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AHHOTAUMA

BBeaeHue. bbicTpas ypbaHusaums n HeobxogumocTb AekapOoHM3aLmMm 3aCTPOEHHON Cpeabl caenany 3gaHus KpUTU4ecKku
BaXKHOW cdpepolt Ansi obecneveHns yCTOMYMBOCTU U KITMMATUYECKON YCTONYMBOCTM C MOMOLLbIO MaTepuanos. 1o mepe Toro
Kak 30aHus NpeBpaLlalTCcs U3 CTaTUYEeCcKMX NOTPEGUTENEN SHEPrMU B aanTUBHbIE U OPUEHTUPOBAHHbLIE HA NMPOWU3BOAM-
TEMbHOCTb CUCTEMBbI, JOCTUXEHUS B 0ONacT MaTtepuanoB HOBOFO MOKONEHWUsI NMEPEONpPenenstoT BKMaa KOHCTPYKTUBHbIX
3MEeMEHTOB U 3MEMEHTOB OrPaXKAaroLLNX KOHCTPYKLUUIA B 3HEProadhdeKTUBHOCTb, (OYHKLIMOHAMBHOCTb U MHTEMNEKTyanbHoe
ynpasneHue.

Matepuanbl u metoabl. O606LLeHbl NocnegHNe OOCTUXEHUSI B 00NacT MHTENNEKTyanbHbIX U MHOrO®YHKLUNOHAMNBbHbIX
mMaTepuarnoB, BKMOYas TepMoaganTUBHbIE CUCTEMbI, apXUTEKTYPHO-MEXaHUYeCckMe MeTamatepuansl U pyHKUMOHANbHbIE
KOMMO3UTbl, COBMpatoLLmMe SHepPruio, KOTopble NO3BOSSAOT BCTPOUTL B CTPOUTENbHbIE MaTepuanbl AaT4uKK, cpeacTea npe-
obpa3oBaHnsa 3HEPTNM U afanTUBHbIE MEXAHU3MbI pearpoBaHust.

Pesynbratbl. Ocoboe BHUMaHWE yaenseTcs matepuanamM ¢ hasoBbIM NepexoaoM A1 TEPMOPEryNIMPOBaHUS, MexaHuye-
CK/M MeTamaTtepuarnam ¢ UHXXeHEePHON reoMeTpren ANs raleHns Bubpaumin n MexaHM4ecKkon aganTMBHOCTH, a Takke Tpnbo-
3MEKTPUYECKUM, MbE30INEKTPUYECKMM U TEPMOINEKTPUYECKUM KOMIMO3WUTaM, KOTOpble NOALAEPXUBAKT pacrnpeneneHHoe
U3BMeYeHVe 3HEeprMm U aBTOHOMHOE 30HAMPOBaHWE. OTU MaTepuarnbHble CUCTEMbI MO3BOMSIOT 34aHMAM (DYHKLMOHMPO-
BaTb Kak 3HEProakTUBHbIE Y MHPOPMALIMOHHO-OCO3HAHHbIE MHAPACTPYKTYPbI, @ HE KaK MAcCUBHbIE CTPYKTYPHbIE OOLEKTLI.
PaccmaTtpuBatotes oyHKUMOHANbHOE NOBEAEHNE, PeaKLMs Ha OKPYXKaloLLyo cpeay M 3HAYMMOCTb XapaKTepUCTUK CUCTEM
WHTENNeKTyarbHbIX MaTepUarnoB Ans NPUMEHEHUSI B CTPOUTENBCTBE.

BbiBogbl. O606L1as nocnegHue AOCTMKEHWUS U ONPEAEnsist KPUTUHECKN BaxHble (OYHKLMW Ha YPOBHE MaTepuarnos, Ha-
MeyeHbl NyTu Byayliero pasBUTUS UHTENNEKTYyanbHbIX, HA3KOYIMEPOAHbIX Y YCTONYMBBIX K MBMEHEHUIO KNUMaTa 34aHui,
KOTOpblE CTAHOBATCS BO3MOXHbLIMU Briarogapst nepeaoBbiM CUCTEMAM MHTENMEKTYarnbHbIX MaTepuaros.

KNKOYEBBIE CITOBA: nHTennekTyanbHble MaTtepuarbl, 3KONOrMYHbIE 34aHusl, MHOTOYHKLMOHAMbHbIE KOMMO3UTbI, 3KO-
NOTMYECKM YCTOMYMBBIE CTPOUTENBbHbIE MaTepuanbl
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ABSTRACT

Introduction. Rapid urbanization and the imperative to decarbonize the built environment have positioned buildings as
a critical domain for materials-driven sustainability and climate resilience. As buildings evolve from static energy consum-
ers to adaptive and performance-oriented systems, advances in next-generation materials are redefining the contribution
of structural and envelope components to energy efficacy, functionality, and intelligent operation.

Materials and methods. This review synthesizes recent progress in smart and multifunctional materials, including thermal-
adaptive systems, architected mechanical metamaterials, and energy-harvesting functional composites that enable sensing,
energy conversion, and adaptive response to be intrinsically embedded within building materials.

© b. KaHaacybpamaHuaH, 2026
PacnpocTtpaHsieTca Ha ocHoBaHuu Creative Commons Attribution Non-Commercial (CC BY-NC)



UHTEAEKTYaAbHble U MHOTOQYHKLMOHaAbHbIE MaTepuabl HOBOro
MOKOAEHUA AN SKOAOTMYHOIO CTPOUTEABCTBA

C. 204-232

Results. Particular emphasis is placed on phase change materials for thermal regulation, geometry-engineered mechani-
cal metamaterials for vibration mitigation and mechanical adaptability, and triboelectric, piezoelectric, and thermoelectric
composites that support distributed energy harvesting and self-powered sensing. These material systems enable buildings
to operate as energy-active and information-aware infrastructures rather than passive structural entities. The review further
contextualizes the functional behavior, environmental response, and performance relevance of smart material systems for
building-scale applications.

Conclusions. By consolidating recent advances and identifying critical material-level functions, this work outlines future
pathways for the development of intelligent, low-carbon, and climate-resilient buildings enabled through advanced smart
material systems.

KEYWORDS: smart materials, green buildings, multifunctional composites, sustainable construction materials
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BBEJIEHHUE

HeoOxoauMocTh 1ekapOOHU3AIMN YEITOBEYECKOM
JIEITEIIbHOCTH | TOBBIIICHHS YCTOWYUBOCTH K M3MEHE-
HHIO KJIMarTa cJiesiaia CTPOUTEIbHBIN CEKTOp KIIFOUEBOM
00J1acThIO JUISl TEXHOJIOTHYECKUX BMELIATEIbCTB U pe-
dopm. YckopeHHast ypOaHHU3aIHsl, PACTYIIUE TOTPEOHO-
CTH B DHEPIHH JUIs SKCIUTyaTallii U HENPOIIOPLUOHATBHO
BBICOKAsl Harpy3Ka Ha OKPY’KAIOLIYIO CpeNy, CBSI3aHHas
C TPaJMLIMOHHBIMH CTPOUTEILHBIMH ITPOLIECCAMH, B CO-
BOKYITHOCTH TIO[YEPKHBAIOT 1IEI€CO00pa3HOCTh mHepe-
CMOTpa TapaiurM NPOSKTHPOBAHMUS MATEPHAIIOB B CEKTO-
pe 3actpoenHoi cpeapl [ 1]. CoBpeMeHHbIE CTPOUTENIBLHBIE
MIPAKTUKX OTBETCTBEHHBI 38 3HAUHUTEIIBHYIO JIOJIO TII00ab-
HBIX aHTPOTOTeHHBIX BEIOpocoB CO,, 100bMH pecypcoB
1 00pa3oBaHus TBEPIIBIX OTXOJIOB, YTO TPEOyeT BHEIPEHHS
WHHOBAIMOHHBIX PEIICHUH, OCHOBAaHHBIX Ha MEPETOBOM
MarepuanoBencauu [2]. HemaBHue orneHku erie 00ib-
I1Ie TIOTYCPKHUBAIOT 3Ty aKTyaJIbHOCTB: COINIACHO OTYETY
o cocrossauu Jien UNEP GlobalABC 3a 2024/2025 .,
CEKTOp 3JaHUH M CTPOUTEIHCTBA BHOCHT IPUMEPHO
34-37 % B obmmii 00bem BbIOpocoB CO,, CBA3ZAHHBIX
C DHEPreTHKOM, UTO JeNIaeT ero KPYIMHEHIIINM OT/IeTbHBIM
CEKTOPOM, CIIOCOOCTBYIOIIUM H3MEHECHUIO KiinMara [3].
OTH BBIOPOCHI BKIIIOYAIOT HE TOJIBKO YITIEpOs, 00pa3yro-
IIUHCS B ITpoLiecce SKCIUTyaTalluy B Pe3yabTaTe OTOILIe-
HUS, OXJIQXK/ICHUS, BEHTUISLUN, OCBEICHUS M MCTIOJb-
30BaHNUs OBITOBOW TEXHHWKH, HO ¥ YIVIEPOJI, 3aJI0’KEHHBIN
B JI00BIYE MaTeprasoB, MPOU3BOJCTBE IIEMEHTA U CTAIIH,
TPAHCIIOPTHPOBKE 1 CTPOUTEIIBHBIX padoTax Ha OOBEKTE.
KoMITOHEHT 3aJI0’KEHHOTO YIIIepoa BCE Yallle Mpu3HaeT-
s B KA4EeCTBE TOMUHHPYIOMIETO (paKkTopa Ha MPOTHKCHUH
BCETO JKIU3HECHHOTO [IUKJIA BEICOKOA(()EKTUBHBIX 3IaHUIA,
MOCKOJIBKY AKCIUTYaTanuoHHAs 3(p(HEeKTUBHOCTH TIOBBIIIIA-
€TCs 32 CUCT TCIUIOU3OJIAIIHN, TEKTPUPHKAIIH U UHTE-
Tpanyy BO30OHOBISIEMBIX UCTOYHHKOB SHEPIU [4, 5].

B cBs13u ¢ pactyieit yriepoaHoi OTBETCTBEHHO-
CTHIO MHHOBAIIMHY B 00JIACTH CTPOUTEIHHBIX MaTePHAIIOB
CTaHOBATCS KITFOUYCBBIM MEXaHU3MOM, C ITIOMOIIIBIO KOTO-
POTO CTPOUTENBHBIN CEKTOP MOJKET BBITIONHUTH HAITHO-
HAJNBHBIC U MEXTyHAPOIHbBIC TPEOOBAHMUSA IO JAeKapOo-

Hu3aiwmy, Brirodas rend OOH B o0nactu ycTod4nBOro
pazsutust (L[YP), 8 wactroctu LIYP 7 «JlocTynHast u 4u-
CTast SHePTUs», 9 « [ IpOMBIIIICHHOCTh, MHHOBAITMU 1 WH-
dpactpykrypay, 11 «YcToiturBbie ropo/ia 1 HaCCJICHHBIC
MyHKTBD», 12 «YcTolunBoe MoTpebieHne U mpou3Bo/I-
ctBo» 1 13 «Mepsl o 6oprde ¢ M3MEHEHHEeM KJInMara
U €ro MOCIEeICTBUSIMUY, KaXJ1asi U3 KOTOPBIX OIPEIeIIseT
YHCTYIO SHEPTHIO, TOPOJIa C YCTOWYMBOI HHPPACTPYKTY-
PO¥f M OTBETCTBEHHOE HCTIOJIF30BaHIE MAaTEPHAJIOB B Ka-
YECTBE OCHOBHBIX PUOPUTETOB pa3BUTHS [6].

B sTOM KoHTekcTe pa3paboTka, XapaKTepUCTHKA
U [IMpOKOMAacIITabHass HHTETPaLisl MaTepHUaIOB HOBOTO
TIOKOJICHUS TS TIPOM3BOCTBA YKOIOTUIECKY YHCTHIX 371a-
HMI TIPEJICTaBILIIOT COO0H CTpaTerniecky 3HaYUMBIH 1Ty Th
K CO3/IaHUI0 HU3KOYIJICPOIHOMU, pecypcodrpPeKTUBHOM
W aIalITHPOBAHHON K KJIMMary uHpacTpykTypsl. [lepe-
JIOBBIC CHCTEMBI MaTE€pHAIIOB, Pa3padOTaHHEIC C YIETOM
MHOTO()YHKIIHOHAIBHOCTH, JJOJITOBEYHOCTH 1 BHYTPEHHEH
AJIaTUBHOCTH, OTKPBHIBAIOT BO3MOKHOCTH IS OT/ICTICHHS
SKCILTYaTaIlMOHHBIX XapaKTePUCTUK KOHCTPYKIUHA OT FH-
TEHCUBHOCTH HCIOJNB30BAaHUSI MaTepPHaIoB, COKPAICHUS
BBIOPOCOB, CBSI3aHHBIX C TCXHUUCCKUM OOCITY)KUBAHHUCM,
a TaroKe BCTPaNBaHUS SHEPTETHIECKUX H CEHCOPHBIX (hyHK-
LM HEMOCPEJCTBEHHO B KOHCTPYKLIMIO 371aHus [ 7, 8.

Ha puc. 1 npencrapien cxemarndeckuii 0030p oc-
HOBHBIX KJIACCOB MAaTEpHajOB, KOTOPHIE B HACTOSIIEE
BpEMsI IIPOIBUTAIOTCS JIJIsl HCIIOIB30BAHMS B SKOIOTHY-
HBIX ¥ «YMHBIX» 3[aHUSIX, U TTIOKa3aHO, KaKk OMoMarepu-
abl, mepepaboTaHHbIE MaTepHAIIbl, THOPUAHBIC U «yM-
HBIe» (YHKINOHAIBHBIC MaTePHANIbl B COBOKYITHOCTH
CITIOCOOCTBYIOT IPOCKTHPOBAHHUIO HU3KOYTIEPOIHBIX
Y MHOTO(YHKIIMOHAIBHBIX 3/[aHHH.

B pamkax 3T0ii (OpPMHUPYIOIIEHCS TTAPa I MbI «yM-
HBIX» 3IaHAN MaTepHalibl UTPAIOT OCHOBOIIOIATAOIITYIO
POJb, OTHOBPEMEHHO BBICTYTNAsl B KAYECTBE HECYIIUX
ANIEMEHTOB, (DYHKIIMOHAJIBHBIX UHTEP(EHCOB U aKTHB-
HBIX TIpeoOpasoBareneil sHepruu u nHpopMarmu. B oT-
JMYKE OT TPAJUIMOHHBIX CTPOUTENBHBIX MaTepHaIOB,
CHCTEMBI MaTepHaloB HOBOTO TTOKOJICHUsSI Pa3padoTaHbl
TaK, 4TOOBl JEMOHCTPHUPOBATH BHYTPEHHIOIO CIOCO0-
HOCTB pearupoBaTh Ha TEIUIOBBIC, MEXaHUUCCKHUE, DIICK-
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Puc. 1. Ycroitunble MaTepuasl, HCIIOIb3yeMble I CTPOUTENBCTBA KOJIOTMYHBIX 31aHUI

TPUYECKHE ¥ SKOJIOTUYECKHUE CTUMYIIBI, TIO3BOJISISL CTPOU-
TEITBHBIM KOMITOHEHTaM BOCIIPUHAMATh, aallTHPOBATHCS
1 pearupoBath 6e3 OropsI Ha BHEITHHE ycTpoiicTsa [9, 10].
Takas OPHUEHTUPOBAHHOCTb HAa MaT€pualibl JOCTUTACT-
csl 32 c4eT pa3pabOTKM MHTEJUICKTYaJIbHBIX U MHOTI'O-
(DYyHKIIMOHAIIBHBIX MaTepHajioB, KOTOPBIE HHTEIPUPYIOT
BO3MOKHOCTH TE€PMOPETYIHPOBAHMS, COOpa 3HEPTHH,
CCHCOPHOI'0O KOHTPOJIA U IMPUBEACHNSA B HeﬁCTBHe HEII0-
CPEIICTBEHHO B KOHCTPYKIIMIO 3/aHUS.

BbIx0/151 32 paMKH KJTaCCHYECKOTO JICKypca 00 yCTol-
YHBOM Pa3BUTHH, COCPEAOTOYECHHOTO HA COKPAIICHUH
yrnepomgHoro ciena u 3(Gp(GeKTHBHOM HCHOIB30BAHUU
PeCYypCOB, KOHICHIIHNA «YMHBIX 3)13,HPII>i» BBOJIUT MHOTI'O-
TPaHHYIO CTPYKTYpPY, B KOTOPOI MarepHabl SBISIOTCS
HE MPOCTO TMACCHBHBIMHU CTPYKTYPHBIMH >JIEMEHTAMH,
a aKTUBHBIMH yYaCTHHKAMH B3aMMOICHUCTBHS C OKpY-
JKarouew cpenoil, MOMy/ISLUN SHEPTUU U aBTOHOMHOM
apanTtauuu [11]. CoBpeMeHHbIE OMpeeNeHus «yMHBIX
37IaHUI» TTOTYEPKUBAIOT BAYKHOCTh MHTETPUPOBAHHON
KHOEpPI3IKO-MaTepUATEHON apXUTEKTYPHI, B KOTOPOH
KOHCTPYKTHBHBIE IIEMEHTHI 001aJal0T TepMO(U3IIECKOM
AJalTUBHOCTBIO, ICICHTPAJIM30BaHHBIM Hpeo6pa3013.aH1/1—
€M PHEpPIr'uH, BO3MOKHOCTBIO cOOpa JaHHBIX B PEKUME
pEaIbHOTO BpEMEHH, OOHAPYKCHHEM TIOBPEKICHUI 1 aB-
TOHOMHOH (pyHKIIMOHATBFHOU pekoHpurypanueii. Yka-
3aHHBIE BO3MOKHOCTH 00YCJIOBJICHBI HE TOJILKO MEXaHH-
YECKUMH MM HJIEKTPUYECKIMH TOJICHCTEMaMH, HO BCe
B OOJbIIel CTENEHH BHYTPEHHUMH (DyHKIMOHAIEHBIMU
BO3MOYKHOCTSIMH, 3aJI0’KEHHBIMHU B MIEPEIOBBIX CHCTEMaX
MmarepualioB. [lepexos OT MacCUBHBIX K MHTEIUICKTYallb-
HBIM Marepuajiam MpeCTaBIIsIeT co00 BayKHYIO MPaHHILY
B JIOCTHKEHHU BBICOKOA(D(HEKTUBHBIX, HYJIEBBIX 1O BBI-
O6pocaM M yCTOMYMBBIX K KIMMAaTHIECKIM N3MEHEHHAM
CTPOUTENBHBIX TEXHOJIOTHA [12]. DTOT cABUT Mapaaur-
MbI BBIXOOUT 3a paMKU TPpaaAUIIUOHHOTI'O CTPOUTEIILCTBA
3a cYeT BHEJPEHHS] MHOTO(YHKIIMOHAIBHBIX MaTEepHAaIOB
1 aJ]ANTUBHBIX KOMIIOHEHTOB, KOTOPBIE CHHEPTETHUECKU
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B3aWMOJICHCTBYIOT C CHCTEMaMHU YIPABJICHUS 3IaHHCM
(BMS), TeM caMbIM obOecrieurBast JUHAMUYICCKUN KOH-
TPOJIb HaJl TApAMETPAMH TEIIOBOTO PEKMMA, OCBEILICHHSI,
KOHCTPYKIIMH M KadecTBa Bo3ayxa [ 13].

MATEPUAJIBI U METO/bI

B 3TOM KOHTEKCTE B TaHHOI 0030pHOII cTaThe pac-
CMaTpUBAIOTCSl MHTEIUICKTYaJIbHbIE 1 MHOTO(YHKIIHO-
HaJIbHbIE MaTepHuallbl HOBOTO MTOKOJICHUsI KaK CPeJCTBa
CO3JJaHUS HKOJIOTHYHBIX, HHTEIJICKTYaIbHBIX M yCTOM-
YMBBIX K KIMMAaTHYECKUM M3MEHEHUSAM 371aHui. B 06-
30p€ aHAIU3UPYIOTCS KIIFOYEBbIE KJIacChl MAaTEPUAIIOB,
BKJII0Yasl TEPMOAJATHBHBIE MATEPHUAIIbl, apXUTEKTYPHO-
MEXaHHYECKHE MeTaMaTepHaisl U (PyHKIIMOHAJIbHBIE
KOMITO3UTBI, COOMPAIOIIHE SHEPTHIO, C AKIIEHTOM Ha CO-
CTaB MaTepHaJioB, MUKPOCTPYKTYPHBIN AU3ailH U mo-
BeJleHHe, ONpeelsieMoe reoMeTpueii, oOecreurnBaro-
I11ee TEPMOPETYIISINIO, MEXaHHUECKYIO aIallTHBHOCTD,
npeoOpa3oBaHUE DHEPTHH M CAMOIUATHOCTHKY B KOH-
CTPYKTHBHBIX 2JIEMEHTaX U 3JIEMEHTaX OrpakKIarolIuX
KOoHCTpykIMi. Takxke oOcykaaercs, Kak BHyTpPEHHHE
(DyHKIMOHAIBHBIE BO3MOKHOCTH MAaTepHalIOB, TAKHUE
Kak TepMo(pH3uUIecKas aalTUBHOCTB, Tpeodpa3oBaHue
9HEPrHU M CaMOANArHOCTHUKA, MOTYT OBITh BCTPOEHBI
HETIOCPEACTBEHHO B KOHCTPYKTHUBHBIC JIEMEHTHI U JJIe-
MEHTBI OTPAXKIAIOUINX KOHCTPYKILUH, TEM CaMbIM CHH-
JKas 3aBUCHMOCTB OT BCIIOMOI'aTCJIbHBIX MCXaHUYCCKUX
WU NEKTPUUECKUX MOJCUCTEM.

PE3VIBTATHBI HCCIEJOBAHUA

I/IHTeJIJIeKTyaJIbH])Ie Hu MHOFO(l)yHKIII/IOHaJ'lBHbIe
MaTepHAJIbI A1 IKOJIOTHTIECKH yCTOﬁ‘lHBOFO
CTPOMTEJILCTBA

TepMoadanmueHbze UHmMelleKmyaibHble mMamepuaibl
TCpMoa)laHTI/IBHLIe HUHTCJIJICKTYaJIbHbIC MaTCpUaJIbl
COCTaBIISIIOT OCHOBHOM (I)yHK].[I/IOHaJ'IBHHﬁ KJ1aCC B UH-
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TEJUIEKTYaJIbHBIX U AKOJIOTHYECKH YCTONYMBBIX 3aHUIX,
obecrieynBas JUHAMUYECKYIO PEryJIMPOBKY TeTLIonepe-
JTa4¥, COTHEYHOTO HArpeBa W aKKyMYJIHPOBaHHS TEIlIa
B OTBET Ha BO3JICHCTBUS OKPYKAIOIIEH Cpebl. DTH Ma-
TepHaIbl paboTaroOT 3a CYET 00PATUMOTO N3MEHEHHSI CBO-
WX TETIO()U3NIECKAX HITH ONITUIECKUX CBOWCTB, TAKUX
KaK TEIUIOMPOBOJHOCTh, TEIJIOEMKOCTh, HH(paKpacHas
n3JTy4aTeNnbHasl CHOCOOHOCTD MIIM COJIHEYHAsI IPOITyCKa-
€MOCTb, TIPH U3MCHEHHSX TEMITEPaTyphl, COTHEYHOH pa-
JIMalUK WK YCIOBUH OKpYyKarollel cpensl. B otnuune
OT TPAJAUIHOHHBIX TTACCUBHBIX CUCTEM TETIJIOU30IALUHY,
TEpMOa IalTHBHBIC MaTePHAaIbl aKTHBHO B3aHMOICHCTBY-
0T C CYTOYHBIMH 1 CE30HHBIMH TETIOBBIMH ITUKIIAMH, TI0-
3BOJISISL OTPAXKIAIOIINM KOHCTPYKLIHSM, (pacagam 1 BHYT-
PEHHUM dJIEMEHTAM 3[aHUS PETyIHpPOBaTh TCILTOBOU
MOTOK B peXHMe peasibHoro Bpemenu [14]. Takoe aman-
THUBHOE TOBEJICHUE CIIOCOOCTBYET CHIDKCHUIO HArpy3KH
Ha CUCTEMBI OTOIUICHUS ¥ OXJIAKICHUS, TIMKOBOTO CITPO-
ca Ha PHEPTHI0 M TEIUIOBOTO AMCKOM(OpPTa KHUIIBIIOB,
TEM caMbIM oOecrednBasi S3HeprodpHEKTUBHYIO U KITU-
MaTOyCTOMYHMBYIO IKCIUTyaTalnio 3naHus. VHTerpanms
TaKUX MaTEpHalOB B CTEHBI, CHCTEMbI OCTEKIICHHS,
KPBIIIH ¥ THOPUTHBIE KOHCTPYKIUH OIPaXKIAIOLINX JJIe-
MCHTOB ITO3BOJISICT BCTPOUTH TEIUIOBBIC (DYHKITHH HETIO-
CPEICTBEHHO B CTPYKTYPY 3AAHUS, CHIDKAs 3aBUCUMOCTD
0T MEXaHMYECKUX CHUCTEM M OJJHOBPEMEHHO MOBBIIIAs
JIOJITOCPOYHYIO 3KCILTyaTallMOHHYIO 3((PEKTUBHOCTD
1 YCTOHYHUBOCTb.

TenoBast amanTUBHOCTH BCE Yallle BHIXOUT 32 paM-
KN BHYTPCHHEH peakIy MaTepHajoB Onarojapsi HHTe-
TpaIii HEWHBA3MBHOTO, OCHOBAHHOTO Ha JAHHBIX pac-
MO3HABAHMS TEIUIOBOH afanTaIuy YeJoBeKa B CTpaTeriu
TepMoperyauposanus 3nanuid. W. Duan u coasT. mpo-
JIEMOHCTPUPOBAJIH, YTO TEIIOATANITUBHOE ITOBEICHIE
YKHJIBI[OB MOYKHO OTIPE/IETISITh B PealbHOM BPEMEHH C TI0-
MOIIBIO0 OCHOBaHHBIX Ha 3pUTEJILHOM BOCIIPUSITUH KPOCC-
MOJAJTBHBIX CHCTEM JUCTHILIIIAHN 3HAHUH, 9TO 00eCIeTH-
BAaeT TOYHOE PACHO3HABAHME MOBEJCHUS IIPU CHIKEHHON
BBIYHMCIIUTEIBLHONW CIIO)KHOCTH W OOJeryaer BHEIpEHHE
WHTEIUICKTYallbHOTO yIIPABICHUS CHCTEMaMH OTOIIIC-
HUSl, BEHTWISAUHY ¥ KoHauionuposanus (HVAC) [15].
OTO HCCNeI0BaHNE IEMOHCTPUPYET, UTO MOBEACHUECKHE
CUTHAJIBI MOTYT CITY>KUTH HAJCKHBIMU YIIPABILFOIIAMHA
CHUTHAJIAMH JUISl AUHAMHYECKON PErylnnpOBKH TETIIIOBOTO
peXnMa B IMTOMEIIEHHSIX 0e3 MCITOIB30BaHNS MHBA3UBHBIX
JIaTIuKOB. B mononmHeHwne k aTomMy moaxoxy Y. Bai u coaBT.
pazpaboTany HHMPaAKPACHYIO CUCTEMY MTPOCTPAHCTBEHHO-
BPEMEHHOTO MOZIETIMPOBAHHSL, HICHTU(DHIIMPYIOLITYIO O/IHH-
HaJIaTh TUITMYHBIX BUIOB ITOBEICHNS, CBI3aHHOTO C TEPMO-
aJanTanuei, JOCTUTHYB TOYHOCTH pPaclO3HABaHUS
710 95,89 % M TOYHOCTU MPOTHO3MPOBAHUS TEIJIOBBIX
omrymieHuit 96,24 %, npu 3TOM COXPAaHNUB YCTOHIMBOCTD
K U3MEHYMBOMY OCBEIICHHUIO U 00eCIeurB KOH(DHICHIIU-
aJBHOCTH KUJIBIOB [16]. B uccnenoBannu ncnonb3oBa-
JIUCh KOHTPOJIMPYEMBIE TEIUIOBbIE ycnoBus 2225, 25-27
n 27-30 °C, npu 3TOM YYaCTHHKH CHJEIN B TUIIHHE
B TeueHue 20 MUH JUIs TEMJIOBOH aKKJIMMaTHU3aluy Tepes
cO0OpOM JTAHHBIX, & BUICO3AIHICH OCYIIECCTBILUIICEH OTHO-

BPEMEHHO C IISITH PaKypCOB [UIsi 00ECIIeUeHUsI BCECTO-
POHHEH (rKcaly TerIoaganTUBHOTO oBeaeHus [17].
Pacmmpsist TepMoaianTHBHOCTE Ha HapysKHbIE yCIIOBHS,
H. Li u coaBT. 00benuumim nH}ppaKpacHyro TepMorpa-
(h¥r0 C MOHUTOPHHTOM HOBEIEHNUS, YTOOBI KOJINYECTBEH-
HO OIICHUTBH B3aMMOCBSI3b MEXIY TEMIIEPaTypoil KOXH
MIENIeX0/I0B, (PU3NOTOTHUECKONW SKBUBAIICHTHON TeMIIe-
parypoit (PET) u aganTUBHBIMH pEeaKkLUSIMH, BBISBUB
CTaOWIIM3AIIO TEeMITepaTyphl KOk mpu 3HadeHIIx PET
npumepHo 40—46 °C B 3aBUCHMOCTH OT THIIa AKTHUBHO-
CTH, Y OIIPEJICIINB TTOBE/ICHNE, CBI3aHHOE C TOMCKOM TEHH,
Kak Hanbomnee 2(p(HeKTUBHYIO CTPATETHIO CMATYCHHUS T10-
CJIEICTBHI 3KCTPEMaJLHOTO TEIIoBOoro crpecca [18].
Kpome toro, K. Li u coaBT. mpoIeMOHCTPUPOBAIIH,
YTO TETUIOBYIO aJIANTUBHOCTH MOYKHO TAK)KE PEaln30BaTh
Ha MUKPOCTPYKTYPHOM YPOBHE C ITOMOIIBIO (JOTOHHBIX
METaJJIOOPraHNYEeCKNX KapKacoB, AEMOHCTPHPYIOIINX
TEPMHUUYECKH yCHUJICHHYIO JIIOMUHECLECHIINIO, CBEPXBbI-
cokyro ceerootnaqy (~49 700 ¢poroHoB Ha M»1B) 1 cra-
OWJIBHOCTH, IPEBBIMAIIYI0 95 % mocie MIUTeINb-
HOT'O TEIJIOBOTO M paguallMOHHOrO Bo3nercTBus [19].
B T0 Bpemst Kak MUKPOCTPYKTYpHasi HHXKEHEpHsI oOecrie-
YHBAET BHYTPEHHIOI TEPMOAIalITUBHOCTh, HENHBA3UBHAs
OLICHKA TEPMOAIaTHBHOTO ITOBEEHMS 1 KoM(popTa odec-
TeYNBaeT OOPATHYIO CBSI3b HA CHCTEMHOM YpPOBHE, HE00-
XOIMMYIO JUIsl pPaOOThI «yMHOTO» 3/1aHHMsI, KaK [OKa3aHO
B TaOm. 1.

IToneBble nccenoBaHUS TOTOIHUTENBHO MPOJE-
MOHCTPHUPOBAIIH, YTO TEPMOAJANTUBHOCTh B 3/IaHUSIX
olpesiessieTcsl TIOBEACHNEM JKMIIBIIOB, KIIMMaTHYECKUMU
YCJIOBUSIMU M TIACCHBHBIMH HJIM TIOTYTIACCUBHBIMHU CTpa-
terusimu perynupoBanus. A.S. Cordero 1 coaBr. npecra-
BUJIM PE3YJIbTaThl BCECTOPOHHETO MOJICBOTO MCCIIE/I0Ba-
HUS B CENBCKHX KUIIBIX 3[aHHAX, TI0OKA3aB, YTO JKIJIBIIBI
JIEMOHCTPHUPYIOT IIMPOKHUI THANa30H a/IallTHBHOTO KOM-
(opTa, 00yCIOBICHHBIH ATUTEIBHBIM BO3JICHCTBHEM
KJIMMaTHYECKUX (PaKTOPOB U KOPPEKTUPOBKOM MOBEIE-
HUSL, TIPYU 9TOM HEHTpalibHbIC TEMIIEPATyphl CMELIAI0T-
Csl B CTOPOHY OoJiee BHICOKHX 3HAUCHUH 10 CPAaBHEHHIO
CO CTaHJAPTHBIMH MOJIETISIMA KoMdopTa [23].

Cpenn TepMOaIalITHBHBIX WHTEIUIEKTYalbHBIX Ma-
TepuaiioB (azoBo-nepexonsie Marepuaisl (PCM) mpen-
CTaBILIIOT c000i OfHYy 13 Hanbosee 3QPEKTUBHBIX CTpa-
TEril peryJIMpOBaHHUs TEIJIOBOIO MUKPOKIIMATA B [TOME-
IICHUSIX TIOCPE/ICTBOM MACCHBHOTO HAKOILICHUSI M OTAAYH
terota. PCM ucnons3ytor oOpatiumMeie (ha30BEIC IEPEXOIBI
«TBEPJOE — JKHUIKOE» WITH «TBEPIOE — TBEPIIOE» JUIS TI0-
IVIOIEHUS], HAKOIICHHUS M OTJa4u OOJIBILINX KOJIMYECTB
CKPBITOH TETUIOTHI B Y3KUX TEMIIEPaTypHbIX HHTEpBAJIax,
KOTOpBIE COBIAJIAIOT C AUANA30HAMH TEIIIOBOIO KOM(Op-
Ta yesioBeka. [Ipu MHTErpanuu B orpaxkJaronie KoH-
CTPYKIIMH 3[aHUH CTEHBI, TIOTOJIKH, MOJIBI MIH (pacatHbIe
koHCTpYKIMA PCM cMsTUaroT KoJieOaHusl TeMIIEpaTyphl
B ITOMEIIEHHH, OCJIA0IsIs MUKOBBIC TEILUIOBBIE HArpy3Ku
B JIHEBHOE BPEMsI M BEICBOOOXK/[asl HAKOTICHHYIO TEILIO-
BYIO DHEPIHIO B 0ojiee MpOXJIagHble TepHoas! [25, 26].
Dta BpOXKICHHAsI CIIOCOOHOCTH K TEIIOBOMY Oydepupo-
BAHUIO CHIPKAET 3aBHCHMOCTB OT MEXaHUYECKUX CHCTEM
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Tabu. 1. MeTozibl OLEHKH HEMHBA3WBHOTO TEPMOAJalITUBHOIO ITOBEICHUS U TEINIOBOro KoMpopra

Tun obHapy)eHNs HuctpymeHT Mogens Tepmuueckuit Kurouessie mapamerpsr | Ceplnkn
oOHapyxeHus1/ MIPOTHO3UPOBAHMS/ MOKa3aremb s¢dexTrBHOCTH
HU3MEpeHHs aHanm3a
Temmneparypa bunoxymsipuas Random Forest TSV (7 xnaccos, | Tounocts: 82,86 % [20]
JWIA ¥ afanTuB- | MHppaKpacHas U B3BEIICHHOE CIMsHME |3 Kitacca) (7 xmaccos), 94,29 %
HBIE MEpPbI kamepa, YOLOvVS, [c PMV (3 ximacca); mOBBIIIACTCS
10 TEIJIOBOMY Mediapipe 10 86,8 % (7 kmaccoB)
MOHHUTOPHHTY/ n 100 % (3 xmacca)
HH(]paKpacHbIH pu oOHApyKEHUN
aJJalNTUBHBIX JIEHCTBUN
Temmeparypa Jarunku JlexoMIo3uiust TemnoBoe BrisiBnieHHble TeHACHUINY, [21]
BO3yXa KIIMMaTH4YeCKOi BPEMEHHBIX PsIJIOB COCTOSIHHE, BPEMEHHbIE HHTEPBAJIBI
B IIOMEIICHHH, KaMepel, U perpeccust MIPUEMIIEMOCTD, | MEXKTy THKaMU
TeMIieparypa miarpopma IVE 110 A-0COOCHHOCTSIM MIOBEJICHYECKUE | 1 MUHHMYMaMH, a TaKkXke
KO>KH/BPEMEHHbIE HaMepeHUs HPOIOKUTENBHOCTD
PsLIBI BCIIJIECKOB KaK OCHOBHBIE
(haxTopBbl, OIpeeIsIomue
HECOOTBETCTBHE MEXK/TY
BUPTYaJILHOI U peanbHOit
cpenamu
AnantuBHOE Ormpoc Hepapxuueckas Tepmuueckas VHTEeHCUBHOCTH [22]
MOBEJICHHE KJIacTepu3anus npuemie- OTKPBIBaHUS OKOH
JKUJIBIOB/aHKETa M JIOTUCTHUYECKAs MocTh, % 1o 87-91 %; B nomax
perpeccust C KOH/IUIIHOHEPOM
MPUEMIIEMOCTh
cocrasuia 79 %
npotuB 70 % B nomax
0€e3 KOHIULHOHEPOB
Tepmoanantusroe | Kamepst 13D, monenu ry6okoro | Knaccuduxarms | Tounocts: 83,53 % (I3D) [23]
noBejeHue/ nHppakpacHoii o0y4enus SlowFast TEMJIOBBIX u 88,56 % (SlowFast)
uHppakpacHoe Tepmorpadun MPEINOYTEHUH | C BpEeMEeHEeM BBIBOJIA
BUJICO (IRT) Ha YPOBHE MUJUTHUCEKYH]
TerutoBoe Wndopmanms 2D CNN-LSTM, 2D Knaccuduxanus | MakcumanbHas TOYHOCTD [24]
aJlanTHBHOC 0 COCTOSIHUU CNN-GRU PTAB 86 % (CNN-LSTM);
nosezieHue/ kanana Wi-Fi (CSI) ONITUMAJBHBIN pazmep
OecIpoBOHBIC okna 0,5 ¢, mar 0,2 ¢
CHUTHAJIBI

OTOIUICHHUS W OXJIAXKJICHHS, CMATYACT MUKOBEIM CIIpOC
Ha SHEPIHIO U MOBBIIIACT CTAOMIBHOCTD TEIUIOBOIO KOM-
(dopTa mpu CYTOYHBIX M CE30HHBIX KolcOaHusX. B oT-
JIM4Ke OT TPAJAULMOHHBIX MAaT€PHAJIOB JJIsl HAKOIUICHUS
s;BHOTO Teruia, PCM ofecriednBaroT BEICOKYTO TUIOTHOCTb
HAKOIUICHUS SHEPTHH 0e3 3HAYUTEIFHOTO TTOBBIIICHUS
TEeMIIEPaTypPhl, UTO JAETAeT UX OCOOCHHO MOIXOSIIAMU
JUISl CTPOUTENBHBIX 3JIEMEHTOB C OTPAHUYEHHBIM TMPO-
cTpancTBOM. VX MHTerpaiusi B CTPOUTENbHbIE MaTepu-
aJIbl, CHCTEMBI TEPMETH3AINU A KOMITO3UTHBIC CIIOH
TIO3BOJISICT BCTPOUTH TETUIOBYIO aallTHBHOCTH HETIOCPE]I-
CTBEHHO B KOHCTPYKIHMIO 3AaHUS, YTO MO3UIIMOHUPYET
PCM kak KpUTHYCCKH BKHYIO MaTePUAITbHYTO T1aT(hop-
MY JJISl TPOEKTUPOBAHUSI 3[[aHUH ¢ HU3KUM SHEPrornoTpe-
OJeHIeM, OpUCHTHPOBAHHBIX Ha JKUJIBIIOB M YCTOWYHBBIX
K KJIMMaTU9eCKUM U3MEHEeHMsM [27].

Ha puc. 2 noka3ana nHTErpanys 1 MeXaHu3M pado-
Tl PCM B orpaxxaaronux KOHCTPYKIUAX 3nanuid. Cioi
PCM, BCTpOEHHBIN MEXAY CIOSMU U30JIAIHMH, TTOTIIO-
[aeT NOCTYMAIOLIEE TEIIO OT COJIHEUHOIO U3JIyUESHHUS
U TETUIOTPOBOJHOCTH B MEPHOIBI BBICOKUX TEeMITEepa-
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TYp, aKKyMYJHPYs SHEPTHIO 3a C4eT (ha30BOTO repexona
U3 TBEPJIOTO B )KUJIKOE COCTOSIHHUE U CHIDKAs TeIIonepe-
Jady BHYTpb IoMelieHus. B Gonee mpoxmaaHbIX ycio-
BUSIX HAKOIUIEHHOE TEIUIO BEICBOOOXKIaeTCsl 110 Mepe T10-
BTOpHOTO 3aTBepaeBanust PCM.

[Ipodune Temneparypsl SHTANBINN HA pucC. 2, b
MOYEPKUBACT TIATO CKPBITOM TEIIOTHI, YTO MO3BOJIS-
eT HaKaIUIMBaTh 3HAYUTEILHOE KOJMYECTBO IHEPTUH
B Y3KOM JHara3oHe TeMIepaTyp, o0ecreunBaronem
koM(opT, 1 obecriednBaeT IPPEKTUBHYIO MTACCHBHYIO
TeruioByto Oydepusaruro. Obmias Teriosas sueprus O,
naxoruieHHast B PCM ¢ temneparypoii masnenns 7, K,
3aTeM pPacCUNTHIBAETCS, KaK YKa3aHO B ypaBHeHUH (1):

7, Ty
0= j mC,dT +ma,,Ah,, +I ' mC,dT,
I Tn

rae 7,— HadanbHas Temmeparypa, K; Cpl_— CpemHsist
yleNbHas TEMIOEMKOCTh B Ananasone mexay 7 u T
a, — JOIis PACIUIABIEHHOTO Matepuana; Ah, — ynenb-
Hasl CKPBITasi TEIIIOTA ILIaBNCHHs; ], — KOHeUHas TeM-
neparypa, K; C — cpeamsis ynenbHas TelIoeMKOCTh
B MAINa30HE MEKIY T/ u’l e



UHTEAEKTYaAbHble U MHOTOQYHKLMOHaAbHbIE MaTepuabl HOBOro
MOKOAEHUA AN SKOAOTMYHOIO CTPOUTEABCTBA
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Puc. 2. Buenpenne PCM B cteny (a), nepeneyarano ¢ paspemenus [27] Elsevier, 2020; npunuun pabotst PCM (b), nepene-

yataHo ¢ paspemenust [28] Elsevier, 2022

PCM MoOXHO BCcTpaumBaTh B OETOHHYIO KJIaJIKy
WY BBOAWTD B OTJIEJIOYHBIE CJIOH, TAKUE KaK THUIICOBBIC,
IITYKaTypHBIE WM LIEMEHTHBIE TTOKPBITHS, KaK IPaBHJIO0,
MOCPEJICTBOM MUKPOKAIICYJIMPOBaHHMS s 00eCIIeUeHHs
CTa0MIBHOCTH U TexHoioruuHoctu [28-31]. Takas nn-
Terpanyusi Ha OCHOBE MOKPBITUH yNpoIIaeT BHEAPEHNUE,
MO3BOJISIET TOUHO perynupoBarsb 1010 PCM u Tonmmny
CJI051, a TaKXKEC ABJISACTCA BLIFOZ[HOﬁ JUJIs1 IIOBBILIICHUSA TE-
TUIOBBIX XapaKTEPUCTHK CYIIECTBYIOMIMX 3Mannii. Kpome
TOrOo, PCM MOT'YT U3IroTaBJIMBATHCA B BUAC OTACIIBHBIX
CTCHOBBIX MaHEJCH, 4TO 00ecIeunBacT ObICTPYIO yCTa-
HOBKY U COBMECTHMOCTD C JICTKUMH KOHCTPYKTUBHBIMU
cuctemami [32, 33]. TepmoaganTUBHOCTh 3MaHUMN C HC-
T0JIb30BaHUEM (ha30BO-TIEPEXOJHBIX MATEPHAIIOB MOXKHO
YCIIOBHO Pa3/IeIUTh HA YETHIPE B3aUMOJIOIIOIHSIOIINX
HaITpaBJICHUSA Pa3BUTUA. HAKOIUICHUEC CKpLITOﬁ TCILJIOTHI
Ha OHOJIOrUYECKON OCHOBE, apxuTekTypsl PCM co cradu-
JIM3MUPOBAHHON (POPMOM MM MEXaHHUYCCKOM TMOKOCTBIO,
coenuuenue PCM ¢ orpaxaaroimyuMu KOHCTPYKIHSIMH
n rubpuanzaips PCM ¢ ucnonb30BaHUEM COTHEYHOM
sHepruu. B pamkax Owmonormueckoro moaxona M. Zor
¥ COAaBT. IPOJEMOHCTPUPOBAIN 3BTeKTHUYeCcKkHne PCM
Ha OCHOBE JXKMPHBIX KHCIIOT, IPOIIUTAHHbIEC B JICPEBSH-
HBbIE IITOHBI, JEMOHCTPUPYIOLIIE TEMIIEpaTypy IUIaB-
nerust 30 °C ¥ eMKOCTh HAKOIIJICHHUS! CKPBITOW TEIIo-
TBI, JOcTUTAIOMTyI0 225,5 JIX/T, 4TO CBHIETEIBCTBYET
0 TIPUTOAHOCTH BO30OHOBISIEMBIX CyOCTpaToOB B Kade-
CTBE MAacIITaOMUPYEMBIX PE3ePBYapOB CKPBITOH TETIIOTHI
JUTSL HU3KOYPOBHEBOTO TEIJIOBOTO Oy(hepHpOBaHU B 371a-
X [33]. Yto kacaeTcst MeXaHHIeCKUX (pyHKIIHOHAIh-
HBIX cucTeM, T0 Y. Guo u coaBT. pa3zpadboTanu $a3oBo-
NEPEXOIHBIN TUAPOTeNb, CONEPKALIMM JeKaruapar Cylib-
(hata HATPH, TOCTUTHYB BBICOKOH A(Pp(heKTUBHOCTH yTIa-
xoBku PCM B 90,4 % mo macce, TEIUIOIPOBOIHOCTD
B mmanasone 0,89—1,11 Bt m'K™!, TepMudeckoe Boccra-
HOBIIeHHE (POpMEI B TeueHHe 385 ¢ M IPOYHOCTD Ha CKa-
tue 10 0,67 Mlla, npoaeMOHCTPUPOBAB, YTO UHTErPALIUS
PCM MOeT OJHOBPEMEHHO pEIaTh 33/1a91 YMEHBILICHHS
yTeueKk u oOecTieueHrnsT MEXaHnIeCKOi MPOYHOCTH [34].
JIJisl MCTIONB30BaHUS B OTPAXKJAIOIINX KOHCTPYKIUSIX
A. Gopalan 1 coaBT. Mccen0BaIM TMHAMIYECKHIE U301

nuoHHkIe nanea ¢ PCM, cooOIIMB O CHUYKEHHUHU TOI0BOM
TEIJIO0TAAuH M3TyueHneM Ha 15—72 % ¥ rofioBBIX TeIIo-
norepb Ha 7-38 % (B 3aBUCUMOCTH OT KJIMMaTHYECKUX
YCJIOBUI M opHeHTaluK (acaja), TOTYepPKHYB YCUIICHUE
xapakrepucTuk PCM 3a cueT COBMECTHOTO IPOEKTH-
poBaHusl Ha cucTeMHOM ypoBHe [35]. Pacumpsist ¢yHK-
1uoHansHOCTE PCM Ha CHCTEMBI COTHEYHOM SHEPrHH,
J.M. Mahdi u coaBr. npoBeJii OLEHKY (POTOBOJIBTANKO-
teroBoro (PVT) kosnekropa, MHTErpUpOBaHHOTO C HAHO-
momuduimpoBaHasiM PCM, conepkammm 5 % o0beMHOIM
KOHICHTpAIlM HAHOYACTUII, JOCTUTHYB MTPOJOJKHUTCIIb-
HOCTH OXJTaxIaeHus (oTodeMeHTOB 54—305 MUH B Teue-
HUE I07a, IMKOBOM MIEKTPUYECKON MOIHOCTH IIPUMEPHO
52,5 BT u temnoBoi MoutHOCTH 10 225 BT, mpogeMoH-
CTPUPOBAB MOTEHIMAN HaHOyCHIeHHBIX PCM nmst cta-
OMIM3aIMU TPOU3BOJUTENLHOCTH (DOTOAIEKTPUUECKUX
CHCTEM TP OJJHOBPEMEHHOM cOOpe TOJIE3HON TETUIOBOH
SHepruu s 31anuii [35, 36]. B apyrom uccienoBanumy,
npoeeneaHoM V.V. Upadhyay u coaBT., ObIIM HU3y4EHBI
ycosepuieHcTsoBanHble TiO, napadunossie PCM s cu-
CTEM HaKOIUICHHUS TEIJIOBOM AHEPIUH 3@ CUET CKPBITOU
tertotel (LHTES) ¢ ncnons3oBarnem 0,5-2,0 mac. %
Ha"o4actHn [37, 38]. TemaonpoBOAHOCT yBETHUYMIACH
Ha 35-88 %, yCKOpPHB TPOLIECCHI 3apSaKH (HAKOIUICHHS
Tera) u paspsaku (Beiaenenus teruia) PCM. Tpu ckopo-
cru noroka terwtonocutens 0,01 kr/c PCM ¢ 0,5 % TiO,
yoryammia 3QQeKTHBHOCTE 3apSIAKH, Pa3psIKH U OOIIyTo
s¢pdexrrBHOCTE LHTES Ha 2,89, 5,21 1 2,25 % cootsert-
CTBEHHO I10 CPAaBHEHHMIO C YHCTHIM Hapa(uHOM.

ITomMnMO HCTIONB30BaHNS HCKITIOIUTENBEHO HAKOILIIE-
HUS CKPBITOH TEIUIOTHI, TETIIIOBAsl aIlallTHBHOCTH TAKXKe
peann3oBaHa ¢ IOMOIIBIO THOPHIHBIX CHCTEM Orpask/ia-
IOIINX KOHCTPYKIUH, KOTOPBIE 00BEUHSIIOT TACCUBHYIO
TEPMOPETYIAIHIO C OYUCTKON BO3AyXa B MOMEIICHHSAX,
Kak ITOKa3aHo Ha puc. 3.

Kondurypanus xaranmutudeckoit cteHsl Tpombe
00BEIMHAET TEPMOXPOMHOE OCTEKIICHUE U3 THUAPOTEIIs
C BHYTPEHHHM BO3yIIHBIM KaHAJIOM, HOKPBITHIM Ka-
TAJTUTHYECKUM CJIOEM, YTO TTO3BOJISIET OHOBPEMEHHO
perynmpoBarh COJTHEYHOE M3YUCHHE W pasjararh 3a-
TpsI3HSIONINE BemecTsa. [ Maporens JeMOHCTPHPYET TEM-
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Puc. 3. Cxema cucremsl (a); cxema paboThl cucteMsl (b). Bocnponsseneno ¢ paspemenus [39] Elsevier, 2025

MepaTypHO-3aBUCUMOC CHIDKCHHE KO3 (DHUIIMEeHTA TIPO-
MycKaHusi coiaHeyHoro uznydenus ¢ 0,9 no 0,3 B qua-
nazone 20-25 °C, 4To nmojaBiseT ype3MepHOe MOCTy-
TUIGHHE COTHEYHOTO TeIlla W cMsArdaeT meperpes [39].
B pesynbrare cucrema CHIKaeT TeMIeparypy oBepXHO-
CTH Hapy>kKHOU cTeHbI Ha 3,2 °C 1 Temmeparypy Bo3ayxa
B niomeneHuu Ha 2,5 °C 1o CpaBHEHHIO € TPaJIMLHOHHbI-
Mu creHamu TpomOe. OJJTHOBPEMEHHO KaTaJUuTHUECKHI
CITOW CIIOCOOCTBYET TEPMOKATATUTIHICCKOMY OKHCIICHHIO
3arps3HSIONINX BEIIECTB, JOCTHras 3PPEKTUBHOCTH
yaanenus: popmansaeruaa 44,6 % B teuenne 70 MuH,
TEM CaMbIM JEMOHCTPUPYSI BO3MOXXHOCTb CO3JIaHUS
MHOTO(YHKIIMOHAIBHBIX OTPa)KIAONIMX KOHCTPYKIHIA
3MaHNH, COYETAIOIINX TEPMOAIAIITUBHOCT C KOHTPOJIEM
KauecTBa BO3/lyXa B MOMEILECHUN.

B nomonmaenne x aTomy J. Gu U COaBT. PEAIOKH-
JIY THOPUIHYIO CUCTEMY, HHTETPHPOBAHHYIO B KPBIIILY,
KOTOpasi COYETaeT PaJMallMOHHOE OXJIAXK/ICHHE OT Heba
C HU3KOTEMITEPaTypHBIM KaTaJTATHICCKAM OKHCIICHHAEM,
Kak MOKa3aHo Ha puc. 4, 4To o0ecreyrBaeT HelpephIB-
HOE TePMOPETYINPOBAHNE M OYHCTKY BO3IYyXa B TIOME-
LICHUU KaK B THEBHBIX, TaK U B HOUHBIX ycJI0BUsIX [40].

CucTeMa HampaBiseT TEIUIBIH 3arpsI3HEHHBIN BO3-
JTyX 13 TIOMEIICHHS Yepe3 BO3TYyXOBO/I, TOKPHITHIN TePMO-
KaTaJau3aTopoM, PacIoIOKEHHbIN MO paaualiOHHON
OXJTAKIATOIIEeH TOBEPXHOCTHIO, KOTOpask OTPaKaeT Col-
HEYHOE M3ITYyYeHHE U OJIHOBPEMEHHO MHTEHCHUBHO U3IIY-
yaeT B MH(ppaKpacHoM Juana3oHe. Takas koHpUryparus
CIoCcOOCTBYET OJJHOBPEMCHHOMY OTBOJY TEIUIA B aTMO-
chepy 1 KaTaINTUIECKOMY Pa3JIoKEHHUIO 3arps3HSIONINX
BeulecTB. [Ipu sieTHel TeMnepaTrype OKpy»karoleil cpe-
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1el 35 °C cucrtema obecrieyrBaia CHIDKCHHE TEMIIepa-
TYPbI BHYTPEHHETO BO3/1yXa OTHOCHUTEIILHO HAPYKHOTO
10 5 °C u renepupoBaa okosno 665,29 M* OuHIIIEHHOTO
BO3/Iyxa Ha | M? MOBEPXHOCTH B TEUEHUE CYTOK. ITomy-
YEHHBIC PEe3yNbTaThl MOATBEPKAAI0T 3(PHEeKTHBHOCTD
COBMEIIIEHHUS TEXHOIOTUI PAUAIIMOHHOTO OXJIAMKICHHUS
1 KaTaIMTHICCKON OYUCTKU BO3AyXa VI KOMIUIEKCHOTO
YIPaBIICHUS TEIUIOBBIM PEKUMOM U Ka4eCTBOM BO3IYIII-
HOU Cpeibl Ha YPOBHE 3[aHUSI.

ApxumekmypHvie mexanuuecKue Memamamepuasl
ApPXUTEKTYpHbIE MEXaHUYECKHE MeTaMaTepualibl
MPEJICTABIAIOT COOOM KIlacc MepeioBbIX CUCTEM Mare-
pHaIoB, B KOTOPBIX MaKpPOCKOIIMYECKOE MEXaHHUECKOe
TIOBE/ICHUE OTPE/ICIISIETCS, B IEPBYIO OYEPE/ib, HHKEHEP-
HOU reoMeTpHel, 4To 00ecreunBaeT OeCpereaeHTHbIN
KOHTPOJIb HAJl JKECTKOCTBIO, PSKUMOM Jie(hopMmalIyn, mo-
TJIOIMICHNEM SHEPTUH B PACIpOCTpaHeHneM BOiH [41].
B ommume oT TpaaWMIMOHHBIX CTPOMTEIBHBIX MaTe-
pHaoB, CBOMCTBA KOTOPBIX B 3HAUYUTEIBHOM CTEIIECHH
OTIPEJIEIISIIOTCS COCTaBOM M TEXHOJIOTHEH 00paboTKH,
MEXaHNYECKHE MeTaMaTepHallbl ITOTy4atoT CBOIO MHOTO-
(DYHKIIMOHAJIBHOCTB 3a CYET CHELUAIbHO pa3paboraH-
HOHM apXHUTEKTYpPhI 2JIEMEHTAPHBIX SYEEK U nepapxuue-
CKHX CTPYKTYp, YTO 00eCIeunBacT OCCIPEIeICHTHBIN
KOHTPOJIb HaJl )KECTKOCTBIO, COOTHOLIICGHHEM ITPOYHOCTH
K BECY, pe)KIMOM Ae(hOpMaLiH, PacIpOCTPAHSHHEM BOJIH
U paccenBaHneM dHepruu [42, 43]. Dta reomeTpudeckn
OpPHEHTHPOBAaHHAsI MapajurMa MO3BOJISIET MaTepHuazam
JIEMOHCTPHPOBATH CBOWCTBA, KOTOPBIE TPYIHO JOCTHYb
B 00OBEMHBIX TBEP/BIX TeJaX, BKIIOYAs OTPHLATEIILHBIN
koa(durment ITyaccona, KBa3MHYIEBYIO WM OTpHIIA-
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Puc. 4. Cxema ruOpuIHON CHCTEMBI HU3KOTEMIIEPaTypPHOTO TEPMOKATAIN3A M PAJHAIMOHHOTO OXJIaKACHUS HEOOM (a); cxema
MeXaHM3Ma Terionepenadn cucremsl (b). BocponsseneHo ¢ paspemenus [40]. Elsevier, 2024
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TEIbHYIO JKECTKOCTb, TIPOrpaMMHPYEMYIO CXKUMAaEMOCTh
U aJanTHPOBAHHOE ITOBEICHUE 3aMPEIICHHON 30HBI
JUTS TIOJaBJIeHNsT BUOpanuii 1 BoiH [44]. Kak moxa3aHo
Ha pUC. 5, apXUTEKTypHbIE MEXaHUUYECKHE METaMaTepu-
aJIbl pa3padaThIBAIOTCS B paMKaxX NEPAPXUUECKON CTPYK-
TYpBl NIPOEKTHPOBAHUS, OXBAThIBAIOLIEH BHYTPEHHHE
KOMITOHEHTBI MaTepralla, F€OMETPUIO JIEMEHTAPHOM siueki-
KH, COOpaHHBIE CTPYKTYPHI M pealn3alii Ha ypOBHE
YCTPOHCTB, YTO 00ECIIEUNBACT CBEPXJIETKUI BEC, CBEPX-
BBICOKYIO KECTKOCTb, OTPHUIIATENIbHYI0 MEXaHUYECKYIO
PEaKIMIO M aKTHBHO IepEeHACTPaNBAEMYIO (hyHKIIMOHAIb-
HOCTb, KOTOPbIE aKTyaJIbHBI JJIs1 CHCTEM «YMHBIX) 3/[aHHIL.

B xoHTEKCTE «YMHBIX» M HKOJIOTMUYECKH YCTOWYH-
BBIX 3/1aHUI apXUTEKTYPHO CIPOEKTHUPOBAHHBIE MEXa-
HUUYECKHE METaMaTepHabl OTKPBIBAIOT PEBOIIOLIUOHHEIE
BO3MOJKHOCTH JJISI OT/IENEHUS] KOHCTPYKTHBHBIX XapaK-
TEPUCTHK OT MAaTepUaJbHON HACBHIIIEHHOCTH, YTO I10-
3BOJISIET CO3/IaBaTh JIETKHE, MHOTO(YHKIIMOHAJIBHBIC
U aJanTHBHBIE CTPOUTEIbHBIEC IEMEHTHI. brarogaps
BCTPaMBaHMIO ()YHKIMOHAIBLHOCTH B TEOMETPHUIO METa-

Origami

(51)

Application phase

Overall phase

Unit phase

Material level (nm- pm)

MarepHabl Jal0T BO3MOKHOCTb OJHOMY KOHCTPYKTHB-
HOMY JIEMEHTY OZHOBPEMEHHO BBINOIHSITH (YHKIMH
HecyIel KOHCTPYKILWH, TalllCHUs] BUOpAINii, JaTanKa
M ycTpoiicTBa Juis cOopa HEpruu. JTa CrocoOHOCTh
aKTyaJlbHA JUIs 3/1aHUH CJIEIYIOUIero NOKOJICHNUS, T
OT KOHCTPYKTHBHBIX 3JIEMEHTOB 0KUAAETCs B3aUMOIEH-
CTBHE ¢ KnOep(HU3NIECKUMH CHCTEMaMH 3/IaHHs, peari-
PpOBaHUE Ha CTUMYJIbI OKPY>KAIOLLIEH CpeJibl U AKTUBHBIN
BKJIaJl B 0OecIieYeHne yCTOHYNBOCTH U SHEProddhQek-
TUBHOCTH, a HE NPOCTO BBITIOJIHEHNUE POJIH MACCHBHBIX
orop [46]. B macmirabe 31anust pa3inuHble KIacchl ap-
XUTEKTYPHBIX METaMaTepHAJIOB IPEAIaraoT MpeuMy-
IecTBa JUI KOHKPETHBIX TPUMEHEHNH B 3aBHCUMOCTH
OT MEXaHM3MOB J1e()OpPMAIMN U TEOMETPUIECKOHN MpPO-
rpaMmMHupyeMocTH. MeTtamarepuasbl, BJOXHOBICHHbIC
OpHI'aMH U XapaKTepHU3YIOLIHECs CKIaHbIMK U pa3Bep-
TBIBAEMBIMH APXUTEKTYPaMH, OCOOEHHO XOPOLIO MOJ-
XOZAT I aJalTUBHBIX (acasoB, peKOHPHUIYPHPYSMBIX
YCTPOMCTB 3aT€HEHUS M PEarupyIoIINX OrpaskAaoInX
KOHCTPYKLHUH, I1e KpyrHble o0paTuMble TpaHchopMma-

Chirgy

[50]

[96]

..‘. L

Programmable & ”
active response

Puc. 5. Kareropnn MeTamatepraioB OT YpOBHS MaTepralia 10 YPOBHSI KOHCTPYKIUH (a); cBoiicTBa MeTamarepuaios (b). [lepe-

neyaraHo ¢ paspemenus [45]. Wiley, 2023
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B. KaHOacy6pamaHuaH

K GOopMbI TIO3BOJISIIOT IMHAMUYECKH PEryinpoBaTh
JTHEBHOE OCBEIIECHHE, BEHTWISIUIO M TEIJI000MEH.
XupalibHble U ayKCeTHYECKHEe MeTaMarepHraribl, 1eMOH-
CTPHPYIOIIIE MEXaHM3MBI BpaIlaTeJIbHOM nedopmanyun
W oTpularensHoe noseaeHne kodduuuenta [Tyaccona,
00€eCTeunBaloT MOBHIIICHHOE CONPOTHUBIICHNUE CIIBUTY,
paccerBaHHE dHEPTUU M YCTOWYMBOCTH K paspylie-
HUIO, YTO JIeNAeT UX NPHUBJIEKATEIbHBIMU KaH M IaTaM1
JIJIE CEMCMOCTOMKUX SJIEP, YIapOIMPOUYHbIX CTEH U BH-
Oporacsimux KOHCTPYKTHBHBIX j1eMeHTOB. HanpoTus,
MEPUOMUECKUE PEIIeTYaThIe U SUEHCThIE MeTamare-
pHabl, BKIIOYasi apXUTEKTYPbl OKTaroHAJIBHBIX GepM
U TPOWHBIX MEPHOIUUECKIX MUHUMAIbHBIX TOBEPXHO-
creit (TPMS), npenuiararor HCKITFOYUTENHHO BHICOKOE CO-
OTHOIIICHHE JKECTKOCTH K BECY U HACTPAaHBaEMBbIE XapaK-
TEPUCTHUKH JIeMIT(UPOBAHHUS, YTO TTO3BOJISICT CO3/1aBaTh
JIETKHE HECYIINE MEPEKPBITHUS, aIalITHBHBIC TIIIUTHI, BU-
Opouszonupyronye mwiarhopMbl 1 MHOTO(QYHKIIMOHAIb-
HBIE KOHCTPYKTHBHBIE KOMITOHEHTHI [47].

C CUCTEMHO TOYKH 3pEHHsI apXUTEKTYPHO CIPO-
eKTHPOBaHHbBIE MEXaHMUYECKHE METaMaTepHalbl MOTYT
OBITH CTPATErMUECKH UHTETPUPOBAHBI B KOHCTPYKTHB-
HbIE, (DyHIAMEHTHBIE, OTPAKIAIOIINE U BHYTPECHHHE
MO/ICUCTEMbI MHTEJUICKTYIbHBIX 37[aHui. B KOHCTpYK-
TUBHBIX U (YHIAMEHTHBIX CHCTEMaxX MEPHUOANICCKHE
U JIOKAJIBHO PE30HAHCHBIE apXUTEKTypbl METaMaTepH-
aJIOB TTO3BOJISTIOT OCNIA0NATH HU3KOYACTOTHBIE KoJeOa-
HUSl M CEHiCMHMYECKHUE BOJIHBI 3a cueT (popMUpOBaHUs
YaCTOTHBIX 3aIPEIICHHBIX 30H, MpeyIaras ajlbTepHaTH-
BY WJIM JIOTIOJIHEHHE K TPAAUIIMOHHBIM METO/IaM BUOPO-
M30JIIMH. B oTiMdme oT TpaMIMOHHBIX CHCTEM U301s-
1M, KOTOPBIE YaCTO CTPAJAIOT OT OOJBIINX CMELICHUN
WM OTPaHIMYECHHON 3 (PEKTUBHOCTH MPOTHUB BEPTHKAITb-
HOTO JIBIKEHHS, ()yHJAMEHTBI U3 METaMaTepraIoB MO-

U]

Plane wave

Bending wave

T'YT OBITh CIIPOCKTUPOBAHBI C YUETOM JOMHHHUPYIOIINX
CEHCMUYECKUX YacCTOT, COXPAHSS IPH ITOM HECYIIYIO
CroCOOHOCTh M CTPYKTYPHYIO IIENTOCTHOCTH [48]. Spkum
MPUMEPOM SBIISIETCS pa3padoTKa celicMuiecKux (yHma-
MCEHTOB N3 METaMar€pruaioB, B KOTOPLIX NCPUOIUYCCKUC
WITH JIOKQJIEHO PE30HMPYIOIINE CTPYKTYPBl BCTPaUBAOT-
Cs1 TIOJT HAJICTPOMKH 3[MaHHI [T OCIA0ICHUS KaK TOPH-
30HTAJBHBIX, TAK U BEPTHKAIBHBIX CEHCMUYECKHX BOJIH.
Y. Jiang ¥ COaBT. 3KCMEPUMEHTAIIBHO MOATBEPIIH (-
(heKTHBHOCTH MacIITaOMPOBAHHOTO (DyHIAMEHTa U3 MEeTa-
MarepuanioB (MMF) a71st MHOTOATa)KHOTO 3aHUS, KaK T10-
Ka3aHO Ha puC. 6, MPOJEMOHCTPHPOBAB 3P PEKTHBHOE
ocnabieHrne BUOpAIM B peXUMax CBEPXHU3KUX Ya-
crot (<10 I'ty) 6e3 ymepba [uisi KOHCTPYKTUBHON YCTOM-
quBOCTH [49].

[NonapieHne BO3HUKAIIO 3a CUET TEOMETPHIECKH 00-
YCIIOBJICHHBIX 3aIPEIICHHBIX 30H 1 3()()EKTOB JTOKAIBHO-
TO PE30HAHCa, O YEM CBHJICTEIILCTBYIOT XapaKTEPUCTUKH
JICTIEPCHH, TTOKA3aHHBIE Ha PUC. 6, a HE 3a CUET JOTOI-
HUTEJIBHOTO AeMI(HUPOBAaHUS MaTepHaja WIH MacChl.
HecMotps Ha 3Ty BBICOKYIO CIIOCOOHOCTH K (PHIIBTpa-
UM BUOpaluii, OCHOBA M3 MeTaMarepuaia CoXpaHsuia
JOCTaTOYHYIO HECYIYIO0 CHOCOOHOCTB U CTPYKTYPHYIO
CTaOMIILHOCTb, TEM CaMBIM ITOATBEPIK/Iast TPAKTUUECKYIO
OCYIIECTBUMOCTD CTPAaTerwii celcMO3aInuTH Ha 0aze
METaMaTePUAIOB TSl PEabHON rpaKaaHcKoN mHppa-
CTPYKTYpHL. B orpaxkaaromux KOHCTPYKLHUAX 31aHUMI
Y BHYTPEHHHX CUCTEMaX apXUTEKTyPHBIE PEIICTKH U STUCH-
CThIE METaMaTepHaibl 00ECIeUnBaIOT YIyqIICHHYIO
BUOPOM3OJISIIIHIO, aKyCTHYECKOE TIOTJIONIEHHE U YAapo-
MPOYHOCTb, TIPH ATOM 3HAUUTEIILHO CHIKAsI Maccy KOH-
cTpykuuu. Takue XapakTepUCTUKH OCOOCHHO BBITOIHBI
JUTS BBICOTHBIX 37aHUH, COOPHBIX IUINT MEPEKPHITHH,
(hacaHBIX 2JIEMEHTOB U IUIABAIOIINX I10JI0B, T/ie BUOPO-
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Puc. 6. Monens kapkaca MMF nipu Bo31eHiCTBUH TUTOCKUX W M3THOHBIX BOJH C 3JIEMEHTAPHOM SUCHKOM, TTOBEPIKEHHOM TIepH-

OJIMYECKUM TPAaHUYHBIM yCIOBUAM (f); KpHBBIE JUCIIEPCHH () MIIOCKUX BOJH U (b) M3rnOHbIX BouH (i7). [lepenevyarano ¢ pas-

pewmenns [49]. Elsevier, 2025
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M30JALHS ¥ IITyMOU3OJISLIUS SIBIISFOTCS] KPUTHUECKH BaXK-
HBIMH TT0Ka3aTeJISIMU 3KCIUTyaTallMOHHBIX XapaKTepH-
cTuK. Kpome TOro, BO3MOKHOCTD PErylInpoBaTh KeCT-
KOCTh U AEMI(HUPOBAHUE 32 CUET KOHCTPYKIHH dIeMEH-
TapHOH s'YeWKU MO3BOJIET aAANTHPOBAThCA K M3MEHE-
HUSIM B 3alTOJTHEHHOCTH 31aHUS, YCIOBHSAM Harpys3ku
W BO3ICHCTBUSAM OKpyxarotei cpemst [42, 50]. J. Shi
U COABT. NIPE/ICTABUIIN CHCTEMY 3aCBIIIKH U3 METa0eTO-
Ha, BKJIOYAIONIYIO JIOKAJIIFHO PE30HHUPYIONINE BKIIFOUC-
HUS B [IEMEHTHOIN MaTpHIle IS TIOaBICHNS BUOPALIHii,
NepelaBaéMbIX MO IPYHTY. Pe3ynbraTsl 3KCIEpUMEHTOB
TIPOJIEMOHCTPHPOBAIIH 3HAYUTEIIBHOE OcabieHne Buopa-
LU, BBI3BAHHBIX JOPOKHBIM U JKEJI€3HOIOPOKHBIM JBHU-
JKeHueM, B quanasone 5-30 ', uyTo mo3BoaMiIo 10CTUYb
BHOPOM30JISIINK HA YPOBHE CYOBOITHOBBIX Pa3MepoB, He-
JOCTHKUMOH MPH MICIIOJIb30BaHUH TPAIUIMOHHBIX TPAH-
meil unu cBail. JlaHHBIA mOAX0/ MpejiaraeT MaciiTa-
Oupyemoe perieHne it 9yBCTBUTEIbHBIX K BHOpALMAM
«yYMHBIX» 3]IaHUH, PACTIOJIOKEHHBIX B TyCTOHACEJICHHBIX
ropojckux xopunopax [51]. B apyrom uccienoBanuu
IpeIaraeTcsi KOHIENTyalbHasi OCHOBA, paccMaTprBa-
I0IIasi MEXaHMYECKNE METaMaTepualbl Kak JIEMEHT WH-
TEJUICKTYaJIbHOM MpakIaHCKON HHPPACTPYKTyphl. Bbu1o
MIOKA3aHO, YTO IIEMEHTHBIC KOMITO3UTHI M PEIIeTYaThie
CTPYKTYPBI CO CHEIUAIBHO CIPOSKTUPOBAHHON apXUTEK-
TYpOii 00€CIIeunBaIOT CHIKEHHE IUIOTHOCTH Marepuaia
Ha 20-40 % npu cOXpaHEHUHU MPOUYHOCTH HA CXKATHE
Ha ypOBHE, onIn4arommemMcst He 6osee ueM Ha 10 % ot o-
Kaszaresed TpaauuuoHHOro 6eroHa. [1pu aToM ynenbHas
npoyHocTh npepbinaia 0,08 MIla-m*/kr, uto cyiecTBeH-
HO BBIIIE aHATOTUYHBIX XaPAKTEPUCTUK TPATUIIMOHHBIX
CTPOUTENBHBIX MaTepUAJIOB.

[Nomnmo MexaHW4ecKHuX (DYHKIMH, apXUTEKTYpHbIE
MeTamMaTeprabl TAKKe CITy’KaT IuaT(opMamu 1t MHOTO-
(hyHKIMOHAIbHOM MHTerpanyy. brarogapsi BcTpauBaHHIO
B apXHUTEKTYPHBIC KapKachl ()a3 «yMHBIX» MaTepHajoB,
TaKUX KaK IbE30UIEKTPUICCKUE, TPHOOIIEKTPUIECKUE
WJIM MarHUTOYYBCTBUTEIIBHBIC AJIEMEHTHI, KOHCTPYKTHUB-
HbIE KOMIOHEHTHI MOTYT BBINOJHATH (DYHKLIMH pacrpe-
JIETICHHBIX JIATYMKOB, TPUBOJIOB M YCTPOUCTB A1 cOopa
sHepruu. Takast HHTErparys 00eCIeYnBaCT aBTOHOMHBIH
MOHHTOPHHI COCTOSIHHSI KOHCTPYKIUH, 00paTHYIO CBSI3b
B pEaJbHOM BPEMEHHU M B3aMMOJECHCTBHE C CHCTEMaMU
YIpaBIeHUS 3IaHUSIMH, YCUIINBAs POJIb METaMaTepHaoB
B KHOep(H3MKO-MaTepHaTIbHBIX apXUTEKTypax 31aHuii [52].
R. Hamzehei 1 coaBt. cooOmmm 0 MHOTO(YHKITHOHAT-
HBIX CHHYCOHWAAIBbHBIX MEXaHUUECKUX MeTaMaTepraax,
HaneuaTaHHbIX Ha 3D-mpuHTEpe, KOTOpBhIE COYETAIOT
BHOPOHM3OISIIINAIO0 ¢ KBa3HHYJICBOH jkecTKOCThI0 (QZS)
CO BCTPOCHHBIM COOPOM SHEPIHH, YTO AT BO3MOKHOCTD
CO3/1aBaTh aBTOHOMHBIE KOMIIOHEHTHI JIs1 MHTEIIEKTyallb-
HBIX 30aHuH [52]. PerieTknr OBLTH M3TOTOBIICHEI H3 TEPMO-
mractugHoro nonuypetana (TPU) gt o6patumoro u3-
rnba CHHYCOMIAIBHBIX PACIOPOK C IENBI0 JIOCTHKEHHS
noBeneHmst QZS n 3(h(heKTHBHOI BHOPOM3OIISIINHI IIPH Ya-
crorax Bo30y»xaeHust Boiie ~15 'y, rie koaddurmeHt me-
peaun OIyCKaJICs HUKE eMHULIBL. [Ibe3031ekTprueckuii
OUMOP(HBII TIPUBOI, PACTIONOKESHHBIH B 00JIACTSX PEIIIeT-

KM C BBICOKOH Jie(hopMariyeii, reHeprupoBal MUKOBOE Ha-
npspkerue ~3 B u motaoctr MotHOCcTH 600—700 MKBT/T
npu 15 I'm. Kpome Toro, Hakmaiki U3 TUTaHATa [UPKOHA-
ta cuHIa (PZT), ycTaHOBICHHBIC Ha TIOIYCOTOBYIO OIO-
py, reHepuposainu ~500 MB ¢ MIO0THOCTBIO MOIIHOCTH,
npubmmkaromeiics k 800 MxBt/r mpu ~90 I'ti, uto mo-
CTaTOYHO /ISl TITaHUsI HU3KODPHEPreTHYECKUX Oecrpo-
BOZHBIX JIaTYNKOB, IEMOHCTPHPYS BO3MOKHOCTH CaMO-
MO/IJICP’KUBAIOIIEHCS BUOPOM30IISIIIMA 1 MOHUTOPHUHTA
COCTOSIHMSI KOHCTPYKIMH B MHTEIUIEKTYaIbHBIX 31aHUSIX
crenyromiero nokosnenus. Ha ypoBHe MarepuanabHBIX CH-
crem K. Barri u coaBr. pazpaboTanu OETOH U3 MeTamare-
pHANOB CO BCTPOEHHBIMU HAaHOTEHEpaTOpaMu, BCTpanuBast
ayKCeTHYeCKHE TOTUMEPHBIC PEHICTKN B MIPOBOASIIYIO
neMeHTHyt0 Matpuny [53]. [lomyueHHbIE KOMIIO3UTBI
jpocturany 1o 15 % obpariMoi CKMMaeMOCTH TPH LU-
KIIM9IECKOH Harpyske, 0OecrednBast IpH 3TOM ITHKOBYIO
BBIXOJTHYIO DIIEKTPUUECKYIO MOIITHOCTh OKosio 330 MKBT,
YTO MTO3BOJISIET OTHOBPEMEHHO HECTH HArpys3Ky, cOOMpaTh
SHEPTHUI0 U OCYIIECTBISATh ABTOHOMHOE 30HIUPOBAHHE.
OTH KJIacChl MaTepHaoB, OCHOBAaHHbBIE HAa TEOMETPUH,
MPEIOCTABIISAIOT BOZMOKHOCTh PAllMOHANBHO aalTUPO-
BaTh MEXaHNUECKNE XapAKTEPUCTUKH B APXUTEKTYPHBIX
Macmrabax, crocoOCTBYsl MHTEIPAllU aalTHBHOCTH,
YCTOWYMBOCTH U MHOTO(YHKIMOHATEHOCTH B MHTEIUIEK-
TyaJbHbIE U YKOJIOTHUECKH YCTONUUBBIE CTPOUTEIIbHBIE
CHCTEMBI HOBOTO ITOKOJICHHSI.

Komnosumer 015 coopa suepeuu u unmesniekmydaipHole
DYHKYUOHATbHBLE KOMNO3UNbL

OYHKIMOHATBHBIC KOMITO3HUTHI, COOUPATOIIINE YHEP-
THIO, CTAHOBSITCSI BAYKHEHUIIICH MIaTOpMOI MaTepruaioB
JUTS 3MAHAHN C HYJICBBIM YHEPTONOTPeOIeHIEM U yCTOM-
YHBBIX K KJIMMAaTHYECKUM W3MEHEHHSIM, ITOCKOJIbKY OHH
peoOpa3yIoT TTOBCEMECTHBIE BO3OYKICHNUS 31aHA, Ta-
KHe KaK BHOpaIK OKPYXKalomie cpe/ibl, INKINYECKHe
AKCIUTyaTaIlMOHHBIC HArpy3KH, IIard, KoIeOaHus, BbI-
3BaHHbIE (hacajOM WM BETPOM, M TEIUIOBBIE IPAINCHTEI,
B TIOJIC3HYIO DJIEKTPHUECKYIO SHEPTHIO, OTHOBPEMEHHO
obecrieunBas aBTOHOMHOE 30HIMPOBAHUE U CTPYKTYp-
HYIO HHTEIUIEKTyallbHOCTh [54-56]. B otiimuue ot Tpa-
JTUIIMOHHBIX CHCTEM BO300HOBIIEMOW YHEPTUH, TAKUX
KakK q)OToaJ'IeKTpI/I‘IeCKI/Ie TMaHCIN Ha KpbIIIax WX BHECI-
HHUE HAKOTIUTEIN SHEPTUH, STH MaTepUAIIbHBIC CHUCTEMBI
BCTPaMBAIOT MEXaHU3MBI [IPE0OPa30BaHMs SHEPTHU He-
MTOCPENICTBEHHO B KOHCTPYKIHUIO 3TaHUs, 00ecreynBast
pacripeniesieHHOe, ICIEHTPaIN30BaHHOE 1 He Tpedylolee
00CITy»KMBaHHS TIPOU3BOCTBO IEKTPOIHEPTHH TIPH CO-
XpaHEHUH CTPYKTYPHOHM LENOCTHOCTH [57]. DTOT caBur
TIapaurMBbl IPEeBpaIiaeT 31aHNs U3 TACCHBHBIX MTOTPEOH-
TeJIeH SHEPTHH B aKTUBHBIE HH(PPACTPYKTYPBI, CIIOCOOHBIE
coOupaTh MEXaHMYECKUE, TETUIOBBIC M AKOJIOTHICCKHE
CTUMYJIBI OKPYXKAIOILEH CPe/ibl, MPUCYIINE 3aCTPOSHHON
cpene [58].

Kax roka3ano Ha puc. 7, KOMIIO3UTHBIC MaTepHAIIBI
¢ QyHKIUAMHU cOOpa SHEPTUU M WHTEIUICKTYalbHBIMU
CBOWCTBAMHU MOTYT OBITH CTPATErHYeCKH HHTETPUPOBA-
HBI B TIOJTBI, (pyH/IAMEHTBI, CTeHBI, (hacajbl 1 KPOBEJIbHbIE
CHCTEMBI, TJIc OHU COOMPAIOT MEXaHUIECKYIO U TEILIO-
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#Smart Windows
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i'SlrucluraI Energy Storage

* Supercapacitor embedded concrete,
Cement based batteries

* Store harvested  electrical  energy
directly in building structures

+... Building walls, Foundation
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Puc. 7. I/IHTeraHI/Iﬂ HMHTCJUICKTYaJIbHBIX MAaT€PHUaJIOB B PA3JIMIHbIC KOMIIOHEHTBI 3JaHUs

BYIO DHEPTHUIO, TCHEPHPYEMYIO B XOZI€ TOBCEIHEBHON
SKCIUTyaTanuu 3aaHus [59]. I'enepupyemas 10KaabHO
JJIEKTPUUECKasl SHEPTHsI MCIIOIB3YETCs Uil MUTAHHS
pacrpeneneHHbIX CEHCOPHBIX Y3JI0B, MPEIHA3HAYCHHBIX
JUIS MOHUTOPHHTA COCTOSIHHSI KOHCTPYKIMH, OTCIICKHBA-
HUS BHOpALii, OTIPEICIICHNUS IPUCYTCTBUS JTIONCH 1 13-
MEepEeHHsI [TapaMeTPOB OKPYIKAIOILEH Cpelibl, 4To obecrie-
YHBAET HENIPEPBIBHBIN COOp TaHHBIX Oe3 HEOOXOIMMOCTH
TIOIKITFOYEHIS K BHETITHEH SHEPreTHIeCKOi HH(PPaCTPyK-
Type. B coderanuu ¢ npoBOASILIMMY WA CAMOYYBCTBY-
IOMIMMH KOMIIO3UTHBIMI MaTPHIIAMU 3T CHCTEMBI JI0-
TTOJTHUTEINTLHO TTOIEPIKHUBAIOT 00HAPYKEHHE B PEaTbHOM
BpEMEHH N3MEHEHHs! Ae(hOpMaIiH, 3apOXKICHHS TPEIH
1 HaKOTUICHHA MoBpexkaeHui [60]. Dta meneHTpanmm3o-
BaHHAasl, BCTPOCHHAsI B MaTepHall apXUTEKTypa IHEPro-
CHa0KEHUS ¥ CEHCOPOB TPEBPAIIACT 3/1aHNE U3 TTACCUB-
HOTO TTOTPEOUTENSI SHEPTHH B SHEPTOAKTUBHYIO, OOTaTyIo
HHpOpMaIe CUCTEMY, CIIOCOOHYIO K IPOTHO3HOMY
TEXHUYECKOMY OOCITY)KMBaHHIO, aIalTHBHOMY pearu-
POBAHUIO U NOBBIIIEHHON KCILTYaTallMOHHOM YCTONYHU-
BocTH. Takast HHTEJUIEKTyaJIbHAsl CHCTEMa, OPHEHTHPO-
BaHHAs Ha MaTepHaJIbl, MOAUYEPKUBACT KIIFOUEBYIO POIIb
(DYHKIIMOHATBHBIX KOMIIO3UTOB C (DYHKIIHCH cOOpa SHEp-
THH B 3KOJIOTUYHBIX 3aHHUSX HOBOTO TIOKOJICHUS, TTIE 9KO-
JIOTUYHOCTD, JOJTOBEYHOCTb U MHTCIUICKTYaJIbHasA (byHK-
IMOHAJILHOCTD MPOEKTHPYIOTCS COBMECTHO Ha YPOBHE
MatepuanoB. B uccrenoBanmum H.B. Birgin u coasT.
ObUT U3YYEH SKO3EMJISIHOM LIEMEHTHBII KOMIIO3HUT, ap-
MHUPOBAHHBIN YIJIEPOJHBIMH MUKPOBOJIOKHAMH, MHTE-
TPUPYIOIINH (YHKIHIO H3MepeHHs eopManiy B KO-
JIOTHUHBIE CTpOUTENbHbIE MaTepuaisl [60]. braronaps
YaCTUYHOHN 3aMEHE LIEMEHTa W BBEJCHHUIO YITIEPOIHBIX
MHKPOBOJIOKOH BOJIM3M TIOPOT'a AIIEKTPUUECKO TTIEPKOIS-
i (0,025-0,25 % 1no macce) KOMITO3HUT JOCTUT KO-
(urmenToB ycmieHus, npessimaonmx 100, coxpanus
IIPY 3TOM JIOCTaTOYHYI0 MEXaHHYECKYIO LEJIOCTHOCTh
JUISl IPIMEHEHHS B HEHECYIIINX KOHCTPYKIMSAX U MaJo-
9TAXXHOM CTPOUTECIBCTBE, YTO MOAYECPKUBAECT MHOTO-
(DYHKIIMOHAJIBHOCTB, 3aJI0KEHHYIO Ha YPOBHE MaTepHa-
J1a, CHIDKas! BO3JCHCTBHE HA OKPY’KAIOIIYI0 CpeTy 1 00ec-
TNeYrBasi MOHUTOPHUHT KOHCTPYKIIMH B PEKUME PEalIbHO-
TO BPEMCEHH.
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Kpome toro, B uccnenoanuu M. Erglin u coasT.
BBITIOJIHEHO YHCIICHHOE MOJCINPOBAHHUE «YMHOTOY 3J1a-
HUSI U3 XKesIe300eToHa (3K.0.) ¢ HCIONb30BaHUEM METOA
KOHEYHBIX 3neMeHToB (MKD) u pa3memenrem mpe30-
ANEKTPUYECKHUX AATYMKOB, IPH ATOM YHUCIICHHAs] MOJIEIb
OBLIa TIPOBEPEHA C TTOMOIIIBI0 COOTBETCTBYFOIIICH IKCITE-
PUMEHTaIbHOM YCTaHOBKH, KaK MOKa3aHo Ha puc. 8 [61].

KoHnctpykius nozseprajgach pealucTHIHBIM JKC-
TUTyaTallMOHHBIM Harpy3KaMm, MPeICTaBIIAIONINM JKIJIBLIOB
1 Me0entb, a TaKkke CeMCMHYECKUM BO3IEHCTBHAM, TIPH-
JIO)KEHHBIM B BEPTHKAIEHOM HATIPABJICHUH JUIST MOJICIHU-
POBaHMS KOJIeOaHUH, BEI3BAHHBIX 3eMIIETPSCEHHEM. DKC-
MepUMEHTAIIHO U3MEPEHHbIE BUOPALIMOHHBIE PEaKINN
MOKa3aJM xopoluee coracue ¢ nmporao3amu MK st Ha-
YaIbHOTO CMEIICHUs 18 MM, 4TO CBUAETENHCTBYET O TOU-
HOM OTP)KCHUH THMHAMHYECKUX XapaKTEPUCTHK CHCTEMBL.
AHaOTHYHOE COOTBETCTBUE HAONIONAIOCH TIpH OoJiee
BBICOKOM Ha4aJIbHOM CMEILIEHUH 28 MM, YTO MOATBEPIK-
JTaeT HAaJISKHOCTh YUCIICHHON MOJIENIN B TIPOTHO3UPOBA-
HUH BHOPAIIMOHHOTO MOBEACHHS U PEAKIINH, 3HAYUMBIX
Juisl cOOpa SHEPTUH, TPH PA3INYHBIX UHTEHCUBHOCTSIX
BO3OYKIICHUSL.

B uccnenoBannn W. Thongthapthai u coat. Obu1
pa3paboTaH TPUOOIITEKTPIUYCCKUI HAaHOTEHEePaTop Ha OC-
HoBe noptiananeMenTa (PC) u HaTypanbHOTO Kaydyka
(NR) (PC/NR-SL-T TENG), npetHa3Ha4eHHBIN IS HC-
MOJTE30BaHUSA B Ka9ECTBE «YMHOTO YHEPTETHYCCKOTO
TIOJIa» C LIENIBIO YJIABIUBAHUSI OMOMEXaHHMUYECKHX KOJie-
OaHmit (xoap0a, Oer, BUOpaIwn, BEI3BaHHBIC CKOTDICHUEM
moneit) [62]. B nuanazone 1-10 'y mukoBoe Hampsike-
nue (Vpp) ysenmumiiocs ¢ 46 B (1 ') 1o 242 B (10 '),
YTO CBHIIETEIBCTBYET O CHIIBHOM YaCTOTHO-3aBUCHMOM
YCUIICHUHU, CBA3aHHOM C pE€ajibHbIMU CIIEKTpaMU BO3-
Oy KJIEHUsI OKPYKAIOIICH Cpe/ibl B 3aCTPOCHHBIX CPe/ax.
[noTHOCTH MOIIHOCTH AocTHrana 3,27 Br/m? npu Ha-
rpy3ke 5 H u yacrore 5 ', uto npumepno B 11 pa3
MIpEeBBIIIAeT MoKa3arenu cranaaptHoro TENG Ha ocHO-
Be nonukap6onara (0,29 Br/m?). [Ton 10MOTHUTETBHO
YCHIJIMBAETCsI KOHJEHCATOPOM, CITIOCOOHBIM 3apsiKaThCs
(1047 mx®) mpu Harpyske 5 H u gactore 5 't gepes
BBINPSIMUTEILHYIO CXEMY, YTO yKa3bIBaeT Ha BO3MOXK-
HOCTB UCTIOJIE30BAHHUS CTPATETHIA MPEPHIBUCTOTO MTUTA-
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Puc. 8. MK-monens u PaCIoNI0KECHUE JaTYUKOB B KYMHOM» 3[JaHUU U3 )K.6., a TaKKE SKCIICPUMCHTAaJIbHAs YCTaHOBKaA (a); oCTO-

SIHHBIE U CeficMUYecKue Harpy3kH (b); SKCIIepUMEHTAIBHEIE U pacueTHEIE KojteOaTelIbHbIe peakuu npu ¢ = 18 MM u b =28 MM

cOOTBEeTCTBEHHO (¢). [leperneuarano ¢ paspemenus [62]. Springer, 2025

HUA Wi Oyepr3ary B aBTOHOMHBIX CEHCOPHBIX y3JIax.
B ananornuynom uccienosanuu P. He u coaBr. pennu
npoOiieMy J1laBHEH YyBCTBUTEIBHOCTH K Biare Tpuoo-
JJIEKTPUUECKHUX CHCTEM Ha OCHOBE JAPEBECHHBI, Pa3-
paboras nomHOCTBIO AepeBsHHbI TENG (AW-TENG)
¢ IpUMEHEHHEeM 00padOTaHHOM IpeBECHHBI B Ka4eCTBE
(DPUKIIMOHHOTO CJIOSl U CIIPECCOBAHHOW KapOOHU3UPO-
BaHHOU JPEBECUHBI B KaUECTBE 3JIEKTPOJId, TEM CaMbIM
MOBBICUB THAPO(GOOHOCTh M TPOBOAMMOCTH 3a CUET
00paboTku [63, 64]. B yclIOBHIX BBICOKOW BIIaYKHO-
ctit (80 % OTHOCHTENEHOW BIaKHOCTH) ONTHMH3HPO-
BaHHBIN AW-TENG nocTtur HampsKeHHS XOJIOCTOTO
xona V= 50,85 B u ToKa KOPOTKOTO 3aMbIKauus [ =
= 0,72 mkA. B otinune ot niemeHTHbIXx TENG-11010B,
nopxon AW-TENG ucnons3yer TeXHOIOTHH TIepepadoT-
K1 OMoMacchl 1 KapOOHN3ALIMIO IEPEBSHHBIX IIEKTPOIIOB,
obecrieqrBasi HKOIOTHIECKYIO yCTOHUNBOCTh. Kpome
toro, E. Keel u coaBt. cooOmmin o pa3paboTKe BHICOKO-
3¢ GEKTUBHOTO TPUOOIICKTPUUCCKOTO HAHOTCHEPATO-
pa (TENG) Ha ocHOBe TpexmepHoli rpadeHOBOH MEHBI
(3DG)TIDT (PET). [ToBepxHOCTH TpadeHa XapaKTepr30-
BaJIach TUIPOPOOHBIM yriioM cMadrBaaus 138,52° u me-
POXOBAaTOCTHIO MOBepXHOCTH 2,4 + 0,5 MKM, 4TO cIIo-
COOCTBOBAJIO MOBBIIICHUIO TEHEPALMU HJIEKTPUUYECKOTO
3apsiia U CHIDKCHUIO MEK(pa3HOM aare3nu. YCTPOHCTBO
Ha ocHOBe 3DG obecneynBaio HANPsHKEHUE XOJIOCTO-
ro xoma 400 B, Tok xopotkoro 3ambikanus 105,7 MKA
U YACIBHYIO BBIXOAHYIO MomHOCTH 10 372 MBt/M?
npu yactote 3 't u compotusneHnu Harpy3ku 40 MOw.

B nornonnenue x cOopy SHEpruu Ha Moty ObLIN HC-
CJIeZIOBaHbI TPUOOIIECKTPUIECKHE CHCTEMbI, HHTEIPH-
POBaHHBIE B KPBIILY, JUIS yIaBIMBAHUS MEXaHHMUECKOH
SHEPTHH, BEI3BAHHOW JoXkaeM. B nccnemosanmu Q. Dai
1 COaBT. OLleHeH cOopmuk 3Hepruu kaneisb (DEH)
Ha KpBbIIIaX C pa3IMYHbIMU yIJIAMH HAKJIIOHA U apXUTEK-
TypHOI1 reometpueit [54]. 11 HaKJIIOHHBIX KPBIII MTHO-
BEHHasl ITMKOBAsl MOIITHOCTh Ha KarlIio PE3KO CHIKAJIACh

¢ yBenn4yeHneM yria HaxiioHa: ¢ 81,6 MmkBt mpu 100°
1o 0,42 mxBT mipu 180°, 4uTo momyepkuBaeT poib AMHA-
MUKH y/iapa ¥ CKOJIB3SIIEro ToBeaAeHus1. J{yist paznnaHbIx
mopdonoruit kpeii DEH renepuposan 12,14 MxBr
Ha KJIAaCCHYECKOH Kphime, 146,6 MKBT Ha Kymonooopas-
HOW Kpbime U 86,3 MKBT Ha Kpplmie OalieHHOTO THIIA,
YTO JIGMOHCTPHPYET, YTO apXUTEKTYpHAas KpUBH3HA 3Ha-
YHUTEJILHO BIUSET Ha 3()(PEKTUBHOCTh cOOpa IHEPTHH.
B ycnoBusix MozienpyeMoro 0K Isi KOHIEHCATOP eMKO-
ctbio 4,7 Mx®D 3apsoxaincs o 1,0, 0,4 u 0,2 B nipu pacxo-
ne 9, 45 u 64 mi/c cootBeTcTBeHHO. B Tab. 2 npusesne-
Ho cpaBHeHne TENG Ha 0CHOBE pasiIHyHBIX MaTepHAIIOB
B KaueCTBE TPHUOOAIEKTPUUECKOTO CIIOSL.

Kpome Toro, MHTEUIeKTyalIbHbIE IEMEHTHBIE KOM-
TIO3UTHI HAa OCHOBE HHUTEH, BKITFOYAIOIINE B ceOst TpHOO-
MEKTPUIECKUE HUTH C TIETCHOH Cep/IleBUHON 1 000I104-
KO, BCTPOEHHBIE HETIOCPEICTBEHHO B MOPTIAH/ILIEMEHT,
MIPOIEMOHCTPUPOBATIM BO3MOKHOCTH OJHOBPEMEHHOTO
JIOCTIIKEHUsSI CTPYKTYPHOTO YCHJICHHSI, cOOpa MeXaHU-
YECKOH PHEpruu W aBTOHOMHOTO 30HAMpOBaHUS [74].
bnaronapst kouTponupyemoil Mmoaudukanun Mopgo-
JIOTHU TIOBEPXHOCTH HHUTEH TPHOOAIEKTPHUECKOE BbI-
XOIIHOE HaIpsHKeHHE yBenuueHo Oonee weM Ha 120 %,
a MU TOJIHOMACUITAOHOM BHEJPEHUU B JOPOXKHOE I10-
KpPBITHE B COYETaHUH ¢ OECIIPOBOIHOM Iepeiadeii JaHHBIX
U QJITOPUTMAaMH TITyOOKOTO 0OydeHUsI OblTa JOCTHTHYTA
100%-Hast TOUHOCTH KJIACCH(UKAIIMHA TPAHCIIOPTHBIX
CPEZICTB, ONPEIEIICHNS CKOPOCTHU U PACTIO3HABAHHUS TIEIIIe-
X0/I0B. B nomnosiHeHue K eMeHTy, apMUPOBAaHHOMY HU-
TSIMH, TIPOBOJISIIIIE KOMITO3UTHI Ha IIEMEHTHON OCHOBE,
coJieprKalye yIIepoiHbIe HAllOJIHUTENH, OJIM3KHE K T10-
POTY 3MEKTPUYECKON MEPKOISAINH, TO3BOJISIOT LIEMEHTY
(DyHKIMOHMPOBATH B KaU€CTBE CTPYKTYPHOTO SHEpreTHIe-
CKOTO MarepHaja. ITH CHCTEMbI MOJICPKUBAIOT TPUOO-
JNEKTPUICCKHUA cOOp PHEPTUU OT BeTpa U OMOMEXaHU-
YECKOTO JIBU)KCHHMSI, TIPUBOJSIIIIETOCS B JICHCTBHE KOH-
TAaKTHOM 3JIEKTpu3annel, OTHOBPEMEHHO (YHKIINO-
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Taou. 2. CpaBHenue TENG Ha 0CHOBE pa3/IM4HBIX MaTePUAIOB B KAUYeCTBE TPUOOIIEKTPUIECKOTO €05

Marepuanst CpoiicTBa
2 sy
s .3 I
cm| 57| E£3 g
Sl EY| B |
DIEeKTPOOTPHUIIATEIIHLHEIC DJEeKTPOTIONIOKUTEILHBIC 2 t = g 2 °; 3
E5| 28| 25
¥ X g5 =)
= =& =
5 3 e g
5 2 53
es ==
[Monmuummg JlazepHblit HHIYIUPOBaHHBIN rpadeH | 3500 60 2361 [65]
I'pacdur CxoMKaHHBIII rpadeH 15 - 15 [66]
TTonuaumernicunoxkcan Yreponusie HaHOTPYOKH CNT
PDMS 383 25 8000 [67]
[TonusTunenrepedranar Inenku u3 menkoBoro GpudponHa 213,9 | 0,34 68 [68]
PDMS I'paden, nonydeHHbIN METOTOM
233 0,731 1314 [69]
CABUTOBOI'0 OTCJIAUBAHUS
TonmaTrnenrepedranar 3D-rpaden 400 105,7 10372 [70]
ITomumonounas kucinora PLA Kenarun 500 16 5000 [71]
Hurpouemnttonos3nas 6ymara Bymara nns B3BemmBanus 360 250 — [72]
[Momueuamnmunendropuna (PVDF), Heitnon-6
Aeiicpropu (PVDE) 14 | 6 19,7 [73]
HAanoJIHCHHBIN yrnepo;leIM HanoJIHUTCIIEM

HUpYs B KQUECTBE CTPYKTYpPHBIX KOHJEHCATOPOB, CIIO-
COOHBIX K JIOKQJILHOMY HaKOIUICHUIO HEpruu. Y. Yuan
U COABT. UCCIIEJOBAIN FEONOJIUMEPHBIE TEPMOIEKTPH-
YECKUE KOMIO3UTHI B Ka4€CTBE DHEPreTUUECKUX Mare-
pHaJoB, BCTPOCHHBIX B MH(PACTPYKTYpY 31aHuii [74].
BBenenue 31eKTponpoBOAALINX HATIOJHUTENEH MO3BO-
o obecrieunTh KodgduieHt 3eedeka 1o 1092 mxB/K
nipu Temneparype 293 K u MakcuMaibHbIH KoapdUIeHT

Net Zero Energy (L
Structure

ma Carbonfiber
) Dielectric1
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E—

a

moraoctr 0,84 MxBT MK, ipu 3T0M MPOYHOCTH T€0-
MOJIMMEpA Ha CyKaTHe coXpaHsiachk Ha yposHe 33,4 MITa.

B nccnenoBannn Y. Ra u coaBT. u3yuim TpudoaJek-
TPUUECKUI HAHOTEHEPATOp Ha OCHOBE LIEMEHTHOI'O IIPOBO-
miero komnosuta (CBC-TENG), BcTpoeHHBIH B 31aHUEe
C HyJIEBBIM SHEProINoTpediieHHeM, Kak ITOKa3aHo Ha puc. 9,
TJIe IIPE/ICTABICHBI PEKUMBI cOOpa HEPTUH: Ha CTEHAX
(Berep), Ha Moy (ABMIXKEHHE UYEIIOBEKA) M HA KPBILIE

i. Wall {wind)
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b

Puc. 9. KoHrenryanbHas cXeMa )HII0il CHCTEMbI ¢ HYJIEBBIM 3HEPronoTpeOIeHHEM, HILTIOCTPUPYIOIas HHTEIPALMIO CTPYK-
TYPHBIX KOMIIOHEHTOB Ha ocHOBe CBC, CITOCOOHBIX COOMPATH YHEPTHIO M3 HECKOIBKHX BO30OHOBIIEMBIX HCTOYHHKOB OKPYKa-

folIel cpeibl, BKIIo4as (i) 9HEpTUIo BeTpa, (i) OMOMEXaHHUECKYIO SHEPTHUIO, TCHEPUPYEMYIO YeIOBEUYECKOH IeATEIHHOCTHIO,

u (iii) SHEPTHUIO Karemb JOXKAA (a); cXeMaTnieckoe H300pakeHHe MexaHn3Ma cOopa YHEpruH, OCHOBAaHHOTO Ha KOHTAKTHOU

JIEKTPU3AINH, pean30BaHHOTO Omarogaps ucnonb3oBanuio CBC (). [lepeneyarano ¢ paspemenus [12]. Elsevier, 2021
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(xarmum poxnas) [12]. Hacrenasie CBC-TENG non Bo3-
JICHCTBHEM BETpa FeHEPUPOBAIN HEMPEPHIBHOE BBIIPSIM-
JICHHOE BBIXOJHOE HampspbkeHue ~5 B, torga kak CBC-
TENG, BCTpOCHHBIC B TIOJT, COOMPATA OMOMEXaHIIECKYIO
SHEPTUI0 MOCPEICTBOM KOHTAKTa «TBEPOE — TBEPAOLH
IIPU TIOBTOPSIIOIIUXCS IIarax, MPOM3BOs CTAOUIIbHBIE
TIEPEMEHHBIE BBIXO/IHBIC CUTHAIBI MIOCIIE BBITPSIMIICHUSL.
VYcranosnenusie Ha kpeimie CBC-TENG, pabotaromrie
3a CYeT KOHTAKTHO! 3JIEKTPU3ALUU KUJIKOCTh — TBEP/IOE
TEIO, TEHEPUPOBAIN HAIPSDKEHHE OT Kaleilb JCHOHNU3H-
poBaHHOM BOJbI IpH yacToTe 1 'l 1 yIye HakjIoHa Kpbl-
mu 65°, IPUUYEM BBIXOAHOE HAMPSKEHNE CHCTEMATHIECKH
YBEJIMYUBAIOCH C POCTOM YacTOThI Kareib. [lomumo me-
MEHTHBIX Marepuanos, C. Prouskas 1 coaBt. mpeuioxum
U-00pa3Hy10 apXUTEKTypy CEHCHOMIN3UPOBAHHOTO Kpa-
cuteneM conaeqanoro snemeHTa (DSSC) co cBeroynas-
JMBAONIEH KOHCTPYKIHMEH, MpeTHa3HaYeHHYIO ISl 9KC-
IUTyaTalluM B HAapyKHBIX ycioBusx [75]. I'eomerpus
TiepepacrpeiessieT MaIafoluii COTHEYHBIN CBET Ha BEp-
THKalbHO ycTaHoBieHHble DSSC mocpeacTtsom BHY-
TPEHHETO OTpakeHNUs, YPPEKTUBHO CHIDKAS JIOKATBHYTO
WHTEHCHBHOCTh M3JTyUeHUs M OrpaHnunBas (oronerpa-
Jaruio. Takast KOH(GUTypaIwys TO3BOINIIA YBEIMUHUTD KO-
s duenT 3anonHenust 10 ~96 % 1pu Hapy>KHOM OCBe-
IIEHUH, COXPAHUB TIPH 3TOM BBIPAOOTKY JIEKTPO3HEPTHH,
COMOCTaBUMYIO ¢ TpaauunoHHbIMU DSSC ¢ BepTHKab-
HBIM OcBeteHreM. [lomumo GhoTodnekTprdeckux 000510~
4ek, M. Fu u coaBr. pa3paboTaim TepMOTpOITHbIC HOHHBIE
THIPOTENEBbIC «YMHBIE» OKHA, COYCTAIONINE aJTaNTHB-
HYIO COJIHEYHYIO PETYIHPOBKY C TEPMOAJIEKTPHUCCKUM
cbopom snepruu [76]. ['uaporesb 1eMOHCTPUPOBAI 00-
patumbIil pazoBeIii iepexor okono 26 °C, obecnieunBas
BBICOKYIO CBETOIpOIyckaeMocTh (>90 %) Hinke Temre-
paTypsbl IIepexosia U CHIIBHYIO COIHEYHYIO MOJYJISIIIHIO
(=80 %) BoItie Hee. OTHOBPEMEHHO MOHHBII TPAHCIIOPT,
BBI3BaHHBINM TEMITEPaTyPHBIM I'PAANCHTOM, T€HEPUPOBAl
BBIPOKEHHBIH TEPMODJIEKTPUYECKHI OTKITUK ¢ KO3 HUIH-
earom 3eebeka 39,03 MB/K, xoaddurmeHTOM MOIITHOCTH
0,838 MB1/M*/K 1 mioTHOCTBIO 9Hepriu 10 250 M [x/M?,
JIEMOHCTPHUPYS] MHOTO()YHKITHOHATIbHBIE OKOHHBIE 3JIe-
MEHTBI JUISl KYMHBIX)» 3[aHHH.

Ilepcnexmueot

Pa3BuTHE TEXHOIOTHI YKOJIOTHYHOTO W HHTEIUICK-
TYaJIbHOTO CTPOMTENILCTBA TPEOyeT Iepexoia OT OJHO-
(DYHKOIHOHATBHBIX CTPOUTEIBHBIX MaTepHaloB K,
M0 CyTH, MHOTO(DYHKITHOHATHHBIM, aIallTHBHBIM, HH-
JKEHEpHBIM CHCTEMaM MaTepHaloB, CIIOCOOHBIM MO~
JICP>KUBaTh pabOYMe XapaKTEPUCTHKU B CYPOBBIX YC-
noBusaxX. Pa3paboTka ruOpUIHBIX HHTEIUIEKTYaIbHBIX
MaTepHuaioB, HHTETPUPYIOLIUX TEPMOPETYISIIUIO, Me-
XaHWYIECKYIO0 YCTOHYNBOCTh, CAMOJHATHOCTHKY H TIpe-
00pa3oBaHUE SHEPTUH B paMKaX EAWHON MaTepHaIbHOM
CTPYKTYPBI, TIO3BOJINIA OBl CHU3UTDH CIOKHOCTH MEXK-
(ha3HBIX B3aUMOJICHCTBHIA U YCIINTh (PYHKIIMOHATHEHYIO
cuHepruto. Takue Marepuaibl TPEOYIOT MePeTOBBIX KOM-
MMO3UTHBIX apXUTEKTYP, B KOTOPHIX (ha3bl HAKOIUICHHUS
CKPBITON TETUIOTHI, MPOBOJISIINE CETH U TMOJIUMEPHI, pe-
arUpYIOIINe Ha CTUMYJIBI, COCYIIECTBYIOT Oe3 HeOmaro-

HPUATHBIX 3P (PEKTOB MEPEKPECTHOTO B3AMMOACHCTBUSL.
Kpome toro, pazpaboTka XMMHYECKHX COCTaBOB Mare-
PHAJIOB, YCTOMYMBBIX K YCTAJIOCTH M CaMOCTa0MIIN3HPY-
OIIUXCS, UCMONB3YIOINX AUHAMUYECKHE KOBAJICHTHBIC
CBSI3H, CyNPaMOJIECKYIAPHbIC B3aNMOACHCTBUS WIIN Me-
XaHU3MBI 00paTHMOTO CIIMBAHUS, UMEET peIIaloniee
3HAYEHHE JUIs OIepKaHus (PYHKIMOHAIBHOM LIEJIOCT-
HOCTH HPH JUINTENBHBIX UKIMYECKUX TETIOBBIX M Me-
XaHWYECKHX Harpy3kax. ApXUTEKTYpHO-IIPOCKTHPYEMbIe
MeXaHHYeCKHe MeTaMaTepuanbl JODKHBI Pa3BUBAThCS
B HAIPABJICHUH CHCTEM C ITPOrPaMMHPYEMOI1 TeOMETpH-
e, CrloCcOOHBIX K aJanTHBHONW MOYIISIIUH KECTKOCTH,
raleHnio BUOpauii 1 peKoHPUIypHpyeMOMy pacce-
MBaHUIO PHEPTHH MOCPEACTBOM (Da30BBIX MEPEXOI0B
Marepuaia Uil HeCTaOMIbHOCTEH, BHI3BAHHBIX HAIPSI-
keHueM. KpoMe Toro, KpUTHUECKH Ba)KHO MOSIBIICHHE
HHEPrOAKTUBHBIX KOHCTPYKIIMOHHBIX MAaTepUajIoB, B KO-
TOPBIX [IEMEHTHBIE, TOJIMMEPHBIE I ONOTIPOU3BOTHbIC
MaTpHIbl, B KOTOPbIE BCTPOEHBI TPUOOIIEKTPUIECKHE,
MHE30JIEKTPHYECCKHUE I TEPMONIEKTpUUEcKue (asbl,
(DYHKIIMOHUPYIOT OTHOBPEMEHHO KaK HECYIIHE KOMIIO-
HEHTBI ¥ yCTpOicTBa cOOpa pacrpe/ielIeHHO SHEPTUH.
WHTennexkryaibHble MaTepuaibl TakKe A0JDKHBI 00-
J1a7aTh YCTOMYMBOCTBIO K BO3JEHCTBUIO OKPY’KaIOLIEH
CpeJibl, COXpaHsisi CTabWIbHbIE (DYHKIIMOHAJIBHBIC XapaK-
TEPUCTHKH B YCIOBHSIX BIQXKHOCTH, YIBTPa(UOIETOBO-
TO U3JIydEHHs U SKCTPEMAIIbHBIX TeMIIeparyp Onarogaps
CTPATEeTUSIM TePMETH3alNN U MHXCHEPHH MTOBEPXHO-
creil. Marepualibl JOJDKHBI IPEICTABISITE COO0W OMOMH-
CIMPHUPOBAHHBIE U CIIPOEKTHPOBAHHBIE C YUETOM XKH3-
HEHHOTO IMKJIA CHCTEMBI, COUETAIOIINE HEePAPXUICCKUN
JM3aiiH, BCTPOSHHYIO CIIOCOOHOCTb K CAMOJMAarHOCTHKE
1 BO3MOYKHOCTH BTOPHYHOM NIepepadOTKH, YTO MO3BOJIHUT
3MaHUSM TPEBPATUTHCS B SHEPrOAKTUBHBIE, HHPOPMa-
IIMOHHO HACHIIIEHHBIC U YCTOHYMBBIC HHPPACTPYKTYPEI,
a HE B [TACCUBHbIC KOHCTPYKTUBHBIC y3IIBL.

3AKJIIOYEHUE

«YMHBIE» 1 SKOJIOTUYHBIE 3/IaHUsI CTAIIN LICHTPallb-
HBIM KOMITOHEHTOM IVI00aJIbHBIX CTpaTeruii, HarpaBJieH-
HBIX Ha CMSATYEHHE ITOCIEACTBUI N3MEHEHHS KIIMMaTa, CO-
KpalleHHe TTOTPEOICHHS PECYPCOB, a TaKXKe MOBBILICHUS
YCTOWYMBOCTH ¥ KOM(OPTHOCTH KMIToH cpenbl. [1o mepe
TOI'0 KaK 31aHud MPEBpAIarOTCA U3 CTAaTUIHBIX n01'pe61/1-
TeJeld SHEPrHy B /IaIITHBHBIC M OPUCHTHPOBAaHHbIC Ha (-
(heKTUBHOCTH CHCTEMBI, NIEPE/IOBBIC MaTepPHAIIbl UTPAIOT
PELLIAIOIIYIO POJIb B 00ECTIEYCHUH 3TOH TpaHC(HOPMALHHL.

PaccMoOTpeHBI HHTEIUIEKTYaIbHBIE 1 MHOTO(YHKIIHO-
HaJIbHBIE MaTepralibl HOBOTO MTOKOJICHHS, CIIOCOOCTBYIO-
LIME CO3JAHUI0 «YMHBIX», HU3KOYIJICPOIHBIX U YCTOH-
YMBBIX K KJIMMaTHYECKHM N3MEHEHUSIM 31aHui. Marepu-
QJIbHBIE CUCTEMBI, TAKHE KaK apXUTEKTYypHO-MEXaHUYe-
CKUE€ MCTaMaTcpualibl U (byHKLII/IOHaJ'I])HI)Ie KOMIIO3UThI,
cOOHMparoIIe YHEPTHIO, IEMOHCTPHUPYIOT OCHOBHBIE (DyHK-
LMK 3[aHVs1, BKITIOYAst TEPMOPETYIISILIHIO, FallieHue BUOpa-
11, TIpeoOpa3oBaHie SHEPrHU, CEHCOPHbIE N3MEPEHHS
1 a[JalTHBHYIO PEaKLHIO, KOTOPbIE MOTYT ObITh HEOThEM-
JIEMO¥ YaCThIO KOHCTPYKTHBHBIX YJIEMEHTOB U JICMEHTOB
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OrpaXKIA0LIMX KOHCTPYKLMI. biarogaps ucrnons30BaHuI0
COCTaBa MaTepUajiOB, MUKPOCTPYKTYPHOTO IIPOEKTHPOBA-
HUSI ¥ TIOBEJICHUS], OTIPENIENSIEMOTO TEOMETPHEH, ITH CUCTe-
MBI IIO3BOJISIFOT (byHKI_II/IOHaJ'H)HOCTI/I BO3HHMKAaTh HETIOCPEA-
CTBEHHO U3 MaTepHaa, a He Yepe3 BHEIIHUE TTOJICUCTEMBI.
Pactymas uHTerpanus pearupyrommx 1 caMo4yBCTBYO-
IIMX MaTePHUAJIOB €Ille OOJIbIIC YKPEIULIET 3Ty Mapaanurmy,
obecrieyrBast pacro3HaBaHUE COCTOSHUS, (DYHKIIMOHAIb-
HYIO aJaNTHBHOCTh U CTAOMIBHOCTh XapaKTEPHCTHK B yC-
JIOBUSIX JMHAMHYECKU MEHSIOLIEHCS OKPYKarOLLEH Cpeibl

Tlocmynuna 6 pedaxyuto 9 dexabpsa 2025 e.
Ipunama é oopabomannom sude 19 ansapsa 2026 e.
Ooobpena ona nyoruxayuu 29 aunsapsa 2026 e.

u 3anonHsieMocTy. [ocTosHHBII nporpecc B 001aCTH Mpo-
eKTHPOBAHUS U XapaKTePUCTHK MATEPHAJIOB MOBHIIIACT
HaJISKHOCTb 1 CIIOCOOCTBYET COOTBETCTBHIO TPEOOBAHMSIM
Ha YPOBHE BCETO 37aHNs. DTH pa3pabOTKU MO3UIMOHHUPY-
10T MHTEJJICKTYaJIbHbIE MaTepHaibl KaK KItoueBbie (pakTo-
PBL, IIO3BOJIAIOLME CTPOUTH 3[1aHUs B BUJEC aJallTUBHBIX,
HHEPrOaKTHBHBIX U MHTEIUIEKTYaJIbHBIX CHCTEM, CII0CO0-
HBIX BHECTHU 3HAUMMBbIN BKJIaJ] B JOJTOCPOYHYHO YCTONYH-
BOCTb, KJIMMATUUYECKYIO YCTONUYMBOCTb U OPUEHTUPOBAH-
HOCTB Ha YeJIOBeKa.

O ABTOPE: Banacy6pamanuan Kannacy6pamanuan — naboparopus aJJuTHBHOTO MPOMU3BOCTBA, Kadeapa

METaJUTypruu U MarepuanosecHus; O00POHHBINH HHCTHTYT NepeaoBbIX TexHooruii; 411025, r. [Tyna, 'mpunarap,

wtat Maxaparurpa, Maaus; meetkbs@gmail.com.

INTRODUCTION

The global imperative to decarbonize human activity
and strengthen climate resilience has positioned the con-
struction sector as a pivotal domain for technological
intervention and sustainable reform. The accelerated ur-
banisation, escalating operational energy demands, and
the disproportionate environmental burden associated
with conventional construction workflows collectively
underscore the urgency of reconfiguring material de-
sign paradigms within the built-environment sector [1].
The contemporary construction practices account for sub-
stantial fractions of global anthropogenic CO, emissions,
resource extraction, and solid-waste generation, thereby
necessitating the deployment of innovative solutions
grounded in advanced materials science [2]. Recent global
assessments further underscore this urgency, according to
the 2024/2025 UNEP GlobalABC Global Status Report,
the buildings and construction sector contributes approxi-
mately 34-37 % of total global energy-related CO, emis-
sions, making it the single largest sectoral contributor to
climate change [3]. These emissions encompass not only
operational carbon arising from heating, cooling, ventila-
tion, lighting, and appliance use, but also embodied car-
bon embedded within material extraction, cement and
steel production, transportation, and on-site construction
activities. The embodied carbon component is increasingly
recognized as a dominant contributor over full life cycle
of high-performance buildings, as operational efficiencies
improve through insulation, electrification, and renewable
integration [4, 5].

This growing carbon liability situates material in-
novation as a central mechanism through which the con-
struction sector can meet national and international de-
carbonization mandates including the United Nations
Sustainable Development Goals (SDGs), particularly
SDGs 7 (Affordable and Clean Energy), 9 (Industry,
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Innovation, and Infrastructure), 11 (Sustainable Cities
and Communities), 12 (Sustainable Consumption and
Production), and 13 (Action to Combat Climate change
and its Impacts), each of which identifies clean energy,
sustainable cities, and responsible material use as core
developmental priorities [6]. In this context, the develop-
ment, characterisation, and large-scale integration of next-
generation materials for green-building manufacturing con-
stitute a strategically significant pathway toward achiev-
ing low-carbon, resource-efficient, and climate-adaptive
infrastructure. Advanced material systems when designed
to deliver multifunctionality, durability, and intrinsic re-
sponsiveness, offer opportunities to decouple structural
performance from material intensity, reduce maintenance-
driven emissions, and embed energy and sensing func-
tionalities directly within the building fabric [7, 8]. Fig. 1
provides a schematic overview of the major classes
of materials currently being advanced for green and smart
buildings, illustrating how bio-based, recycled, hybrid,
and smart functional materials collectively support low-
carbon and multifunctional building design.

Within this emerging smart-building paradigm,
materials assume a foundational role by serving simulta-
neously as load-bearing elements, functional interfaces,
and active transducers of energy and information. Unlike
conventional construction materials, next-generation ma-
terial systems are engineered to exhibit intrinsic respon-
siveness to thermal, mechanical, electrical, and environ-
mental stimuli, enabling building components to sense,
adapt, and respond without reliance on external devices
[9, 10]. This material-centricity is achieved through
the development of smart and multifunctional materials
that integrate thermal regulation, energy harvesting, sens-
ing, and actuation capabilities directly within the build-
ing fabric.

Beyond the classical sustainability discourse cen-
tred on embodied-carbon reduction and resource efficien-
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cy, the conceptualisation of “‘smart buildings” introduces
a multifaceted framework wherein materials are not
merely passive structural entities but active participants
in environmental interaction, energy modulation, and
autonomous adaptation [11]. The contemporary smart-
building definitions emphasise a coupled cyber-physical-
material architecture in which structural components
exhibit thermophysical adaptivity, decentralised energy
transduction, real-time sensing, damage detection, and
autonomic functional reconfiguration. These capabili-
ties derive not from mechanical or electrical subsystems
alone but increasingly from the intrinsic functionalities
embedded within advanced material systems. The tran-
sition from passive to intelligent material fabrics repre-
sents a critical frontier in achieving high-performance,
net-zero and climate-resilient building technologies [12].
This paradigm shift transcends conventional construction
by embedding multifunctional materials and responsive
components that interact synergistically with building
management systems (BMS), thereby enabling dynamic
control over thermal, lighting, structural, and air quality
parameters [13].

MATERIALS AND METHODS

In this context, this review paper discusses the next-
generation smart and multifunctional materials as en-
ablers of green, smart, and climate-resilient buildings.
The review examines key material classes including
thermal-adaptive materials, architected mechanical meta-
materials, and energy-harvesting functional composites
with emphasis on material composition, microstructural
design, and geometry-governed behaviour enabling ther-
mal regulation, mechanical adaptability, energy trans-
duction, and self-sensing within structural and envelope
components. It also discusses how intrinsic material
functionalities such as thermophysical adaptivity, ener-
gy transduction, self-sensing can be embedded directly

within structural and envelope components, thereby re-
ducing dependence on auxiliary mechanical or electrical
subsystems.

RESEARCH RESULTS

Smart and Multifunctional Materials for Sustainable
Buildings
Thermal-Adaptive Smart Materials

Thermal-adaptive smart materials constitute a core
functional class in smart and sustainable buildings by
enabling dynamic regulation of heat transfer, solar gain,
and thermal storage in response to environmental stimuli.
These materials operate by reversibly modifying their
thermophysical or optical properties such as thermal con-
ductivity, heat capacity, infrared emissivity, or solar trans-
mittance under variations in temperature, solar irradia-
tion, or ambient conditions. Unlike conventional passive
insulation systems, thermal-adaptive materials actively
interact with diurnal and seasonal thermal cycles, allow-
ing building envelopes, facades, and interior components
to modulate heat flow in real time [14]. This adaptive
behaviour contributes to reductions in heating and cool-
ing loads, peak energy demand, and occupant thermal
discomfort, thereby supporting low-energy and climate-
resilient building operation. The integration of such
materials into walls, glazing systems, roofs, and hybrid
envelope assemblies enables thermal functionality to be
embedded intrinsically within the building fabric, reduc-
ing reliance on mechanical systems while enhancing
long-term operational efficiency and resilience.

Thermal adaptivity is increasingly extended beyond
intrinsic material response through the integration of non-
intrusive, data-driven recognition of human thermal adap-
tation into building thermal regulation strategies. W. Duan
et al. demonstrated that occupants’ thermal-adaptive be-
haviours can be inferred in real time using vision-based
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cross-modal knowledge-distillation frameworks, enabling
accurate behavioural recognition with reduced compu-
tational complexity and facilitating lightweight deploy-
ment for intelligent heating, ventilation, and air condi-
tioning (HVAC) control [15]. This study demonstrates
that behavioural cues can serve as reliable control signals
for dynamically adjusting indoor thermal environments
without invasive sensing. Complementing this approach,
Y. Bai et al. developed an infrared spatiotemporal model-
ling framework identifying eleven representative thermal-
adaptive behaviours, achieving recognition accuracies up
to 95.89 % and thermal sensation prediction accuracies
of 96.24 %, while maintaining robustness under variable
lighting and preserving occupant privacy [16]. The study
employed controlled thermal conditions of 22-25, 25-27
and 27-30 °C, with participants seated quietly for 20 min
to allow thermal acclimatization prior to data acquisition
and video recordings were acquired simultaneously from
five viewing angles to ensure comprehensive capture
of thermal-adaptive behaviours [17]. Extending thermal
adaptivity to outdoor environments, H. Li et al. combined
infrared thermography with behavioural monitoring to
quantify relationships between pedestrian skin tempera-
ture, physiological equivalent temperature (PET), and
adaptive responses, revealing stabilization of skin temper-
ature at PET values of approximately 40-46 °C depending
on activity type and identifying shading-related behaviours

as the most effective mitigation strategies under extreme
heat stress [18]. Further, Li et al. demonstrated that ther-
mal adaptivity can also be engineered at the microstructur-
al level through photonic metal-organic frameworks ex-
hibiting thermally enhanced luminescence, ultra-high light
yield (~49,700 photons MeV ), and stability exceeding
95 % after prolonged thermal and radiation exposure [19].
Whilst microstructural engineering enables intrinsic ther-
mal adaptivity, non-invasive thermal adaptive behavior
and comfort assessment provides the system-level feed-
back required for smart building operation, as summarized
in Table 1.

The field-based investigations further demonstrated
that thermal adaptivity in buildings is governed by oc-
cupant behavior, climatic context, and passive or semi-
passive control strategies. A.S. Cordero et al. reported
a comprehensive field study in rural residential build-
ings, showing that occupants exhibit wide adaptive com-
fort ranges driven by long-term climatic exposure and
behavioral adjustment, with neutral temperatures shift-
ing toward higher values compared to standard comfort
models [24].

Among thermal-adaptive smart materials, phase
change materials (PCMs) represent one of the most ef-
fective strategies for regulating indoor thermal environ-
ments through passive heat storage and release. PCMs
utilize reversible solid-liquid or solid—solid phase transi-

Table 1. Non-invasive thermal adaptive behavior and thermal comfort assessment methods

Detection Type Detection/Sensing | Prediction/Analysis | Thermal Metric Key Performance References
Tool Model Parameters
Facial temperature Binocular infrared | Random Forest and | TSV Accuracy: 82.86 % [20]
and thermal adaptive camera, YOLOVS, |weighted fusion with | (7-class, 3-class) | (7-class), 94.29 %
actions/infrared Mediapipe PMV (3-class); improved
to 86.8 % (7-class)
and 100 % (3-class)
when adaptive actions
detected
Indoor air temperature, | Climate chamber | Time-series Thermal state, | Identified trend, peak— [21]
skin temperature/ sensors, IVE decomposition acceptability, trough timing, burst
time-series platform and regression on behavioral duration as dominant
A-features intention factors governing
mismatch between [IVE
and real environments
Occupants’ adaptive Survey Hierarchical Thermal Window opening [22]
behavior/questionnaire clustering and acceptability, % | intensity up to
logistic regression 87-91 %; AC
residences showed
79 % acceptability
vs 70 % for NV
residences
Thermal adaptive Infrared 13D, SlowFast deep | Thermal Accuracy: 83.53 % [23]
behavior/infrared video |thermography learning models preference (I3D) and 88.56 %
(IRT) cameras classification (SlowFast) with
millisecond-level
inference time
Thermal adaptive Wi-Fi Channel 2D CNN-LSTM, 2D | PTAB Maximum accuracy [24]
behavior/wireless State Information | CNN-GRU classification 86 % (CNN-LSTM);
signals (CSI) optimal window size
0.5s, step size 0.2 s
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tions to absorb, store, and release large amounts of la-
tent heat over narrow temperature intervals that coincide
with human thermal comfort ranges. When integrated
into building envelopes, walls, ceilings, floors, or facade
assemblies, PCMs moderate indoor temperature fluc-
tuations by attenuating peak heat gains during daytime
and releasing stored thermal energy during cooler pe-
riods [25, 26]. This intrinsic thermal buffering capabil-
ity reduces reliance on mechanical heating and cooling
systems, mitigates peak energy demand, and enhances
thermal comfort stability under diurnal and seasonal
variations. Unlike conventional sensible heat storage ma-
terials, PCMs enable high energy storage density without
significant temperature rise, making them particularly
suitable for space-constrained building components.
Their integration within construction materials, encapsu-
lation systems, or composite layers allows thermal adap-
tivity to be embedded directly into the building fabric,
positioning PCMs as critical materials platform for low-
energy, occupant-centric, and climate-resilient building
design [27].

The Fig. 2 illustrates the integration and operating
mechanism of PCMs within building envelopes. The PCM
layer embedded between insulation absorbs incoming heat
from solar radiation and conduction during high-tempera-
ture periods, storing energy through a solid-liquid phase
transition and reducing heat transfer to the interior. During
cooler conditions, the stored heat is released as the PCM
resolidifies.

The enthalpy temperature profile in Fig. 2, b high-
lights the latent heat plateau, enabling significant energy
storage within a narrow comfort-relevant temperature
range and providing effective passive thermal buffering.
The total thermal energy Q stored in a PCM of melting
point 7 , K is then calculated as mentioned in eq:

T, T,
0- Li mC,,dT +ma, Ah,, + .[Tm mC,dT,

where in 7' is the initial temperature, K; C, is the average
specific heat between 7, and 7}, T is the final tempera-
ture, K; C is the average specific heat between Tj and
T ,and a  is a fraction of the melted material.

Symmetry

Insulation
Insulation
Iverts

T
Exterior wallboard

Interior wallboard

Exterior Interior

Symmetry

a

PCMs can be embedded within concrete masonry
or dispersed into finishing layers such as gypsum, plas-
ter, or cement-based coatings, typically through microen-
capsulation to ensure stability and processability [28-31].
Such coating-based integration facilitates ease implement-
ing, allows accurate regulation of PCM loading and layer
thickness, and is advantageous for upgrading the thermal
performance of existing buildings. In addition, PCMs can
be manufactured as standalone wallboard elements, offer-
ing rapid installation and compatibility with lightweight
structural systems [32, 33]. Building-scale thermal adap-
tivity using phase change materials can be broadly catego-
rized into four complementary development pathways:
bio-based latent heat storage, shape-stabilized or mechani-
cally flexible PCM architectures, PCM—envelope system
coupling, and solar-assisted PCM hybridization. Within
the bio-based approach, M. Zor et al. demonstrated eutec-
tic fatty-acid PCMs impregnated into wood veneers, exhib-
iting melting temperatures of 30 °C and latent heat storage
capacities reaching 225.5 Jg!, exhibiting the suitability
of renewable substrates as scalable latent heat reservoirs
for low-grade thermal buffering in buildings [33]. With
respect to mechanical functional systems, Y. Guo et al.
developed a phase-change hydrogel incorporating sodium
sulfate decahydrate, achieving a high PCM packaging ef-
ficiency of 90.4 wt. %, thermal conductivity in the range
of 0.89-1.11 Wm'K"", thermally induced shape recovery
within 385s, and compressive strength up to 0.67 MPa,
demonstrating that PCM integration can simultaneously
address leakage mitigation and mechanical robustness [34].
For using in envelopes, A. Gopalan et al. investigated PCM-
assisted dynamic insulation panels, reporting 15-72 %
reductions in annual radiant heat transfer and 7-38 %
reductions in yearly heat loss (depending on climatic
conditions and facade orientation) highlighting the am-
plification of PCM performance through system-level co-
design (35). Extending PCM functionality to solar-energy
systems, J.M. Mahdi et al. evaluated a photovoltaic—ther-
mal (PVT) collector integrated with nano-modified PCM
containing 5 % nanoparticle volumetric concentration,
achieving PV cooling durations of 54-305 min through-

MELTING

CRVSTALLIZANION

Temperature

Fig. 2. Integration of PCM in Wall. Reprinted with permission from (a) [27]. Copyright 2020, Elsevier; working Principle
of PCM (b). Reprinted with permission from [28]. Copyright 2022, Elsevier
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Fig. 3. Schematic of the system (a); schematic of the system operation (b). Reproduced with permission from [39]. Copyright
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out the year, peak electrical output of approximately
52.5 W, and thermal power up to 225 W, demonstrating
the potential of nano-enhanced PCMs to stabilize photo-
voltaic performance while simultaneously harvesting us-
able thermal energy for buildings (36). In another study
by Upadhyay et al., TiO,-enhanced paraffin PCMs for
latent heat thermal energy storage (LHTES) systems us-
ing 0.5-2.0 wt. % nanoparticles were examined [35, 36].
The thermal conductivity increased by 35-88 %, accel-
erating the charging (heat storage) and discharging (heat
release) processes of the PCM. At a heat transfer fluid
flow rate of 0.01 kgs ', the 0.5 wt. % TiO, PCM improved
charging, discharging, and overall LHTES efficiencies by
2.89, 5.21, and 2.25 %, respectively, as compared with
pristine paraffin [37, 38].

Beyond latent heat storage alone, thermal adaptivity
has also been realized through hybrid envelope systems
that integrate passive thermal regulation with indoor air
purification as illustrated in Fig. 3.

The catalytic Trombe wall configuration integrates
thermochromic hydrogel glazing with an internal air
channel coated with a catalytic layer, enabling simulta-
neous modulation of solar radiation and pollutant deg-
radation. The hydrogel exhibits a temperature-driven
reduction in solar transmittance from 0.9 to 0.3 within
the 20-25 °C range, which suppresses excessive solar
heat gains and mitigates overheating [39]. As a result,
the system lowers the external wall surface temperature
by up to 3.2 °C and reduces indoor air temperature by
2.5 °C compared with conventional Trombe walls. Con-
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currently, the catalytic layer facilitates thermal catalytic
oxidation of pollutants, achieving a 44.6 % formaldehyde
removal efficiency within 70 min, thereby demonstrating
the feasibility of multifunctional building envelopes that
couple thermal adaptivity with indoor air quality control.

Complementarily, J. Gu et al. proposed a roof-inte-
grated hybrid system that couples radiative sky cooling
with low-temperature catalytic oxidation, as illustrated
in Fig. 4, enabling continuous thermal regulation and in-
door air purification under both daytime and nighttime
conditions [40].

The system directs warm, polluted indoor air through
an airflow channel coated with a thermocatalyst beneath
a radiative cooling surface that reflects solar irradiation
while emitting strongly in the infrared atmospheric win-
dow. This configuration facilitates simultaneous heat dissi-
pation to the sky and catalytic decomposition of pollutants.
Under summer ambient conditions of 35 °C, the system
achieved an indoor—outdoor temperature difference of up
to 5 °C and generated approximately 665.29 m* m2 of pu-
rified air over a full day, demonstrating the effectiveness
of integrating radiative cooling with catalytic air treat-
ment for multifunctional thermal-environmental control
at the building scale.

Architected Mechanical Metamaterials

Architected mechanical metamaterials represent
a class of advanced material systems in which macro-
scopic mechanical behavior is governed primarily by
engineered geometry, enabling unprecedented control
over stiffness, deformation mode, energy absorption, and
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wave propagation [41]. Unlike conventional construc-
tion materials whose properties are largely governed by
composition and processing, mechanical metamaterials
derive their multifunctionality from designed unit-cell ar-
chitectures and hierarchical assemblies, enabling unprec-
edented control over stiffness, strength-to-weight ratio,
deformation mode, wave propagation, and energy dissi-
pation [42, 43]. This geometry-driven paradigm allows
materials to exhibit properties that are difficult to achieve
in bulk solids, including negative Poisson’s ratio, quasi-
zero or negative stiffness, programmable compressibility,
and tailored band-gap behavior for vibration and wave
attenuation [44]. As illustrated in Fig. 5, architected me-
chanical metamaterials are conceived through a hierar-
chical design framework spanning intrinsic material con-
stituents, unit-cell geometry, assembled structures, and
device-level implementations, enabling ultralightweight
behavior, ultra-high stiffness, negative mechanical re-
sponse, and actively reconfigurable functionality that are
relevant for smart building systems.

Origami

[51]

Application phase

Overall phase

Unit phase

Material level (nm- pm)

In the context of smart and sustainable buildings, ar-
chitected mechanical metamaterials provides a transfor-
mative opportunity to decouple structural performance
from material intensity, thereby enabling lightweight,
multifunctional, and adaptive building components. By
encoding function into geometry, metamaterials allow
a single structural element to simultaneously serve load
bearing, vibration-mitigation, sensing, and energy-harves-
ting roles. This capability is relevant for next-generation
buildings, where structural components are expected to in-
teract with cyber-physical building systems, respond to
environmental stimuli, and contribute actively to resil-
ience and energy efficiency rather than acting as passive
supports [46]. At the building scale, distinct classes of ar-
chitected metamaterials offer application-specific advan-
tages depending on their deformation mechanisms and
geometric programmability. Origami-inspired metama-
terials, characterized by foldable and deployable archi-
tectures, are particularly well suited for adaptive fagades,
reconfigurable shading devices, and responsive building
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envelopes, where large, reversible shape transformations
enable dynamic regulation of daylight, ventilation, and
thermal exchange. Chiral and auxetic metamaterials,
exhibiting rotational deformation mechanisms and nega-
tive Poisson’s ratio behaviour, provide enhanced shear
resistance, energy dissipation, and fracture tolerance,
rendering them attractive candidates for seismic cores,
impact-resistant walls, and vibration-mitigating struc-
tural elements. In contrast, periodic lattice and cellular
metamaterials, including octet truss and triply periodic
minimal surface (TPMS) architectures, offer exception-
ally high stiffness-to-weight ratios and tunable damping
characteristics, enabling lightweight load-bearing floors,
adaptive slabs, vibration-isolating platforms, and multi-
functional structural components [47].

From a systems perspective, architected mechani-
cal metamaterials can be strategically integrated into
structural, foundation, envelope, and interior subsystems
of smart buildings. In structural and foundation systems,
periodic and locally resonant metamaterial architectures
enable attenuation of low-frequency vibrations and seis-
mic waves through the formation of frequency band gaps,
offering an alternative or complement to conventional
base-isolation techniques. Unlike traditional isolation sys-
tems which often suffer from large displacements or lim-
ited effectiveness against vertical motion, metamaterial
foundations can be designed to target dominant seismic
frequencies while preserving load-bearing capacity and
structural integrity [48]. A prominent example is the de-
velopment of seismic metamaterial foundations, where
periodic or locally resonant structures are embedded be-
neath building superstructures to attenuate both horizon-
tal and vertical seismic waves. Y. Jiang et al. experimen-
tally validated a scaled metamaterial foundation (MMF)

for a multi-storey building as exhibited in Fig. 6, dem-
onstrating effective vibration attenuation in ultra-low-
frequency regimes (<10 Hz) without compromising
structural stability [49].

The attenuation arised from geometry-induced band
gaps and local resonance effects, as evidenced by the dis-
persion characteristics shown in figure, rather than from
added material damping or mass. Despite this strong
vibration-filtering capability, the metamaterial founda-
tion preserved adequate load-bearing capacity and struc-
tural stability, thereby confirming the practical feasibil-
ity of metamaterial-based seismic protection strategies
for real civil infrastructure. In building envelopes and
interior systems, architected lattices and cellular meta-
materials provide enhanced vibration isolation, acoustic
attenuation, and impact resistance while significantly
reducing structural mass. Such characteristics are par-
ticularly beneficial for high-rise buildings, prefabricated
floor panels, fagade elements, and floating floors, where
vibration comfort and noise control are critical perfor-
mance metrics. Moreover, the ability to tune stiffness
and damping through unit-cell design enables adaptive
responses to changing occupancy, loading conditions,
and environmental stimuli [42, 50]. J. Shi et al. intro-
duced a metaconcrete backfill system incorporating lo-
cally resonant inclusions within a cementitious matrix to
suppress ground-borne vibrations. The experimental re-
sults demonstrated significant attenuation of traffic- and
rail-induced vibrations in the 5-30 Hz range, achieving
subwavelength vibration isolation that is not attainable
using traditional trenches or piles. This approach offers
a scalable solution for vibration-sensitive smart build-
ings located in dense urban corridors [51]. In another
study, Alavi established a foundational framework po-
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Fig. 6. MMF-frame model under plane- and bending-waves incident with unit cell subjected to periodic boundary condition (7);

dispersion curves of (i) (a); plane waves and (b) bending waves. Reprinted with permission from [49]. Copyright 2025, Else-

vier
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sitioning mechanical metamaterials as intelligent civil
infrastructure, showing that architected cementitious
and lattice-based systems achieved 2040 % reductions
in material density while retaining compressive strength
within ~10 % of conventional concrete, corresponding
to specific strength values exceeding 0.08 MPa-m*-kg!,
significantly higher than those of traditional construc-
tion materials. This geometry-induced efficiency enabled
seismic damping, vibration isolation functionalities to be
integrated within load-bearing systems.

Beyond mechanical functions, architected metama-
terials also serve as enabling platforms for multifunction-
al integration. By embedding smart material phases such
as piezoelectric, triboelectric, or magneto-responsive ele-
ments within architected frameworks, structural compo-
nents can function as distributed sensors, actuators, and
energy harvesters. This integration supports self-powered
structural health monitoring, real-time feedback, and in-
teraction with building management systems, thereby re-
inforcing the role of metamaterials within cyber—physi-
cal-material building architectures [52]. R. Hamzehei et
al. reported multifunctional 3D-printed sinusoidal me-
chanical metamaterials that combine quasi-zero stiffness
(QZS) vibration isolation with integrated energy harvest-
ing, enabling self-powered components for smart build-
ings [52]. The lattices were fabricated from thermoplastic
polyurethane (TPU) for reversible buckling of sinusoidal
struts to achieve QZS behavior and effective vibration
isolation for excitation frequencies above ~15 Hz, where
transmissibility dropped below unity. A piezoelectric bi-
morph actuator positioned in high-strain lattice regions
produced peak voltages of ~3 V and power densities
of 600700 nWg! at 15 Hz. Additionally lead zirconate
titanate (PZT) patches mounted on a semi-honeycomb
support generated ~500 mV with power densities ap-
proaching 800 pWg' at ~90 Hz, sufficient to power
low-energy wireless sensors, demonstrating the feasi-
bility of self-sustained vibration isolation and structural
health monitoring in next-generation smart buildings. At
the material-system level, Barri et al. developed nano-
generator-integrated metamaterial concrete, embedding
auxetic polymer lattices within a conductive cementi-
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tious matrix [53]. The resulting composites achieved up
to 15 % reversible compressibility under cyclic loading
while delivering a peak electrical power output of ap-
proximately 330 pW, enabling simultaneous load-bear-
ing, energy harvesting, and self-powered sensing. These
geometry-driven material classes enable the rational tai-
loring of mechanical performance at architectural scales,
supporting the integration of adaptability, resilience, and
multifunctionality within next-generation smart and sus-
tainable building systems.

Energy-Harvesting and Smart Functional Composites

Energy-harvesting functional composites are eme-
rging as a critical materials platform for net-zero and
climate-resilient buildings, as they convert ubiquitous
building excitations like ambient vibrations, cyclic ser-
vice loads, footfall, fagade/wind-induced oscillations,
and thermal gradients into usable electrical energy while
simultaneously enabling self-powered sensing and
structural intelligence [54-56]. Unlike conventional re-
newable energy systems such as rooftop photovoltaics
or external energy storage units, these material systems
embed energy transduction mechanisms directly within
the building fabric, enabling distributed, decentralised,
and maintenance-free power generation while preserving
structural integrity [57]. This paradigm shift transforms
buildings from passive energy consumers into energy-
active infrastructures, capable of harvesting ambient me-
chanical, thermal, and environmental stimuli inherent to
the built environment [58].

As illustrated in Fig. 7, energy-harvesting and smart
functional composites can be strategically integrated into
floors, foundations, walls, facades, and roof systems,
where they harvest mechanical and thermal energy gen-
erated during routine building operation [59]. The locally
generated electrical output is utilised to power distributed
sensor nodes for structural health monitoring, vibration
tracking, occupancy detection, and environmental sens-
ing, enabling continuous data acquisition without reli-
ance on external power infrastructure. When coupled
with conductive or self-sensing composite matrices, these
systems further support real-time detection of strain evo-
lution, crack initiation, and damage accumulation [60].
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This decentralised, material-embedded energy and sens-
ing architecture transforms the building from a passive
energy consumer into an energy-active, information-rich
system, capable of predictive maintenance, adaptive re-
sponse, and enhanced operational resilience. Such mate-
rial-centric intelligence underscores the pivotal role
of energy-harvesting functional composites in next-
generation green buildings, where sustainability, durabil-
ity, and smart functionality are co-designed at the mate-
rial level. In a study by H.B. Birgin et al., the eco-earth
cement composite reinforced with carbon microfibers
integrating strain-sensing functionality into sustainable
construction materials was studied [60]. By partially re-
placing cement and introducing carbon microfibers near
the electrical percolation threshold (0.025-0.25 wt. %),
the composite achieved gauge factors exceeding 100
while maintaining adequate mechanical integrity for
non-load-bearing and low-rise building applications,
highlighting multifunctionality embedded at the material
level, reducing environmental footprint while enabling
real-time structural monitoring.

Further, in a study by M. Ergiin et al., a smart rein-
forced concrete (RC) building was numerically modelled
using finite element (FE) analysis and instrumented with
piezoelectric sensor locations, with the numerical frame-
work validated through a corresponding experimental
setup as shown in Fig. 8 [61].

The structure was subjected to realistic service-level
live loads representing occupants and furniture, as well
as seismic excitations applied in the vertical direction
to simulate earthquake-induced vibrations. The experi-
mentally measured vibration responses showed strong
agreement with FE predictions for an initial displacement
of 18 mm, demonstrating accurate capture of the sys-
tem’s dynamic characteristics. A similar correspondence
was observed at a higher initial displacement of 28 mm,
confirming the robustness of the numerical model in

predicting vibration behavior and energy-harvesting-
relevant responses under varying excitation intensities.
In a study by W. Thongthapthai et al., a portland
cement (PC) and natural rubber (NR) based triboelec-
tric nanogenerator (PC/NR-SL-T TENG) positioned as
a smart energy floor for harvesting biomechanical excita-
tions (walking, running, crowd-induced vibrations) was
developed [61]. Within 1-10 Hz, the peak-to-peak volt-
age (Vpp) increased from 46 V (1 Hz) to 242 V (10 Hz),
evidencing a strong frequency-mediated amplification
relating to real ambient excitation spectra in built en-
vironments. The power density reached 3.27 W/m? at
5 N and 5 Hz, which is ~11 times higher than pristine
PC TENG (0.29 W/m?). The floor is further reinforced
by capacitor having charging capability (10—47 pF)
under 5 N and 5 Hz via a rectifier circuit, indicating
feasibility for intermittent powering or buffering strate-
gies in self-powered sensing nodes. In a similar study,
He et al. targeted the long-standing moisture sensitiv-
ity of wood-based triboelectric systems by engineering
an all-wood-based TENG (AW-TENG) using treated wood
as the friction layer and compressed—carbonized wood as
the electrode, thereby enhancing hydrophobicity and
conductivity through processing [63, 64]. Under a high-
humidity environment (80 % RH), the optimized
AW-TENG achieved open circuit voltage V= 50.85 V
and short circuit current /, .=0.72 uA. In contrast to cementi-
tious TENG floors, the AW-TENG route leverages bio-
mass engineering and wood-electrode carbonization ad-
dressing environmental robustness. Further, E. Keel et al.
reported a high-output TENG based on 3D graphene
foam (3DG)/PET, where the graphene surface exhibited
a hydrophobic contact angle of 138.52° and a surface
roughness of 2.4 = 0.5 um, both contributing to enhanced
charge generation and reduced interfacial adhesion.
The 3DG-based device delivered an open-circuit voltage
0f 400V, a short-circuit current of 105.7 pA, and an output
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Fig. 8. FE model and sensor locations of smart RC building along with its experimental setup («); live and Seismic loads (b);
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power density of 10,372 mWm™ at 3 Hz with a 40 MQ
load resistance.

In complementary to floor-based harvesting, roof-
integrated triboelectric systems have been explored for
capturing rainfall-induced mechanical energy. In a study
by Dai et al., a droplet energy harvester (DEH) was eval-
uated on roofs with varying inclination angles and archi-
tectural geometries [54]. For inclined roofs, the instan-
taneous peak power per droplet decreased sharply with
increasing tilt angle, from 81.6 W at 100° to 0.42 pW at
180°, highlighting the role of impact dynamics and slid-
ing behavior. For different roof morphologies, the DEH
generated 12.14 uW on a classical roof, 146.6 pW
on a dome-shaped roof, and 86.3 W on a tower-type
roof, demonstrating that architectural curvature signifi-
cantly influences energy harvesting efficiency. Under
simulated rainfall, a 4.7 puF capacitor was charged to 1.0,
0.4 and 0.2 V at flow rates of 9, 45, and 64 mLs™', respec-
tively. The Table 2 compares TENG based on different
materials as a triboelectric layer.

Further, yarn-based smart cement composites incor-
porating braided core sheath triboelectric yarns embedded
directly within Portland cement have demonstrated that
structural reinforcement, mechanical energy harvesting,
and self-powered sensing can be achieved simultaneous-
ly [74]. Through controlled modification of yarn surface
morphology, triboelectric output voltages were enhanced
by more than 120 %, while full-scale pavement imple-
mentations achieved 100 % accuracy in vehicle classifi-
cation, speed detection, and pedestrian recognition when
coupled with wireless data transmission and deep-learning
algorithms. Complementary to yarn-reinforced cement,
conductive cement-based composites incorporating car-
bon fillers near the electrical percolation threshold further
enable cement to function as a structural energy material.
These systems support contact-electrification-driven tri-
boelectric energy harvesting from wind, biomechanical
motion, while also functioning as structural capacitors

capable of local energy storage. Yuan et al. investigated
geopolymer-based thermoelectric composites as infra-
structure-native energy materials for buildings [74]. By
incorporating conductive fillers, the geopolymer exhibited
a Seebeck coefficient of up to 1,092 uV K at 293 K and
a maximum power factor of 0.84 pWm K2, while main-
taining compressive strength of 33.4 MPa.

In another study, Ra et al. studied a cement-based
conductive composite triboelectric nanogenerator (CBC-
TENG) integrated into a net-zero energy structure, as
illustrated in the Fig. 9 showing wall (wind), floor (hu-
man motion), and roof (raindrop) harvesting modes [12].
The wall-mounted CBC-TENGs under wind, generated
a continuous rectified output voltage of ~5 V, whereas
floor-integrated CBC-TENGs harvested biomechani-
cal energy via solid—solid contact electrification during
repeated stepping, producing stable alternating outputs
after rectification. Roof-mounted CBC-TENGs, oper-
ating through liquid—solid contact electrification, gen-
erated voltages from deionized water droplets at 1 Hz
and 65° roof inclination, with output voltage increasing
systematically with droplet frequency. Beyond cementi-
tious materials, C. Prouskas et al. proposed a U-shaped
light-trapping dye sensitized solar cell (DSSC) architec-
ture designed for outdoor operation [75]. The geometry
redistributes incident sunlight onto vertically mounted
DSSCs via internal reflection, effectively reducing lo-
cal irradiance and limiting photo-degradation. The con-
figuration enabled a fill factor increase to ~96 % under
outdoor illumination, while maintaining electrical energy
generation comparable to conventional vertically irradi-
ated DSSCs. Apart from photovoltaic envelopes, Fu et al.
developed thermotropic ionic hydrogel smart windows
that couple adaptive solar regulation with thermoelectric
energy harvesting [76]. The hydrogel exhibited a revers-
ible phase transition near 26 °C, enabling high luminous
transmittance (>90 %) below the transition temperature
and strong solar modulation (=80 %) above it. Simulta-

Table 2. Comparison of TENG based on different materials as a triboelectric layer

Materials Properties References
Electronegative Electropositive Open Circuit Short circuit Output power
Voltage V , V current [ , pA density P,
mW/m?

. Laser Induced
Polyimide Graphene 3,500 60 2,361 [65]
Graphite Crumpled Graphene 15 - 15 [66]
PDMS CNT 383 25 8,000 [67]
Polyethylene T
terephthalate Silk Fibroin Films 213.9 0.34 68 [68]
PDMS Shear Exfoliated 233 0.731 131.4 [69]

Graphene

Polyethylene
terephthalate 3D Graphene 400 105.7 10,372 [70]
PLA Gelatin 500 16 5,000 [71]
Nitrocellulose paper | Weighing paper 360 250 - [72]
Carbon-filled PVDF | Nylon-6 1.4 6 19.7 [73]
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electrification-driven energy harvesting mechanism enabled through the incorporation of CBC (b). Reprinted with permission
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neously, the temperature-gradient-driven ionic transport
generated a pronounced thermoelectric response, with
a seebeck coefficient of 39.03 mVK™!, a power factor
of 0.838 mWm'K™, and an areal energy density up to
250 mJm 2, demonstrating multifunctional window ele-
ments for smart buildings.

Future Scope

The advancement of green and smart building tech-
nologies requires a transition from single-function con-
struction materials toward intrinsically multifunctional,
adaptive, engineered material systems capable of sus-
taining performance under severe conditions. The de-
velopment of hybrid smart materials integrating thermal
regulation, mechanical resilience, self-sensing, and en-
ergy transduction within a unified material framework
would reduce interfacial complexity and enhance func-
tional synergy. Such materials require advanced com-
posite architectures in which latent heat storage phases,
conductive networks, and stimuli-responsive polymers
coexist without adverse cross-coupling effects. Further,
the design of fatigue-resistant and self-stabilizing mate-
rial chemistries leveraging dynamic covalent bonding,
supramolecular interactions, or reversible crosslinking
mechanisms is critical for sustaining functional integrity
under prolonged cyclic thermal and mechanical load-
ing. Architected mechanical metamaterials should ad-
vance toward geometry-programmable systems capable
of adaptive stiffness modulation, vibration attenuation,
and reconfigurable energy dissipation through material
phase transitions or stress-induced instabilities. In addi-
tion, the emergence of energy-active structural materials,
where cementitious, polymeric, or bio-derived matrices
embedded with triboelectric, piezoelectric, or thermo-
electric phases function simultaneously as load-bearing
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components and distributed energy harvesters is critical.
The smart materials must also exhibit environmental ro-
bustness, maintaining stable functional responses under
humidity, ultraviolet radiation, and temperature extremes
through encapsulation and surface-engineering strate-
gies. The materials should be bio-inspired and lifecycle-
engineered material systems that combine hierarchical
design, intrinsic self-sensing capability, and recyclability,
enabling buildings to evolve into energy-active, informa-
tion-rich, and sustainable infrastructures rather than pas-
sive structural assemblies.

CONCLUSION

Smart and green buildings have emerged as a cen-
tral component of global strategies aimed at mitigating
climate change, reducing resource consumption, and
improving the resilience and livability of the built en-
vironment. As buildings transition from static energy
consumers to adaptive and performance-driven systems,
advanced materials play a decisive role in enabling this
transformation. This review has examined next-gener-
ation smart and multifunctional materials that support
the development of intelligent, low-carbon, and climate-
resilient buildings. Material systems such as architected
mechanical metamaterials and energy-harvesting func-
tional composites demonstrate the essential functions
of a building including thermal regulation, vibration
mitigation, energy conversion, sensing, and adaptive
response, which can be intrinsically embedded within
structural and envelope components. By leveraging ma-
terial composition, microstructural design, and geometry-
governed behavior, these systems enable functionality to
emerge directly from the material rather than through
external subsystems. The growing integration of respon-
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sive and self-sensing materials further strengthens this
paradigm by enabling condition awareness, functional
adaptability, and performance stability under dynami-
cally varying environmental and occupancy conditions.
The continued advancement in material design and
performance is improving reliability and supporting

alignment with building-scale requirements. These de-
velopments position smart materials as key enablers for
constructing buildings as adaptive, energy-active, and in-
telligent systems capable of contributing meaningfully to
long-term sustainability, climate resilience, and human-
centric performance.
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