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It was also found that the failure of the gyroid-type structures under mechanical load
has several features related to their geometry and the materials they are made of. In par-
ticular, failure can occur in areas with the highest stress concentrations. In gyroids, such
zones can occur at the points of connection of elements or near defects. In addition, gyroid
structures can respond differently to static and dynamic loads. For example, fatigue cracks
can be expected to form under dynamic loads.

Gyroid structures can exhibit fractal properties to the greatest extent, which affects
the nature of crack propagation and failure. This can complicate the prediction of behavior
under loads.

At the same time, modern gyroid structures can be made adaptive, changing their ri-
gidity in response to changes in loads, which can help avoid failures.

Studying these features can help in the development of more stable and durable PLA
structures based on gyroids, taking into account specific application conditions and the
characteristics of materials with nanoscale fillers.This work was supported by the Belaru-
sian Republican Foundation for Basic Research (Project No. T23KUB-007).

References

1. Calcium phosphate compositions with polyvinyl alcohol for 3D-printing in Inorganic Materials /
O. N. Musskaya, V. K. Krut'ko, A. 1. Kulak [et al.] / Applied Research. — 2020. — Vol. 11,
N1.-P.192-197.

2. Composite materials and coatings based on polylactide and nanosized fillers for bioprinting /
S. A. Filatov, M. N. Dolgikh, O. S. Filatova [et al.] // Heat and mass transfer—2023 : collection
of scientific papers / ITMO named after A. V. Lykov of the National Academy of Sciences of
Belarus. — Minsk, 2023. — P. 283-287.

3. Formation of tissue-engineering materials based on porous scaffolds from bioresorbable
materials based on polylactide / S. A. Filatov, M. N. Dolgikh, E. A. Paz Esteves [et al.] //
Actual problems of strength : materials of the LXVIII Int. scientific conferences, Vitebsk,
May 27-31, 2024 / UP “IVC of the Ministry of Finance”. — Minsk, 2024. — P. 313-315.

VK 539.2-022.532

®YHKLUMOHANMN3ALUUA KOMMNO3ULUUOHHbBIX MATEPUAINOB
HA OCHOBE PLA C UCINOJIb3OBAHUEM YIMEPOOHbIX
BOJIOKOH

C. A. (DI/IJIaTOBl, M. H. Ilo.ﬂmxl, 0. C. (I)I/IJIaTOBal, 9. A. Ilac 3CTeBeC2,
H. A. FaBanIemco], E. B. EaTpreBl

1
T'ocyoapcmeennoe nayunoe yupesicoenue « Mncmumym
mensio- u maccooomena umenu A. B. Jlvikosa Hayuonanvhoi
akademuu Hayk benapycuy, e. Munck

2 .
Llenmp uzyuenus nepedo6ozo u ycCmouyu8o2o npou3eo0cmed,
Vuueepcumem Mamancaca «Kamuno Coenghyseocy, Pecnyonruxa Kyoa

BosmooicHocme unmepakmuero2o enecenust pasiuiHblX (OYHKYUOHALbHBIX SPYIN U KOMNOHEH-
MO8 HA NOBEPXHOCMb Y2NlePOOHLIX B0JIOKOH NO360JIAem a0anmuposams C60UCMEA 6 3a8UCUMOCHIU OMm
naanupyemo2o npumenenus. Jlobasnenue 0ONUPOBAHHBIX Y2IePOOHbIX 80I0KOH MOdCem Oblmb coye-
MaHoO ¢ Memooamu cO30aHUsL NOPUCMBIX CIPYKMYP, YMO YIyYulaem npoyHOCHb U NPOHUYAEMOCb
071 OUONO2UYECKUX HCUOKOCHIEL, YMO, 8 CBOK 0Yepedb, CHOCODCMBYem IyHuieli 0CMeOUuRmezpayul.
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The ability to introduce various functional groups and components onto the surface of car-
bon fibers interactively allows its properties to be adapted depending on the planned application.
The addition of doped carbon fibers can be combined with techniques to create porous structures,
that improves strength and permeability to biological fluids ensuring better osseointegration.

Keywords: additive technologies, layer-by-layer synthesis, polymer materials, functionaliza-
tion of materials, 3D-printing.

AJIMTUBHBIE TEXHOJOIMM SIBJSIOTCS TEXHOJIOTMSMHU IOCIOMHOIO CHHTE3a, M03BO-
JSIFOIIMMHU OCYIIECTBHUTDH TPSIMOE «IH(PPOBOE» MPOU3BOACTBO CIOXKHBIX TPEXMEPHBIX HU3-
JeNUi 0 KOMIBIOTEPHON Mojenu. Vcnonb3oBaHrue 6MOCOBMECTUMBIX YITIEPOIHBIX BOJIO-
koH [1, 2] B mommmepax, ucmoib3yemblx s 3D-medatu, mo3BoisieT chopMHpOBaTh
U3JIENNs, BKIKOYAIOIINE TPEXMEPHBIE CTPYKTYPhI, UMEIOLUE PA3IMUHYI0 IEKTPUUYECKYIO
POBOUMOCTb, 33JaHHbIE MEXaHUYECKHE U TETUIO(U3NIECKHIE CBOKCTBA.

Jpyrum nepcrneKTUBHBIM KJacCOM MaTepHasioB, s (yHKIMOHATU3ALUU TaKUX Tpa-
TUIMOHHBIX MOJUMEPHBIX MaTepuanoB Kak monuiaktuaa (PLA), sBisioTcs yriepoaHbie
(kapOOHM3UPOBAHHBIC) adPOTeNid ¢ OONBIION yIETHHO IJIOMAAbI0 TOBEPXHOCTH (aKTUBU-
POBAHHBIE YTJIEPOJIHbIE BOJIOKHA, a3pOTreNn). YTIEpOoAHbIE BOJIOKHA U YIIIEPOAHbBIE apore-
U UMero TpaduUTOBYIO CTPYKTYPY € NMPOUYHBIMH KOBAJICHTHBIMH CBSA3SIMU CHUJIBHO aHH30-
TPOIHBIX KPUCTAJUIUTOB, CO CIa0biMu cuiamu Ban-nep-Baansca Mexay crnosmu.

Monudukamnusi TOBEpXHOCTH YIIIEPOJHBIX MaTEPHAIOB Mepen BBeAeHHeM ux B PLA
MaTpHUIly MOXKET ObITh OCYIIECTBJIEHA BO3ACHCTBHEM IJIa3Mbl, TEPMUUYECKOW U XUMHUE-
cKoit 00paboTkoil. XoTs O1aroaapsi CUIbHBIM YTIEPOAHBIM KOBAJICHTHBIM CBSI35IM MOBEPX-
HOCTb YIJIEPOAHBIX MAaTE€pUAJIOB MHEPTHA IO OTHOLIEHUIO K KHUCJIOTaM M IIEJIOYaM IpU
KOMHATHOW TeMIepaType, XUMU4Ieckass MOAU(DUKALMS MOBEPXHOCTH BO3MOXKHA B aTMO-
chepe GapbepHOTO paspsaa, 1100 3a CYET OKUCICHUS WA (TOPUPOBAHMSL.

[Tpumepom yHKIMOHANTHU3AIMY SBISETCS MOAU(PHUKAIMS TOBEPXHOCTH YTIEPOIHBIX
BOJIOKOH bycodut 6aprepHbIM pa3psaaoM B atMocdepe u3o0yTaHa u Bogoposa (puc. 1).

Puc. 1. Monudukarms TOBEpXHOCTH YTIIEPOTHBIX BOJIOKOH OapbepHBIM Pa3psaIoM
B aTMocepe n3o0yTana (ciieBa) u Bogopoza (crpana)
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JIns co3aHusi MOMMMEPHBIX MaTepUaoB ¢ OaKTEpHIMIHBIMI CBOWCTBAMH B HX CO-
CTaB MOXKHO BBOJMTH BOJIOKHA, ICKOPUPOBAHHBIC METAJUTMYECKUMH HAHOYACTHLIAMU TIPH UX
00paboTke B pacTBOpax COJICH ¢ MOCIEAYIOUINM BOCCTAHOBICHHEM B BOJOPOJE TIPH TEMIIe-
parypax 10 400 °C (puc. 2).

Puc. 2. YrnepogHoe BOJIOKHO, HCIIOJIb3YEMOE B Ka4eCTBE HAIOJTHHUTEIS
nonumepHoro PLA ¢unamenTa npu 3D-0MONpUHTHHTE, JEKOPUPOBAHHOS
gacTUIIaMH K0OabTa (clieBa) M HUKENS (CrpaBa)

Hcnonp30BaHue Mm1a3Mbl 0apbepHOTO paspsija B JIEKTPOTHONW CHCTEME, I/Ie OJUH U3
AJIEKTPOIOB H30JUPOBAH OT TTOBEPXHOCTH, HA KOTOPYIO TIOJASTCS HANPSDHKEHUE, TIO3BOJISET
CO3/1aTh BBICOKODHEPTETUYCCKUE YCIIOBHUS ISl MOHHM3AIMU M BO30YXKICHUS Ta30B, INPH
3TOM MUHUMU3HPYs TepMHUUECKOe BO37eiicTBre Ha oOpabaThiBaeMblii MaTepuai. B Takom
mpolecce miaa3Ma B3auMOACHCTBYET C YTIEPOAHBIMU BOJOKHAMH, MPHUBOJS K yIaJICHHUIO
3arps3HUTENe U O0pa30BaHMIO AKTHBHBIX (PYHKIMOHANBHBIX Trpynn (Hampumep, —OH,
—COOH, —NH3). 910 yBenu4MBaeT peakIMOHHYI0 CIIOCOOHOCTH MOBEPXHOCTH, & BO3POC-
mIasi peakuoHHasi CIIOCOOHOCTh YIyUIlIaeT aAre3uio YIIEpOJHBIX BOJIOKOH K MaTpHUIaM,
YTO 0COOEHHO Ba)KHO B KOMITO3MTHBIX Marepuanax. [I[puMeHss mia3sMeHHyr 0O0paloTKy,
MO>KHO CO3aTh MPOCTPAHCTBO, CIIOCOOCTBYIOIIEE aICOPOIIUU METAIIIOB WJIM OKCHJIOB, KO-
TOpbIe 3aTeM OyIyT mpeoOpa3oBaHbl B HAHOYACTHIIBI. JTH YACTHIBI MOTYT CIIYXHUTh IS
BBEJICHUSI HOBBIX ()YHKIIMOHAIBHBIX CBOWCTB, TAKUX KaK aHTUMUKpPOOHOE NEHCTBUE WU
KaTaJIUTN4YCCKasds aKTUBHOCTD. HpI/I O9TOM HponeccC IJIa3MEHHOU q)YHKHHOHaHI/I?:aHI/II/I I10-
3BOJISIET TOYHO KOHTPOJIMPOBATH Pa3Mep W paclpeesieHue HAHOYACTHIl Ha TMOBEPXHOCTH
YTIIEPOTHBIX BOJIOKOH Yepe3 PEryJIMpOBaHUE YCIOBUH 00pabOTKH (IapaMeTphl IaBJICHUS,
BPEMEHH U COCTaBa IJIa3Mbl).

CyIIecTBEHHBIM TPEUMYIIECTBOM IUIa3MEHHOW (DYHKIIMOHAIHU3AINH SIBISIETCS TO,
YTO TUIa3Ma 0apbepHOTro pa3psiia JaeT BO3MOKHOCTH MPOBOAUTH (DYHKIIMOHAIM3AINIO 0e3
pa3pylIeHus: BOJOKOH (3TO KPUTUYHO JJII COXpPAaHEHMsI UX MEXaHWYECKUX CBOMCTB). Bo3s-
MOYKHOCTh MHTEPAKTUBHOT'O BHECCHUS PA3IMUHBIX (DYHKIIMOHAIBHBIX TPYIIT U KOMIOHEH-
TOB Ha MOBEPXHOCTH YTJIEPOAHBIX BOJIOKOH MO3BOJSET aJaNTHPOBATh CBOWCTBA B 3aBUCHU-
MOCTH OT IJIAHUPYEMOTO TpHUMEHEHHUs. B KauecTBe HAMONHUTENEW A MOJTUMEPHBIX
MaTEpUaJoB MOTYT OBITh TAK)K€ HCIOIB30BaHBI YIIEPOIHBIE a’pOTeiH, MONyYCHHBIC IO
30J1b-TeJIb TEXHOJIOTUH (pHC. 3).
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Puc. 3. Tunudnas CTpyKTypa yIrIAEpOIHOTO a3pOreist
C HAHOPA3MEPHBIMU Me30mopaMH (Szzr = 800-900 m*/g)

[TpenmymiecTBa OCTEOMMILIAHTOB € TOOABICHUEM YTIIEPOIHBIX BOJOKOH 00yciaBiie-
Hbl YBEJIMUEHHUEM MPOYHOCTU M KECTKOCTH MaTepuasia. ITO MO3BOJISET YMEHBIIUTh PUCK
nedopMaliuu M pa3pylieHUs UMIUIAHTA MOJ JEHCTBHEM HArpy30K, KOTOpPHIE BO3HHMKAIOT
B TIpOIlecce DKCIUTyaTaluu. Takke CTPYKTypa YIJIEPOJHBIX BOJOKOH MOXKET CIIOCOOCTBO-
BaTh YJIYYILCHHIO B3aUMOJCHUCTBUS C KOCTHOW TKaHbIO. MHOrOUYMCIIEHHBIE Pa0OTHI MOKa-
3alli, YTO UMIUIAHTHI C YIIEPOAHBIMU BOJIOKHAMU JIYUIlIe UHTETPUPYIOTCS C OKPY KAIOIIU-
MU TKaHSIMH, YTO MOBBIIIAET HAJIEKHOCTh UX (PUKCALIUU.

Hcnonp30BaHuE YTIIEPOIHBIX BOJIOKOH TMO3BOJIIET CO3/1aBaTh OoJiee JIETKHE KOHCT-
PYKIIMH [0 CPAaBHEHHIO C TPATUIIMOHHBIMH METAITUYECKUMH UMIUTAHTAMU, COXPaHss MpU
3TOM JOCTATOYHYIO IPOYHOCTb.

OyHKIIMOHATH3AINS TTOBEPXHOCTH YTIICPOTHBIX BOJOKOH C TIOMOIIBIO TIIa3Mbl Oaph-
€pHOTO paspsaa — 370 YIPPEKTUBHBIA U MHOTOOOCIIAFONINI TI0IX0/I, JAFOIINH BO3MOKHOCTh
CO3/1aBaTh HOBBIE CBOMCTBA M YJIy4dlIaTh B3aUMOJICHCTBHE YTIIEPOIHBIX BOJIOKOH C pa3iiny-
HBIMH MAaTpPHUIIAMU, YTO OTKPHIBAET HOBBIE TMEPCHEKTHBBI B OOJIACTH MaTEpUANOBEACHUS
Y HOBEWIINX TeXHOJIOTHH. DyHKIMOHANIN3UPOBAHHBIE YTIEPOIHBIE BOJIOKHA MOTYT HCIIOIb-
30BaThCA B PA3IMYHBIX OTPACISIX, B TOM YHCIIE B MEIUIIMHE (HApUMep, Ui OCTEOMMILIAH-
TOB), @ TAaK’K€ B KOMITO3UTHBIX MaTepuaiax Uil YIyUIICHUs] UX MEXaHHUYECKUX U XHUMHUe-
CKHX CBOWCTB.

JloGaBneHue JOMMPOBAHHBIX YIJIEPOIHBIX BOJOKOH BO3MOXKHO B COUETAaHUU C METO-
JAMU CO3/IaHUS MMOPUCTHIX CTPYKTYP, B PE3ybTaTe YETO YIyUllaeTcsi MPOYHOCTh U MPOHHU-
[[AEMOCTh JUIsi OMOJIOTUYECKUX JKUIKOCTEH, YTO, B CBOIO OUYEPE.lb, CIOCOOCTBYET JIydIei
octeonHTerpanuu. CieayeT OTMETHTh, YTO YTJIEPOJIHBIC BOJIOKHA CUHTAIOTCS OMOCOBMEC-
TUMBIMU. DTO MUHUMHU3HUPYET PUCK OTTOPKEHUS UMIUIAHTA OPTaHU3MOM, a JI0JITOCPOUYHBIE
3¢ dexTh Ha OMOJOTUYECKYIO COBMECTUMOCTh M CBOMCTBAa MAaTEPHAIIOB MPU JIUTEIHLHOM
KOHTAaKTE C KMBBIMU TKAHSIMH TpeOYIOT NalbHEWIIUX HcciaeaoBaHud. Jlis MOCTHKEHUS
ONTUMAJIbHBIX OMOMEXaHUYECKUX CBOWCTB U OCTEOMHTETPALUUA HEOOXOJUMO YUHUTHIBATh
O0COOCHHOCTH CTPYKTYPBI U pacIipeie]ICHHsI YTIIEPOIHBIX BOJOKOH B MaTpPHIIC.

BrimonHeHHbIe UCCIIEIOBAHUS MOKA3BIBAIOT, YTO OCTEOMMIUIAHTHI C J100aBICHUEM
YIJIEPOJIHBIX BOJIOKOH OOJIaJaf0T MOTECHIIMAJIOM IS YJIYUIICHHUS pe3yJIbTaTOB XUpypruye-
CKHX BMEIIATENIbCTB U KaueCTBA >KM3HH MallMEHTOB, HO TPEOYIOT AaIbHEHIIETO0 U3YUYEHUS
U ONITUMU3ALINY.
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Brenenue yriaepoaHbsix HamoiaHUTENEeH B coctaB PLA mpu OMONIPUHTHHTE TEPCTEeK-
TUBHO JUISI CO3JJaHKsI OCTEOMMIUIAHTATOB C BHICOKON OMOXMMHUYECKON MHEPTHOCTBIO U XO-
poieit mponudeparreit KIeTouHOro MaTepuaia.
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The article examines the features of creating personalized footwear based on digital models
using additive 3D-printing technologies. The use of additive approaches to the production of foot-
wear allows us to speed up the process of producing customized corrective and orthopedic products.

Keywords: 3D-printing, additive manufacturing, personalized technologies.

CoBpeMeHHOE TPOU3BOACTBO 00yBH B Mupe mocturaet 20 mipa map oOyBH B roj
(croumocTh riaobanbHOro peiHka 00yBu — 400 Mapa noi.). s ee mpoTUNUPOBAHUS 1T~
POKO UCIOJIB3YCTCA 3D-neuats. B MOCJICAHUC I'OAbl PA3BUTUC aJAUTHBHOTO ITPOU3BOJACTBA
MO3BOJIWJIO TEPEUTH K MacCOBOMY TIPOM3BOJICTBY TaK Ha3bIBAEMBIX MEKIIOAOIIB
(3D-printed midsoles) — ceHABUY-CTPYKTYp Ha OCHOBE MaTepHalia, 3a)XaToro MEXIy
BHEIIIHEW W BHYTPEHHEH CTOPOHOU 00yBH. YPOBEHBb HCIONB30BaHUsA 3D-mieyaTl B mpou3-



