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three-dimensional printing has occurred only in 2010, when
the 3D-printers have become affordable for everyone.

This article reviews of using of three-dimensional
printing methods in biomedicine, information on the most
advanced research in this area, as well as prospects for
development in the coming years.

In nowadays, biotechnological companies and scientific
institutions are doing research in the direction of biological
3D-printing. The research is studying the possibility of using
inject / dropping 3D-printing in tissue engineering to create
artificial organs. The technology is based on the application
of the living cell layers on the substrate or sugar gel matrix,
with the gradual buildup of a fiber to create 3d structures.

Nevertheless, despite the high level of technology
are still problems in our society, such as doctors which
are not possible to return the patient to a normal lifestyle.
According to Pulitzer Center in 2014, the total number of
fatalities in car accidents of the world has reached 1.24
million deaths per year, with more than 50 million people
were seriously injured. One of the recent discoveries of
Japanese scientists could help many of these people.
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Fig. 1. 3D-printer that prints the basis for bone tissue

Doctors from the Research Institute of Samuel
Lunenfeld, medical complex at Mount Sinai Hospital,
teamed up with bioengineering, biology and surgeons,
trying to explore the possibility of using the patient's own
tissue to create new bone. The study, a methodology was
developed, the key element is the 3D-printer (Figure 1).
With the help of MRI technology scanned the damaged
bone, which is based on the results of three-dimensional
model. Then, from a special biodegradable porous
material is printed an exact copy of the damaged item. This
material promotes the growth of cells, and cartilaginous
tissue accumulates easily derived stem cells of a patient.

Gradually, a bone has a shape then materials dissipate. As
a result, there is only the bone, which has no different between
the original one. [3] This technique can help affected people

rebuild their bones, damaged in an accident, fights, with gunshot
wounds, or in the course of diseases such as arthritis, gout, etc.

Used in modern medicine, artificial blood vessels are
typically made of plastic, and can cause the development
of bacterial infections in humans.

The Japanese company Cyfuse Biomedical and
University of Saga jointly developed printing method
arteries using skin cells of the patient and 3D-printing
technology. To create a three-dimensional shape of the
vessel tissues, researchers found in 3D-array printer
metal needle length of 10 mm and a diameter of 0.1 mm.
Adjusting the length of the needles and their number,
researchers can change the thickness of the blood vessels.

Fig. 2. Mechanical prosthesis Cyborg Beast, worth $ 10

Now experts are testing on animals transplanted arteries.
Upon completion of clinical trials, the researchers plan to use
this technology for the treatment of people already in 2018.
With the proliferation of technology, such diseases as diabetic
necrosis, diabetic angiopathy, gangrene, etc. can be cured by
simply grafting new vessels to replace the damaged [4].

The advent of 3D-printing played a major role
in the field of prosthetic limbs. Using the 3D-printer,
the engineers were able to create as complex
electromechanical prostheses with a low cost (§ 50),
not inferior in performance expensive models (from $
10,000) and simple mechanical prostheses, so much
gaining popularity in children prosthetics.

Scope of application of three-dimensional printing
catch the imagination, making it possible that a few years
ago seemed impossible. The prospects offered by this area
are noteworthy research teams around the world, and this
young technology will undoubtedly give us many more
surprises and opportunities.
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3a/1a4a MPOrHO3MPOBAHIS TAPAMETPOB B COBPEMEHHBIX Te-
O(M3UYECKIX YCIIOBUSX XApaKTEPH3YeTCs: BO MEPBBIX MPOTHO-

3UPOBAHIE B YCIIOBUSIX HEOTPE/ICIICHHOCTH, BO BTOPBIX JJAHHbIC
Ha OCHOBAHHH KOTOPBIX BBITIOTHSCTCS IIPOrHO3UPOBAHIIC XapaK-
TEPH3YIOTCSl PA3MBITOCTBIO, HEYETKOCTBIO 1 CaMO TPOTHO3UPO-
BAHHE BBIMOJTHSICTCSI C UCTIONB30BAHUEM KOCBEHHBIX [PH3HAKOB,
HECYIHX HHPOPMALHIO O TPeOYEeMBIX MapamMeTpax Ha OCHOBA-
HUM HEKOTOPBIX IIPOMEXKYTOUHBIX 3aKIIFOUECHHH.

OCHOBHBIM HHCTPYMEHTOM MHPOTHO3MPOBAHUSI T1apa-
METPOB CIIY)KHT METOJI KOPPEISIIIUOHHO PErpecCHOHHOTO
aHaJIn3a, KOTOPBI B CBOEH OCHOBE MpPE/IoyiaracT MOJIeNb
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JTAHHBIX CKJIAJbIBAIOIIMICS U3 HEKOTOPBIX TOUHBIX JETep-
MHHHPOBAHHBIX 3aBUCUMOCTEH, OCIIOKHEHHBIX TOMEXaMH.

N3yueHue ci10:KHO IOCTPOCHHBIX CPeJl XapaKTepu3sy-
eTCsl HEOTHOPOAHOCTBIO, MPOSIBISTIONIEIiCS B pacCestHUM
HaOIIFOaeMbIX MTapaMeTpoB, a TAaKXKe HEOOXOMUMO pa3-
BUTHE 3()(PEKTUBHBIX TEXHOJOIUIl OMEepUpOBaHUs C (H-
3UYECKH COfIePKaTeIbHBIMU XapaKTePUCTUKAMHU pacces-
HUSI TAPAMETPOB.

Jliis 3THX 1enei HaMu npelaraeTcs BOCIOIb30BaTh-
Csl ammapaTtoM HEYeTKHX MHOXECTB co3faHHBIM JlodTH
3azne [1] u MeTonaMu HeueTKUX BBIBOJOB Momaamu [2]
C HCIIOJIb30BaHNEM (DYHJAMEHTAJIBHBIX PEIICHUH ypaBHE-
Huit muddysun.

OCHOBHBIMH 2JIEMEHTAaMH TE€XHOJOI'MU MPOTHO3UPO-
BaHMS JAHHBIX CITy’XKaT:

1) KoncrpyupoBanue QyHKIHI IPUHAIICKHOCTH

[Tapamerpst Sl,SZ,S3, Gi=l+=M MOTyT OBITh
TPEJICTABIIEHDI B BUJIE TOUEK (Ha30BOTO MPOCTPAHCTBA S
napameTpoB S S = {s';i :1+M} esS.

B pesynsrare rpymisl SKCIEPIMEHTOB A , MOTyYEHBI
3HAYCHUA |§ ,~;j =1+Ny, HCTIONB3yeMbIe I 00ydIeHHs
nporHosa. Kaxoe 13 ; 9T0 OfHOBPEMEHHO H3MEPCHHBIC
3HAUCHUs [1apaMeTPOB {S],Sj, "f;i:1+M,j:1+N}
XapaKTEepHBIX A7 yCIOBHOTO «o6pa3ua» W TOUKH U3-
MepeHus §; = s};i:1+M,j:1+N}

Amnmpoxcumanust GyHKINT TPHHATICKHOCTH Hp (S)
HAXOJUTCSI B BUJIE!

=T oW )K(s)

rae K(h,s) — 0a3ucHas cucreMa (QyHKIHI, TapaMeTpu30-
BaHHas BeKTOpoM Tapametpos h, j (h') — madopmarnus o
3HAUCHMAX IapaMeTpoB, AOLICIIAs 1O U3MEPUTEILHOTO
npudopa B pacCesHHOM COCTOSTHUH.

Jlns snemenTa annpokcuManuu K (h, S) ObLI BBEJICH
MPUHIMIT MaKCMMAJIBHOM SHTponuu. B cOOTBETCTBUM C
STHUM MPUHIMIIOM B KAYECTBE IIEMEHTA aNPOKCUMALIMH
ObU1a BEIOpaHa (pyHKIUS HOPMATHLHOTO 3aKOHA PACTIPETIE-
JeHus [Homep]:

_h- S\

K (h,s)= 2)
rae h — MaTeMamqecx?S%/gmn H@ S2 BTODPOIi IICH-
TPaNBHBI MOMEHT — JUCIEPCHsT HOPMAJILHOTO pacIpe-
JICTICHUS.

Torna GyHKIHMS IPUHA/UICKHOCTH IPUHUMACT BT
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CootHoueHue (3) B TaKOM ciIydae, HHTEPIPETUpyer-
cs Kak auddy3rnoHHOE paccesHue B OECKOHEYHOM OIHO-
POIHOM HPOCTPAHCTBE NAPaMETPOB TOUEUHBIX HCTOUHH-

KOB, PacCIIOJIOKEHHBIX B h*

Ha puc. 1 mpuBeneHsl pe3ynbraThl SKCIEPUMEHTAIb-
HOTO IpHUMepa.

YcraHOBIEHHE LENHBIX IPaBWJ IIPOTHO3UPOBAHUS
HaYaJbHOTO U KOHEYHOTO IMapaMeTpa IO M3BECTHOHU Iie-
TIOYKH MTPABHII MEK/Ty TPOMEXKYTOUHBIMH TTapaMeTpaMu

OCHOBHBIMH  3JIEMEHTaMHM, OIPEACISIONIMMUA  Me-
TOZl TPOTHO3MPOBAHMS 3HAYCHWH HEUETKOH BETMINHBI

1 1
s €S (uporHo3Horo mapameTpa) 10 3HAYEHHIO BbIIE-
2 2
JIEHHOTO JJIs TIPOrHO3a mapameTpa S € S° (Bblenen-
HOTO IapaMeTpa) CIyxKar:
— YCTaHOBIICHHOE OTHOIICHHE B (DOpPME OIS paccesi-

1.2
Hus (QyHKOUH MpUHAUIeKHOCTH) Ay (s',s ) Ui He-
YETKOTrO OTHOLICHHUS MEXK1y HEUCTKHMH NIEPEMECHHBIMY S'
2.
u s

— (QyHKLMS NPUHAIUISKHOCTH /J (S ) mis 3ma-

YeHUil BeJIMUUHBL $' U3 uHTepBana A (s ’ ) ISl KOTOPO# BbI-
TONHSETCS TIPOTHO3;
— KOMITO3UIMS ,UA(;[)(SI) u ,(s',s*) ycranas-
TMBACT MPaBIUIO pacdeTa — (bYHKUMH TIPUHAIUIEKHOCTH
4 (s?) Heuerxoit BemmumHEI S

A( ) ’
10 3HAYCHUAM (YHKIMHM TPUHAUICKHOCTH A G ( D

nporHo3preM0ﬁ

st s' w3 mHTepBana A(s’) W 3aJlaHHOMY OTHOILICHHIO

Ha(s',s%).
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Puc. 1. Dkcnepumenmanbnas 3a8UcumMoCnb ¢ paccesiHuem OaHHbIX.
A) ucxoousie oannvie; b) Kapma moyeuHvix ucmouHukos
unegor B) Pes omuowenus 8 popme nois paccesHus,
BbINONHEHHBIX 1O (3)

DKCIIepUMEHTBI, CBS3aHHBIC C M3MEPEHUEM Hapame-
TPOB §' HTOrOM KOTOPBIX CIIYXKHT S JUTSl HPOTHO3a 3HAE-
Huii s € S* 0603HaunM A(5'). B cootBetcTBuH C (3), pyHK-
LYsI IPUHAUICKHOCTH WIIH T10JIE PACCEeSTHUS VISl TTapame-

o o=l 1
TpoB s', mocne u3MepeHus 3HaueHuit S S,k =1+N,
MOJKHO TIPE/ICTaBUTh B hopMe:
I ‘ ' _Sﬂl"
Moo ()= “4)

A(s)

FZ‘/’(}’ )exp| —

Jlnst mpOTrHO32 IO 3TUM JAHHBIM TTOJISI PACCESHUS IS
2 2
s” € 8" ucnone3yercs npasuino Mamuanu [106]:

e (57) = min i (55t (5] | 9

sles!

B 3HauuTenbHOM uuClie CUTyalMil MeEXIy napame-
TpaMu apryMEHTaMH M IPOTHO3UPYEMBIMH IIpaBHJIa-
MU HET UCXOIAHBIX SKCIECPUMEHTAJIBHBIX HaHHBIX A, Io-

3BOJSIOIIMX MOCTPOMTh IO HEM i, (S) =i, (sl,sz).
BMecTo 9TOro MMeeTcs Iernovka dKCIePUMEHTOB, yCTa-
HABJIMBAIOLINX CBA3b MEXIy mapamerpamu s' u s’ de-
pe3 HeKOTOpbIe MPOMEKYTOUHBIC MapaMeTpsl . IIpoire-

Jypa pacuéra KOMIIO3UIUH ToNeil Uy (f) =Um (SI ,q)

P U (g) = Uy (q,s TakuM 00pa3oM, 4To-
Obl MCKJIIOYUTh IMPOMEKYTOUHBIH MapameTp q M HalTu
Ha (s) =Up (sl,sz) BBINOJIHACTCS 110 ITPABUILy KOMIIO-
3unui Mampaany, aHaorndHoi (5) u cocrosimieit B cie-
JYIOLIEM:

(8170 87) = i, (5 (0] 6

:_:‘l

‘= |l
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Puc. 2. Pe3ynomamut KoMno3uyuil 08yX oOmHoweHull, 8binoaHeHHbIx no (6)
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Ha puc. 3 npuBezneHa kpusasi JIOKaJIU3aluK UL IPOTHO-
3a mapamerpa He(h)TeHACHIIICHHOCTH BBITOIHEHHBIX 10 (5)
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Hedrenachimennocrs no Kepuy

Puc. 3. Kpusas nokanusayuu ons hpoehosa napamempa
HeghpmenacviuyeHHocmu 8olNOIHENHBIX NO (5)

2) KoHcTpynpoBaHue MocieayronuX Cpe3oB Mo Ma-
pamMeTpy 3HaueHUS (PyHKIHMN TPHHAICKHOCTH AJISI IIPO-
THO3HOU MoJeNu

Ilo nnarpamMmam HCXOIHBIX 3HAYEHNUH TTOPUCTOCTH, pac-
CUNTAHHBIX 0 TeO(H3MIECKAM U3MEPEHISAM BIONb CTBOJIA
CKB&KHH, MOTYT OBITh Hal/ICHB HHTEPBAJIBI U3MEHEHNSI J10-
CTOBEPHOCTU IOJCUETHBIX MApaMeTpOB MO BCEM CKBaXKH-
HaM. [lo 3HaueHUAM IOCTOBEPHOCTEH B CKBAXKUHAX Jaiee
CTPOSITCSI COOTBETCTBYIOIIHE KyObl IOCTOBEPHOCTH pUC. 4.

A - b

Puc. 4. A — Tpéxmepnviii Kyo pacnpedenenus 00CcmosepHocmu
napamempa nopucmocmu; b — Tpéxmepnviii Ky6 pacnpedenenus
00CmMO6epHOCIU NAPAMEMPA HePMEeHACbIUeHHOCIU

Pa3pa60TaHHBIe METOAbI MOACIUPOBAHUA Ha OCHO-
BaHUU TEXHOJOTHH HEYETKHX MCTOJO0B U HEYETKOM ajre-
OpHI ¥ JOTMYECKOTO BBIBO/IAa MamiaMu MO3BOJISIET peab-
HO OLCHUBATH I/IH(i)OpMaHI/IOHHyIO 00€eCIeueHHOCTh KOM-
TMOHCHT NPOTrHO3UPOBAHUA d)I/I3I/IKO — T€OJIOTHYECKHI MO-
JIeNTN, 1aBaTh OOBEKTUBHYIO OLEHKY TOCTOBEPHOCTH IO/~
CHETHBIX MapaMETPOB U BLIMNOJHATL IPOrHO3UPOBAHUE U
TJIaHUPOBAaHUE ﬂaHLHeﬁmHX pa60T JUISL TOPa3BETKU ME-
CTOPOXKJICHUH.
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OmneHka MEXCKBaKHHHOH CBS3HOCTH IUIACTa MO3BO-
JSIET TONYYUTh NHQOPMAIKS O MPOCTPAHCTBEHHOM pac-
TIpefieNieHnH (PUIIBTPAIIMOHHOTO COMPOTHUBIICHHUS, XapaK-
TEpPHU3YIOIEr0 MPOAYKTUBHYIO CIIOCOOHOCTH IPOHHIIae-
Moro ruiacta. OUIBTPAIOHHBIE XapaKTePUCTUKH KOJH-
YECTBEHHO MOTYT OBITh BBIpaKEHBI Yepe3 Kod(h(UIHEHT
nbe3onpoBoaHocty [1]. Celfuac MOHUTOPHUHI IIPOHMIIA-

€MOCTH IUIAacTa OCYIIECTBISICTCS METOJaMH THAPOIUHA-
MHYECKOTO KOHTPOJIsI, B YaACTHOCTH, Pa3BHBAIOIIUMCS Me-
TOZIOM THJIPOANHAMHYECKOIT TOMOTrpaduu.

3aja4a HAXOXKJICHHS IPOCTPAHCTBEHHOTO pacIpesie-
JICHHSI CONPOTHBIICHUS JBIKCHHIO (IIIOMIa KaK TOMO-
rpadudeckas 3amada 00pabOTKH M3MEpPEeHUH HacTyIuIe-
HHS PEaKLIUM B PACCMAaTPHBAEMbIX CKBOKMHAX NPH H3-
MCHEHHH JABJICHUS B BO3MYIIAIONIUX CKBA)KHHAX ObLIA
chopmynurposana B pabdore [2]. Pemienue 3amaun TomMo-
rpadun TpeOyeT MPOBEACHUS AOPOTOCTOSIINX U JOJTO-
BPEMEHHBIX SKCIIEPUMEHTOB TI0 M3MEPEHHIO MHTEPBaIb-
HBIX BPEMEH, PACIIPOCTPAHEHUS XapaKTEPHBIX TOYEK KPH-
BOIl BOCCTAHOBJICHHUS IABJICHHUS B CHCTEME M3 HECKOJIBKHX
CKB&KHH, BCKPBIBIIIMX CBSI3aHHBIC YYacTKH Iacta. [1oa-
TOMY BO3HHKAeT HEOOXOAUMOCTh B pa3paboTKe TEXHOJIO-
THU CHHTE3a TOMOTpa(HUECKUX TAHHBIX 110 Pe3ylbTaTaM
KOHTPOJISI 32 I€OUTOM CKB)XKUH B IIPOILIECCE MX LITATHOM
9KCIUTyaTalui. TEXHOJOTHs MONy4eHUsT ToMorpaduue-
CKHUX JJAaHHBIX MOXKET OBITH PeaJn30BaHa ¢ IOMOIIBIO Ma-
TEMaTUUYECKON MOZEIH.

PaccMOTpeHHE MOZICIH OLCHKH CBS3HOCTH CKBa)KHH
000CHOBaHa TeM, YTO OHA SIBIISICTCS] UMUTALMOHHON MO-
JIeNBIO, C TIOMOIIBIO KOTOPOi MOXKHO ITIOJYy4YHTh JaHHbIC
JUISL METOZIa TOMOTpadiH. DTO BO3MOXKHO, TIOCKOJIBKY He-
00XO/IMMBIE TAaHHBIE YK€ CKPBITHI B TEKYIIIHX H3MEPEHUSIX
IITaTHOM KCIUTyaTalluu CKBaXUH. Takum o0pa3zoM, BO3-
HUKaeT 3ajava MOCTPOSHHSI MOJENIU OLEHKU CBSI3HOCTH
CKB)KHH I10 JJAHHBIM U3 MCTOPUH 3KCILTyaTallid MECTO-
poxknenus. Jlanee Ha MOCTPOCHHOH Mozenu OymyT mpo-
BOIMTHCSI M3MEPEHUS ISl TOJIyYEeHHsT HEOOXOAUMBIX TO-
MorpaduuecKkux JaHHbIX, KOTOpbIe OYyT HCHOIb30BaHbI
JUISL ONpeeIeHHss aHOMAJIBHBIX 30H (HIBTPAIHOHHOTO
COINPOTHBIICHHS] BHYTPHU MPOIYKTHBHOTO IIIACTA.

ITocTpoeHHe MOJIEIH OLICHKU CBSI3HOCTU CKBaXKUH Ha
OCHOBE JJAaHHBIX M3 MCTOPHH JKCIUIyaTalllH MeCTOPOX-
JIeHUsl BBHINONHsUIOCh B paborax [3], [4]. Paccmorpen-
HbIe pabOThI HCTIONB3YIOT TEXHOJIOTUIO EMKOCTHON Mojie-
11 (CM — Capacitance Model), mpeacraBieHHO# B pabo-
Te [5], KOoTopas XapakTepHu3yeT CBOMCTBa MPOLyKTUBHOTO
IUIacTa Ha OCHOBAHUM HCIOJIB30BAHUS JaHHBIX U3 HUCTO-
pHH IITATHOM SKCILTyaTallMU CKBKHH: CKOPOCTEH 110 J10-
Oblue M 3aKayKe JKUIKOCTU. B crarbe mpeiaraercs B Ka-
YecTBE MOJIETH CBSI3M AKCIUTYaTHPYEMOTO MECTOPOXKIe-
HHS1, B KOTOPOM IIPOMCXOAUT 3aKayKa M 0TOOP JKMAKOCTH,
a/IaTUPOBAHHON K ITOCTABICHHON 3aj1a4e, CTIONb30BaTh
MOJICTIb CBSI3HOM CHUCTEMBI, B KOTOPOH EOUT i-i CKBaXKH-
HBI ONpeZesieTCss Ha OCHOBE MPHHIHUINA CYNEPIO3ULUN
HECKOJIBKUX OTAENBHBIX (usmueckux dakropos. [Ipu ee
BBIOOpE CIIEIyeT PyKOBOJCTBOBATHCS IPOCTOTON 0a30BBIX
NPUHIMUIIOB M XOPOLIMMHU ANIPOKCHMAIHOHHBIMH BO3-
MOXKHOCTSMH Tpe/yIaraeéMoil KOHCTPYKIIHH:

Q; (t] = Qs,1(t] + Qi,: (tj + Q:‘,a (tj (D

3nech, Q;,(t) OmMCHIBACT AMHAMUKY HEPBHYHOIO

nebuta i-i 1o0BIBarOIIei CKBaKUHBI, HE MOABEPIKEHHON

BIIMSIHUIO JIPYTHX CKBAXXHH, U alIIPOKCUMHUPYETCS C I0-
MOILBIO JINHEHHOTO YBOJIOLMOHHOIO YPaBHEHMSI:

Qi,l(tj =eth Qz‘,1(to): 2)
TJIe t, — Ha9aJbHOE BpeMsi pabOThI CKBAXKUHBI, 4; — KOA()-
(GULIUEHT 3aTyXaHUsl, ONpPENeSIONMIA CKOPOCTh IKCIO-
HEHIIMAJILHOIO CHIDKEHUs 1e0uTa Ha 1-i CKBaKHUHE U B
YACTHOM CJIy4ae He MEHSIOIIUICS BO BpEMEHHU.

Bropoii daxtop @; () onpenenser BusHEE HaTHe-
TaTEeIbHBIX CKBAXXHH Ha i-10 JTOOBIBAIOIIYI0 CKBAKUHY U
SIBJISIETCS JIMHEMHONW KOMOMHALMEN BIMSHUI BCEX HarHe-
TaTebHbIX CKBAKHH:

_ w¥me
Q2(t) =X 2 ¥ (t — o) 3)
OTO BIUSHUE MMEET CBOCH NPUUMHON H3MEHEHue

pacnpezeneHusi BHyTPUILUIACTOBOTO AABJICHHUSI, IO/ BO3-
JECTBHEM MPOBOIMMOTO 3aBOIHEHUS MECTOPOXKIACHUS,
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