæåíîþ – Ñ7. Êàóäàëüíà çàìèêàëüíà ïëàñòèíêà íàéá³ëüø íàïðóæåíà ó 
ñåãìåíòàõ Ñ6 òà Ñ7. Âåëè÷èíè íàïðóãè Ì³çåñà ó äîðñàëüí³é îáëàñò³ ò³ë õðåáö³â âèùå, í³æ ó âåíòðàëüí³é. 

Êëþ÷îâ³ ñëîâà: ìàòåìàòè÷íå ìîäåëþâàííÿ, ìåòîä ê³íöåâèõ åëåìåíò³â, øèéíèé â³ää³ë õðåáòà, õðåáåòí³ ðó-
õîâ³ ñåãìåíòè. 
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ÌÓËÜÒÈÑÅÃÌÅÍÒÀÐÍÎÅ ÌÀÒÅÌÀÒÈ×ÅÑÊÎÅ ÌÎÄÅËÈÐÎÂÀÍÈÅ ØÅÉÍÛÕ ÏÎÇÂÎÍÎ×ÍÛÕ ÄÂÈÃÀ-

ÒÅËÜÍÛÕ ÑÅÃÌÅÍÒÎÂ
Áàðûø À. Å., Êîçûðåâ Ñ. À., ßðåñüêî À. Â. 
Ðåçþìå Ïðîâåäåíî èññëåäîâàíèå íàïðÿæåííî-äåôîðìèðîâàííîãî ñîñòîÿíèÿ â ïîçâîíî÷íûõ äâèãàòåëü-

íûõ ñåãìåíòàõ ÑIII-CVII ïðè ôèçèîëîãè÷åñêîé âåðòèêàëüíîé ñòàòè÷åñêîé íàãðóçêå. Óñîâåðøåíñòâîâàíà èç-
âåñòíàÿ êîíå÷íî-ýëåìåíòíîé ìîäåëè ÑIII/CVII çà ñ÷åò ìîäåëèðîâàíèÿ ôèáðîçíîãî êîëüöà è ïóëüïîçíîãî ÿäðà 
ìåæïîçâîíêîâûõ äèñêîâ, çàäàíû íåëèíåéíûå õàðàêòåðèñòèêè ñâÿçîê. Íàèáîëåå íàãðóæåííûìè ýëåìåíòàìè 
ÿâëÿþòñÿ ñóñòàâíûå ìàññû è êîðíè äóã ïîçâîíêîâ â ñåãìåíòå, ÷òî áîëåå âûðàæåíî íà óðîâíå Ñ6. Â òåëàõ ïî-
çâîíêîâ íàèáîëåå íàïðÿæåííîé ÿâëÿåòñÿ êðàíèàëüíàÿ çàìûêàòåëüíàÿ ïëàñòèíêà ïîçâîíêà Ñ3 , à íàèìåíåå íà-
ïðÿæåííîé – Ñ7. Êàóäàëüíàÿ çàìûêàòåëüíàÿ ïëàñòèíêà íàèáîëåå íàïðÿæåííàÿ â ñåãìåíòàõ Ñ6 è Ñ7. Âåëè÷èíû 
íàïðÿæåíèé Ìèçåñà â äîðñàëüíîé îáëàñòè òåë ïîçâîíêîâ âûøå, ÷åì â âåíòðàëüíîé. 

Êëþ÷åâûå ñëîâà: ìàòåìàòè÷åñêîå ìîäåëèðîâàíèå, ìåòîä êîíå÷íûõ ýëåìåíòîâ, øåéíûé îòäåë ïîçâîíî÷-
íèêà, ïîçâîíî÷íûå äâèãàòåëüíûå ñåãìåíòû. 
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Multisegmental Mathematical Modeling of Cervical Functional Spinal Units
Barysh O. E., Kozyryev S. O., Yaresko A. V. 
Abstract. Recently, mathematical modeling, using finite element method, is of great importance as it facilitates 

studying of the shortcomings and advantages of conventional and novel approaches in surgery of cervical spine 
pathology, determining and preventing possible complications related to retentive metalware. 

The purpose of the paper is to enhance the ÑIII/CVII finite-element model (FEM) and study the deflected mode of 
its elements under vertical axial static load. 

The prototype of the model is the Barysh ÑIV/ÑVI bisegmental FEM (2004), first designed in the CIS. The paper 
presents the enhanced four-segmented ÑIII/ÑVII FEM, developed in the Institute’s biomechanical laboratory, and 
complimented with the following modifications: 

- FEMs of intervertebral discs have been enhanced, considering its complicated structure, including fibrous ring 
and nucleus pulposus. This allows transmitting the load from the Ñ3 to Ñ7 mediately through the FEM of intervertebral 
discs, facilitating obtainment of more accurate results; 

- load, applied to the model’s anterior abutment complex of the Ñ3cranial vertebra, has been distributed more 
proportionally between the ventral and dorsal parts of the body;

- whereas the joint capsule and anterior and posterior longitudinal ligaments, as well as yellow and interspinous 
ligaments are included into study, their characteristics are specified as nonlinear with the purpose to obtain more 
accurate results of Mises stress rates of these elements. 

The developed ÑIII/ÑVII FEM is comprised of 33590 ten-unit isoparametric finite elements and has 55163 segments. 
To develop the ÑIII/ÑVII FEM, the provided computed tomography data of patient without signs of congenital and 
acquired pathology, as well as publication data about physiological geometrical parameters of cervical functional 
spinal units. The load, equal to Ð = 100 N in the designed model, has been applied to the Ñ3 cranial surface. The 
findings show that the most loaded are articular masses and roots of arches of vertebrae. Segments of model, where 
the FSU rates value is the highest, are found in the articular masses and roots of arches of the Ñ6 vertebra. Value of 
the Mises stress rate constitutes 2,3 and 7 MPa, respectively. In vertebral bodies the cranial closing lamina in the Ñ3 
segment is the most strained (1,3 MPa), and the least strained is in the Ñ7 segment (0,7 MPa). In the caudal closing 
laminae Mises stress rates are the highest in the Ñ6 and Ñ7 segments and constitute 0,7 MPa. In cranial parts of 
vertebral bodies Mises stress rates are higher that in caudal ones and in dorsal parts of vertebral bodies they are higher 
than in ventral ones. 

The presented model promotes the study of deflected mode of cervical spine under multiple options of load as well 
as after simulated decompressive-and-stabilizing interventions. The obtained results of Mises stress rates analysis in 
the presented enhanced model are comparable with reported ones, indicating about its validity. 

Keywords: mathematical modeling, finite element method, cervical spine, spinal functional units. 
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