Biomedicine Radioengineering MexxayHapoaHbIN Hay4YHO-NPUKaQHOM XypHan

BHOMEMLUHCKAR] < N
PATHOSMEKTPOHM

FnaBHbIA penakTop: akagemuk PAH HO.B. TYJISIEB

Bbixogut c 1998 r.

BknioyeH B nepeyeHb BAK
PepakumoHHasa A.d.-M.H., npod. O.B. Beukuit (3aM. rnaBHOro peaakropa), 4.7.H., npod. A.l. I'yakos, K.T.H. C.I. TypxuH,
Konnerns: A.T.H., A.d.-M.H. M. Xapobos (®paHums), A.T.H. npod. B.W. Xynes, A.T.H., npod. K.B. 3aitueHko, A4.M.H., npod.
' B.®. Kupnuyk, k.d.-M.H. B.B. Konecos, k.6.H. T.W. KoTpoBckasi, A.T.H. A.l. Kpenuukuid, a.M.H. A.lO. Jlebenesa,
A.6.H., npod. H.H. Jllebepesa, A.x.H., npod. A.K. JlaweHko, Aa.¢.-M.H.,, npod. B.H. Makapos, 4.6.H.
M.B. MatBeiuyk, A.T.H., npod. .M. Myxa, A.¢.-M.H., npod. H0.B. O6byxoB, A.¢.-M.H., npod. tO.A. Mnporos,
A.¢0.-M.H., npod. H.W. CuHuupbH, A.T.H., npod. JI.T. CywkoBa, K.T.H., npod. B.[. TynukuH, A.T.H. WU. Taydep
(Yewckas pecnybnuka), a.d.-M.H., npod. B.A. YepeneHuH, K.@.-M.H. [0.M. YykoBa, A.¢.-M.H., npod. A.l'. LLewnH,
A4.T.H., npoc. C.U. LLlykuH (3aM. rnaBHOro peaakropa), 4.T.H., npod. 3.M. tOngawes

Editor-in-Chief Academician RAS Yu.V. GULYAEV

itori : Dr.Sc. (Phys.-Math.), Prof. O.V. Betskii (Deputy Editor), Dr.Sc. (Phys.-Math.), Prof. V.A. Cherepenin, Dr.Sc.
Editorial Board: 7S b oF AG. Gudkov, Dr.5e. (Med.), Prof. W.F. Kirichuk. Dr.Sc. (Med.) AU, Lebedeva, Dr.Sc. (BiolY, Prof.
N.N. Lebedeva, Dr.Sc. (Chem.), Prof. A.K. Lyashchenko, Dr.Sc. (Phys.-Math.), Prof. V.N. Makarov, Dr.Sc. (Biol.)
L.V. Matveichuk, Dr.Sc. (Eng.), Prof. Yu.P. Mukha, Dr.Sc. (Phys.-Math.), Prof. Yu.V. Obukhov, Dr.Sc. (Phys.-Math.),
Prof. Yu.A. Pirogov, Dr.Sc. (Eng.), Prof. S.I. Shchukin (Deputy Editor), Dr.Sc. (Phys.-Math.), Prof. A.G. Shein,
Dr.Sc. (Phys.-Math.), Prof. N.I. Sinitsyn, Dr.Sc. (Eng.), Prof. L.T. Sushkova, Dr.Sc. (Eng.), Prof. I. Taufer (Czech
Republic), Dr.Sc.éEng.), Prof. Z.M. Yuldashev, Dr.Sc. (Eng.), Prof. K.V. Zaichenko, Dr.Sc. (Phys.-Math.) M. Zhadobov
(France), Dr.Sc. (Eng.), Prof. V.I. Zhulev, Ph.D. (Phys.-Math.) Yu.P. Chukova, Ph.D. (Eng.) S.G.Gurzhin, Ph.D. (Phys.-
Math.) V.V. Kolesov, Ph.D. (Biol.) T.I. Kotrovskaya, D.Sc. (Eng.) A.P. Krenitskii, Ph.D. (Eng.), Prof. V.D. Tupikin

Editors of issue: = PepgakTopbl Bbinycka:

Prof. Sergey I. Shchukin

Baumann Moscow State Technical University,

Russia

Prof. Sergey Selishchev

National Research University of Electronic Technology,
Moscow, Russia

A.T.H., npoceccop C.U. LLlykuH

MockoBckunif rocyaapCcTBeHHbINi TEXHUYECKUU
yHusepcurer um. H.3. baymana

A.T.H., npocdeccop C.B. Cenuwes

HaynoHaIbHbIi NCCIE40BATENLCKUA YHUBEPCUTET
«MOCKOBCKMIf MHCTUTYT 3/1EKTPOHHOH TEXHUKU»

Proceedings of the 13t Russian German Conference on Biomedical Engineering
23.05.2018-25.05.2018, Aachen, Germany

Conference Chairs
Chair: Prof. Dr.-Ing. Dr. med. Steffen Leonhardt, Philips Chair for Medical Information Technology (MedIT),
RWTH Aachen University, Germany
Co-Chair: Prof. Jaakko Malmivuo, PhD, Chair of Electronics and Medical Signal Processing (EMSP),
Technische Universitat Berlin, Germany

Scientific Committee

Prof. Hubertus FeuBner, Technical University of Munich, Germany; Prof. Birgit Glasmacher, Leibniz Universitat Hannover, Germany;
Prof. Thomas Gries, RWTH Aachen University, Germany; Prof. Tobias Ortmaier, Leibniz Universitat Hannover, Germany; Prof. Sergey
Selishchev, National Research University of Electronic Technology, Moscow, Russia; Prof. Sergey I. Shchukin, Baumann Moscow State
Technical University, Russia; Prof. Ludmila T. Sushkova, Vladimir State University, Russia; Prof. Zafar Yuldashev, Saint-Petersburg State
Electrotechnical University LETI, Russia

The Russian Bavarian Conference on Biomedical Engineering (RBC) was founded 2005 in Munich. Thereafter, the conference
established itself as a fruitful information exchange platform for researchers from Russia and Germany. The conference location
alternated equally between cities in Russia and the southern part of Germany. After the successful 8" RBC conference in Moscow the
steering committee decided to broaden the focus and establish a new conference: the Russian German Conference (RGC) on Biomedical
Engineering. The goal is to serve as meeting point for information exchange and as venue for initiating bilateral Russian German
research projects within the conference’s scope. The first RGC on Biomedical Engineering took place in 2013 Hanover, Germany.

Previous conferences:
2016: 12th Russian-German Conference on Biomedical Engineering, 04-07.07.2016, Vladimir State University, Suzdal, Russia — Link to Proceedings
2015: 11th German-Russian Conference on Biomedical Engineering, 17-19.06.2015, RWTH Aachen University, Germany
2014: 10th German-Russian Conference on Biomedical Engineering, 25-27.06.2014, Saint Petersburg State Electrotechnical University «LETI»,
St. Petersburg, Russia
2013: 9th Russian-German Conference, 23-26.10.2013, Hanover, Germany
2010: 6th Russian-Bavarian Conference on Biomedical Engineering, 8-12.11.2010, Bauman Moscow State Technical University, Russia
2009: 5th Russian-Bavarian Conference on Biomedical Engineering, 01-04.07.2009, Munich, Germany
2008: 4th Russian Bavarian Conference on Biomedical Engineering, Moscow Institute of Electronic Technology, 07-11.07.2008 — Link to Proceedings
2007: 3rd Russian-Bavarian Conference on Biomedical Engineering, 02—-03.07.2007, Friedrich-Alexander-University Erlangen-Nuremberg, Germany
2006: 2nd Russian-Bavarian Conference on Bio-Medical Engineering, 14-15.06.2006, Bauman Moscow State Technical University, Russia
2005: 1st Russian-Bavarian Conference on Bio-Medical Engineering, 13-14.10.2005, Munich, Germany


http://freme.vlsu.ru/trudy_pdf/RGC-2016-Proceedings.pdf
http://rgc2015.hia.rwth-aachen.de/
http://www.eltech.ru/en/university/events/novyy-resurs23
https://www.rgc2013.uni-hannover.de/
http://campar.in.tum.de/RBC/WebHome
https://mediatum.ub.tum.de/doc/1289275/file.pdf
http://www5.informatik.uni-erlangen.de/Forschung/Konferenzen/Biomed07/
http://wwwmayr.in.tum.de/konferenzen/Biomed06/index.html

13-1 Poccuiicko-IFepmaHckana koHdepeHuusa no 6MoMeanLIMHCKON NH)KEHepUn
23.05.2018-25.05.2018, AaxeH, N'epmanus

OpraHu3auMOHHbI KOMUTET
PykoBoACTBO KOHepeHuuK:
Pykosogutenb: npod. A.T.H, A.M.H., Steffen Leonhardth (C.K. JleoHxapa), 3aB. kadeapon MHHOOPMALMOHHBIX TEXHO-
JIOTUI B MeanUmnHe, PerHcKo-BecTdanbCkuii TeXHUYeCcknin yHuBepcuteT AxeHa, FrepMaHmsi.
3amecturtenn: npod., K.1.H., Jaakko Malmivuo (Fakko ManMmBo), BepnMHCKUI TEXHUYECKUI YHUBEPCUTET, kadeapa
3NEKTPOHMKM 1 06paboTKN MeaMUMHCKUX CUrHanoB, FepManus.
HayuHblii koMuTeT:
Mpod. Hubertus FeuBner, MIOHXEHCKMIA TEXHUYECKUN YHUBEPCUTET, MepMaHust
MNpod. Brigit Glasmacher (Bpurut MMacMaxep), FAHHOBEPCKMI YHUBEPCUTET MMeHU JlelnbHuua, FepMaHus
Mpod., Thomas Gries (Tomac Mpu3), PelHcko-BecTdanbCkuii TEXHUYECKUI yHUBEPCUTET AxeHa, I'epMaHusi
Mpod. Tobias Ortmaier(Tobuac AptMaep), FaHHOBEPCKMIA YHMBEPCUTET MMeHN JleiibHnua, Mepmanms
MNpod. Cenunuwes C.B., HaunoHanbHbI MCCNeAoBaTENLCKUN YHUBEPCUTET MOCKOBCKUIM MHCTUTYT 3NIEKTPOHHOM TEXHUKM, Poccust
Mpod. WykuH C.U., MockoBckuit rocyuapCTBeHHbM TEXHUYECKUN YHUBEPCUTET UM. BayMaHa, Poccus
Mpod. Cywkosa J1.T., Bnagumupckui rocy.anJCTBeHHblVl yHuBepcuTet, Poccum
Mpod. Ongawes 3.M., CaHkT-TleTepbyprckuii rocyAapCTBEHHbIN 3NEKTPOTEXHUYECKUIA YHUBEpcUTET J19TU, Poccusi

Poccuiicko-baBapckasi koHdepeHuusi no GuomMeanumnHckon nHxeHepun (PBK) 6bina BrnepBble nposefeHa B 2005 r. B r. MioHxeHe. C

3TOr0 MOMEHTa, KOHdepeHUMs npeacTaBnseT coboi NpoayKTVBHYKO nnatdopmy ans obMeHa MHGOpMauuM ydeHbiMM U3 Poccum u

['epmaHuun. MecTo npoBeaeHnst koHdepeHuun YepeaoBasnock Mexay ropopamm Poccum 1 tOXKHOW YacTh FepmaHuu. Mocne ycnewHow 8-

KOHdepeHumn PBK B MockBe, pyKOBOAAWMM KOMUTET pelnn paclumputb MHQPOPMALMOHHOE MoNne W OpraHvM3oBaTb HOBYHO

KOHdepeHUMto — Poccuiicko-TepMaHckyto  KoHdepeHumto. OCHOBOM 3ajadveit SBASIETCS  OpraHusaums BCTpeuu ans obMmeHa

nHcbopMaumen, a TaKke ANS WMHULMWMPOBAHWSI POCCUIMCKO-TEPMAHCKMX WCCNeA0BaTEeNbCKUX MPOEKTOB B paMKax MpoBOAMMON

KoHdepeHuum. MepBas Poccuiicko-MepMaHckas koHdepeHumns Brepsble 6bina nposeaeHa B 2013 r. B FepMaHuu B . FTaHHOBEpE.
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Tissue layers three-dimensional structure formation by nanosecond laser pulses
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®opMupoBaHHe TPEXMEPHOH CTPYKTYPHI CJI0EB TKAHH € MOMOIIBI0O HAHOCEKYH/IHBIX J1a3ePHBIX HMITY.IbCOB
Bacunescxuti I1LH.!, I'epacumenko A.F0."?, Casenves M.C.'?, Tepewenxo C.A.!
! HaumoHabHbIH HCCIIE0BATENbCKUI YHIBEPCUTET «MOCKOBCKHI MHCTHTYT 3JIeKTPOHHOM Texuukmy (HAY «MUDT»),

3enenorpan, Poccus,

2 [epBbiit MOCKOBCKUIA rOCYIapCTBEHHBIN MeMIMHCKUI yHuBepeuteT umenn M. M. Ceuenosa.
IomydueHs! TpexMepHBIE TKaHEHH)XEHEPHBIXE KOHCTPYKIUHM Ha OCHOBE OEJKOB albOyMHHAa M KOJUIareHa C BHYTPEHHUM
KapKacoM M3 yTrJIEpOAHBIX HaHOTPYOok. OmnpenieneHsl HeNUHEHbIE CBONCTBA OENKOBBIX BOJHBIX TUCHEPCUH C yriIepOAHBIMU
HaHOTpyOKaMH. YBenMdeHNe 3HaUeHHI HelnHeHHOro ko3 dunmenTa nornomenns ¢ 1o0aBIeHHEM yIriIepoAHbIX HAaHOTPYOOK
TIO3BOJISIET MPEIOJIOKNUTD, YTO HAHOTPYOKH MOTJIOMIAIOT OOJIBIIYIO YacTh JIA3€pHOTO M3IYYSHHUS IO Mepe YBEIHYEHHS ero
CBETOBOT'O MOTOKA.
Knioueswvie cnosa: HennHelHas ONTHKA, YIIICPOJHBIE HAHOTPYOKH, IPHIMEHEHNE Ja3epa, MOIHOCTS JIa3epa, MOTJIOIICHHUE.

Biotechnical system for automatic assessment of facial nerve dysfunction rate
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Buorexnuyeckas cucTeMa aBTOMATHYECKOIi OLlGHKH CTelleH! NMOBPeKAeHHs JIMIeBOro HepBa
Jlasposa E.A.', Camopodos A.B.!, Mopooeckuii A.B.?, Kyopun K.I'?, Ionsakos I1.4.°
IMI'TY umenu H.D. Baymana, Mocksa, Poccust
2 MHUOMU um. T1.A. Tepuena
IIpencraBieHsl pe3ynbTaThl HCCIEHOBAHUS METOJa aBTOMATHYECKON OIIEHKHM CTEIEHHM IOBPEXJICHHS JMIEBOTO HEpBa,
OCHOBAaHHOTO Ha KOMIBIOTEPHOM aHAJIN3€ BUACOM300paxkeHWs Jmna. Pa3zpaboTaH MeTOH PErucTpary BHACOU300paXKCHHS
nura. [IpuBeneHs! HHAEGKCH ACHMMETPUH JIHIIA, TOTYYSHHBIE B pe3yJIbTaTe 00paOOTKH BUIEON300pasKeHNUS JIULA, PE3YTbTaThI
CpaBHEHHUS MH/EKCOB aCHMMETPHH MAlMEHTOB M MpeJCTaBUTeNed KOHTPOIBHOI rpynmsl. OnpeneneHsl Hanbonee nHMOpMa-
THBHBIC HHJICKCHl aCHMMETPHU JIUIA.
Kniouesvie cnoea: aBTOMaTHUECKUH aHANN3 M300pa)KeHHs JMIA, KOHTPOJIBHbIE TOUKHU JIMLA, TOBPEXICHHE JIUIEBOIO HEPBA,
ACHMMETPHS JINIA.
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Variation in Local Pulse Wave Velocity over the Cardiac Cycle: In-Vivo Validation

using Dual-MPG Arterial Compliance Probe

Nabeel P.M., Jayaraj Joseph and Mohanasankar Sivaprakasam ....
Bapuanust 10KaabHOI CKOPOCTH MYJIbCOBON BOJIHBI, ONIpee/sieMoii B TedeHHe cep/leYHOro IMKIa:
BaJINJALMs In-vivo ¢ HCN0JIb30BAHNEM ABYX3JIEMEHTHOI0 MATHUTHOTO IJ1IeTH3MOrpa)uyecKoro apTepuajbHOro 30H1a
Habenw I1.M., [Dicatiapaii [oc., Moxanacankap C.
Wupniickuii TeXHOIOrM4eCKU HHCTUTYT Magnpaca
IIpencrasien MeTon U cUCTeMa IPSMOIO U3MEPEHUS JIOKAIbHBIX M3MEHEHUI CKOPOCTH IIyJIbCOBOW BOJIHBI, ONpEJesieMOi B
TEUeHUE CEepACYHOrO IMKia. PazpaboTaH HOBBIM JBYXIIEMEHTHBIII MarHUTHBIN TUIETH3MOTPadUUECKUi apTepUaIbHbIA 30HI.
HccnenoBanus Ha 15 310pOBBIX TOOPOBOJBLAX MOKA3aJM BO3MOXKHOCTH OLIEHKH JIOKATbHOW CKOPOCTH IMYJIbCOBOM BOJIHBL
[Tpeanaraemsii 3001 He TpeOyeT KATHOPOBKU U 00eCIeUnBaEeT BO3MOKHOCTh O€3MAaH)KETHOM OILIEHKH NapaMeTpOB apTepHalb-
HOTO JIaBJICHUS OT IOBEPXHOCTHBIX apTepUil B KaXKJOM KapAUOLUKIIE.
Kniouesvie cnoea: MarHUTHBIA IUIETH3MOTpAaUIECKU 30HJ, HEMHBA3UBHBIC HW3MEPEHHS, BapHalys JIOKaJIbHOH CKOPOCTH
MyJIbCOBOI BOJIHBI,0€3MaHKETHAs OL[EHKA TapaMETPOB apTEPHAIBHOTO AaBJICHUSL.
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I'eMopuHaMuYecKHe MPOOBI ISt HHAYIHPOBAHUS U3MEHEHUH apTePHAILHOI0 1aBJIEHHUS B JA00PATOPHBIX YCJIOBHAX
Habenv I1.M., Cypua B., [caiiapaii []oc., Moxanacanxap C.
Wnauiickuii TeXHOJIOTHYECKUI HHCTUTYT Manpaca
PaccMOTpeHBI AT YNpaXHEHUH, BIMAIOMNX HAa TeMOJWHAMUKY W IMPUBOAAMNX K O€30MacHOMY KOHTPOIMUPYEMOMY H3Me-
HEHUIO apTepHAIBHOTO JaBieHus. [1oirydeHsl JaHHbIe H3MEHEHHNS apTepHAIBEHOTO JAaBICHUS BO BPeMsI KJKIOTO YIPaKHEHHS H
TOCJIe €ro OKOHYaHMs. Pe3ysbTaThl MOTYT OBITH HCIIONB30BaHBI JUIsl cOOpa MAaHHBIX JUISL Pa3sBUTHS MOJENeH MpencKa3aHHs
apTepHAILHOTO JaBJICHHS B CUCTEMaX 0€3MaHKETHOTO MOHUTOPUHTA.
Kniouesvie cnosa: reMopHaMUIECKHe IPOOBI, KOHTPOIMPYEMOE H3MEHEHHE apTepHAILHOTO JABJICHHUS, BPEMsI BOCCTAHOBIICHHSL.
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HeunBa3uBHas OlleHKA BAPpHALMII HHKPEMEHTHOI0 MOIYJIsl yIPYTOCTH apTepHH,
omnpeesieMoro B TeeHHe cepevHOro MuKIa
Paii K., Habenw I1.M., /icatiapaii [owc., Moxanacauxap C.
Wnauiickuii TEXHOJOTHYECKUH HHCTUTYT Manpaca
IpemnoxeH 30H1 Ul HEMHBA3MBHOTO U3MEPEHUS] MHKPEMEHTHOTO MOMYJIS YIPYrOCTH apTepHH, COAEpP KaIlUi OAUH yIbTpa-
3BYKOBOH ITpeoOpa3oBaTesb U TOHOMETP ISl OAHOBPEMEHHOTO ONpEIENeH s TONIINHBI CTEHKH apTepHH, ee JuaMeTpa U IMyJib-
COBBIX BOJIH. DKCIIEpUMEHTAIBHEIE HccieoBanus Ha 10 1oOpoBoIIbIIaX ITOKa3aIn JOCTOBEPHOCTD BBITIOIHIEMBIX H3MEPEHHH.
Kniouesvie cnosa: THKpEMEHTHBIN MOYIIb YIIPYTOCTH apTepHH, YIBTPa3ByKOBOH MpeoOpa3oBaTeib, TOHOMETPHS, 30HM IS He-
WHBA3UBHBIX H3MEPEHUIL.

The pattering of biostructures with carbon nanoframe in protein matrix

Natalia Zhurbina, Alexander Gerasimenko, Olga Glukhova, Michail Slepchenkov, Michail Savelyev,

Levan Ichkitidze, Vitalii Podgaetskii, Sergey Selishchev, Evgeniy Kitsyuk and Alexander Paviov ...............cccccccvvvveevcnecnenncn. 19(133)
CTpyKTypupoBaHHe 0MOKOHCTPYKIHIA C yriIepoAHbIM HAHOKAPKACOM B 0eJIKOBOIi MaTpuIe
Tepacumenxo A.JO."?, Imyxosa O.E.3, Cnenuenxoe M.M.?, Kypouna H.H.!, Casenves M.C."?,
Huxumuoze JLIL'?, Ioozaeyxuii B.M.!, Cenuwes C.B.!, Kuyrox E.I1? Ilasnos A.A.°
! HanoHanb bl UCCIIEN0BaTeNbCKUN yHUBEPCUTET «MOCKOBCKUM HHCTHTYT 2JIEKTPOHHON Texuuku» (HAY «MUDTy),

3enenorpan, Poccus

2 IepBblii MOCKOBCKHIA rOCYAapCTBEHHbIN MEAMIMHCKUH yHuBepeuTeT nMenn .M. CeuenoBa
3 CapaTOBCKHMii rOCY1apCTBEHHBIH YHUBEPCUTET
4 Hay4HO-TIpOM3BOACTBEHHBI KOMILIEKC « T€XHOIOTHYECKHIA LIEHTP»
S MHCTHTYT HAHOTEXHOJIOTMI MUKPO3JIeKTpoHuku PAH
IIpuBenens! pe3yabTaThl SKCIEPUMEHTOB 110 CTPYKTYPHPOBAHUIO OMOKOHCTPYKIUH C YTIIepOJHBIMHAHOKApPKACOM B OEJIKOBOM
Matpuiie. BrIgBieH MexXaHW3M CBSI3BIBAHHS OJHOCTEHHBIXYTJIEPOJHBIX HAHOTPYOOK ITOJ JEHCTBHEM JIa3epHOTO H3IIydeHUS.
IlpencraBneHbl CHHTE3UPOBAHHBIE 00pa3Ibl KAPKACHOTO HAaHOMAaTepualia Ha OCHOBE Pa3BETBICHHOU CTPYKTYpPhI YIIIEPOAHBIX
HAHOTPYOOK. DKCHEPUMEHTAIBHO UCCIE0BAHO U MPOJAEMOHCTPUPOBAHO Ja3epHOE (POPMHUPOBAHNE APEBOBHAHOM CTPYKTYpHI
HaHOKapKaca U3yTJIEpOHBIX HAHOTPYOOK B OEJIKOBOI MaTpuIle.
Kniouesvie cnosa: cTpykTypupoBaHHe, OHOCTPYKTYpHI, OHOMAaTepHalbl, YIIepoAHbIE HAHOTPYOKkH, OelkoBas MaTpuIa,
UMITYJIbCHOE JIA3EpHOE U3ITydeHHE.

Mixed Reality applications for the collaborative operating room — a prototypical study
Nils Marahrens, Daniel Ostler, Juliane Weinzierl, Nils Kohn, Thomas Vogel, Dirk Wilhelm,

Sebastian Koller and Hubertus FeulBner ... 22(136)




IIpunoxeHusi cMeLIAHHOI PeaIbHOCTH /151 KOJLIA0OPATHBHOIO ONIEPALIMOHHOI0 0,10KA — IPOTOTUITHOE HCCIel0BaHIe
Mapapenc H., Ocmaep ., Betinyupn [orc., Kon H., @ozens T., Bunveenvm /]., Koanep C., @eccuep X.

MIOHXEHCKHI TEXHUYECKUI YHUBEPCUTET

IIpuBeneHo uccnenoBaHie MOTESHIMANA IPUMEHEHUS TIPIIIOKCHUI CMEIIAaHHOW PeaTbHOCTH 1S 3 ()EKTUBHOTO B3aHMOICHCT-
BUsI B KOJUTAOOPAaTHBHOM OmepaloHHOM Onoke. IIpefcraBieHo ompcaHue MpuMepa MCIOJIb30BaHHUs YCTPOWCTBA, MOMOraio-
IIEro OINEepaLIOHHON CecTpe B KOPPEKTHOM BBIOOpE XHUPYPTHYECKOr0 MHCTPYMEHTA, MOJIb30BaTENIbCKas OLCHKA aJrOpUTMa
B3aUMOJICHCTBHS C YCTPOHCTBOM CMEIIaHHOM PeabHOCTH.

Kniouesvie cnosa: cMelianHas peallbHOCTh, JOTIOJHEHHAS! PEaTbHOCTD, KOJUIA00pAaTUBHBIN ONEpallMOHHBINA OJIOK, XUpyprudec-
KHE BCIIOMOTATEIIbHBIC TEXHOJIOTUH, PACIIO3HABAHUE O0BEKTOB.

Longterm high resolution manometry (HRM) challenges and pitfalls of an automated motility analysis

Alissa Jell, Norbert Hiiser, Suyu He, Dmitry Telyshev, Sergey Selishev and Hubertus FeulBner ...............cccccocvvevceuccevcinienncns 25(139)
JliuTebHAasi MAHOMETPHSI BLICOKOI0 pa3pelieHNsi: CJI0KHOCTH M HelOCTATKH AaBTOMATH3HPOBAHHOI0 aHAJIN3A
MOTOPHMKH NHUILEBOA
Enn A.', Xioccep H.!, Xe C.!, Ocmaep J1.', Tenviues J.°, Cenumes C.?, @eccrep X.!
! MIOHXEHCKHMI TEXHUYECKUH yHUBEpCHTET, | epManus
2 HanuoHabHbIN UCCIEN0BATENLCKUN yHUBEPCUTET «MOCKOBCKUM HHCTHTYT 21IEKTPOHHON Texuukuy (HAY «MUDT»),

3enenorpan, Poccus

OOOCHOBaHa AKTYaJbHOCTh HPOJIOHIAIMH 330(harvajabHO MaHOMETpHUH BbICOKOro paspemieHus (OMBP) g ydera msmeHeHus
IMPKAIHBIX PUTMOB B paboTe nuieBoja. 1IpoBeeHs! KITMHIYECKHEe UCCIIeI0BaHUs MOTOPUKH TTUIIEBOJIA C TIOMOIIBIO JUTUTENBHOI
OMBP. Pazpaborana mporpamMma aBTOMAaTHYECKOTO aHAIN3a, OCHOBAHHAs HAa YMKarckod kiaccupukanuu. B pesynbrate ObLn
YCTAHOBJICHBI 3HAYEHUST HOPMBI 1 IIATOJIOTUH IS BBISIBJICHUS HApYIICHHI pa0oTHI IUIIEBO 1A PH NIPOBEIeHNHN JuTensHoi DMBP.
Knioueswvie cnoea: 330(paroMaHOMeTpHsI, MAHOMETPHS BBICOKOTO Pa3peIIeHHUs, MHIIEBO/.

Investigation of the spectral properties of media based on chitosan and carbon nanotubes

Yulia O. Fedorova, Alexander A. Polokhin, Denis T. Murashko, Mikhail S. Savelyev,

Natalia O. Agafonova and Alexander Yu. GeraSiMENKO.................coceuevuieiiiiiiiniiniinieieiee sttt ettt 29(143)
HccienoBanne crnieKTpaJbHBIX CBOICTB Cpe/l HA OCHOBE XHT03aHA U KAPOOHOBLIX HAHOTOTPYOOK
Dedoposa 10.0.%, IMonoxun A.A., Mypawxo A.T.!, Casenvee M.C.!, I'epacumenxo A.FO."?
! HaumoHabHbli HCCIIEI0BATENLCKHI YHUBEPCUTET «MOCKOBCKHI MHCTHTYT 3JIEKTPOHHOM Texuukm» (HUY «MUDT»),

3enenorpan, Poccus

2I[IMIMY um. M. Ceuenoa
IIpencraBiieHbl pe3ynbTaThl UCCIEAO0BAHNIN CIEKTPATBHBIX XapaKTEPUCTUK MAaTEPHAIOB Ha OCHOBE XUTO3aHA C BKIIOYCHHSIMHU
KapOOHOBBIX HAHOTPYOOK, IPUMEHSIEMBIX B KapJMOBACKYJIIPHON XUPYPTUH AT CO3AaHUS UMITTAHTUPYEMbIX TKaHEH.
Kniouesvie cnosa: xuto3aH, HAHOTOTPYOKH, CIIEKTPAJIbHBIE XapaKTEPUCTHKU, KapAUOXUPYPTHUs, TKAHEBASI HHXKCHEPHS.

Piezoelectric properties of PVDF and PVDF-TrFE electrospun materials for nerve regeneration
Fedaa Al Halabi, Oleksandr Gryshkov, Antonia Kuhn, Viktoria Kapralova and Birgit Glasmacher ...
IIbe3oanexrpuueckue ceoiictBa Marepuanos PVDF u PVDF-TrFE, usroraBiauBaeMbIX 2J1€KTPOIPAICHUEM,
JUISL BOCCTAaHOBJICHUSI HEPBOB
Xanabu @. Anv', I'puwros O.', Kyn AU, Kanpanosa B.M.?, I'nacmaxep B.!
! TanHOBepcKuii yHuBepcuTeT uMenu Jlelbnuua, Iepmanus
2 Cankr-TletepOyprekuil nonurexunueckuii ynusepeurer Ilerpa Bemukoro, Poccuiickas ®enepauns
[TonMBUHUIMAUHGTOPUA U TPUDTOPITHICH SABISAIOTCS MEPCIICKTHBHBIME MaTepualaMu JUlsl pa3pabOTKH aKTUBHBIX MMILIAH-
TaTOB JUI pereHepaniy HepBOB. Pa3zpaboTaH MeTOX M3MEpeHHs NapaMeTpOB MaTepHaIoOB IS OMHCAHUS UX HIIEKTpOMeXa-
HUYECKOH CBSI3M. MeToJ 3aKIfouaeTcs B CO3JaHHM MEXaHMYECKOTO HaIlpshKEHHS BOJOKHHUCTBIX 0OpasIoB € IOCIIETYIOIINM
HM3MEPEHNEM NHYIIUPOBAHHBIX JJIEKTPHIECKIX3apsIIOB.
Knioueswvie cnosa: mpe303¢hdexT, BOCCTAaHOBIEHHE HEPBOB, JIEKTPOMEXaHNIECKask CBS3b.

... 32(146)

Evaluation of the P300 parameters with photic stimulation

Alexander Dmitriev and Sergey SHCRUKIN .............c..ccooiiiiiiiiieiieeee ettt sttt sttt s et e ettt seeneebeneenes 36(150)
Onenka napamerpos P300 npu ¢orocTuMyassuuu
JImumpues A.H., [Lykun C.H.
MI'TY umenu H.3. baymana, Mocksa, Poccus
INokazano BimstHHIE GOTOCTUMYIISIMY ¢ YacToTaMu 1, 3 u 5 I'T 1 mpocTpaHCTBEHHBIM HHTEPBAJIOM MEXIy cBetoxuoxamu 0.8°,
1.6 u 2.4 na nerexuuto P300. IIpogeMoHCTpUpPOBaHO U3MEHEHHE aMIUIUTYAbI U JaTeHTHocTd P300 nns pasHbIX pe:KUMOB
cTuMyssinuu. OLeHEeHO BIUSHNE 3PUTENbHBIX BBI3BAHHBIX MMOTEHIMAIOB Ha aeTekuunio P300.
Knioueswvie cnosa: P300, UMK, doroctumymsnus, 3BII, npocTpaHcTBEeHHBII HHTEpBAIL.

Telephone call management in the cognitive operating room
Nils Kohn, Daniel Ostler, Sebastian Koller, Nils Marahrens, Nicole Samm, Michael Kranzfelder,
Thomas Vogel, Dirk Wilhelm and HUBDETTUS FEOUTET ...............coccciiieiiiieeeeit ettt ettt ettt ettt et ae st enteeaeeneesaeaneenes 40(154)



YunpasJ/ieHue Te1e()OHHBIMH 3BOHKAMHM B KOTHUTHBHOM ONepalMOHHONH KOMHaTe

Kon H., Ocmnep []., Komnep C., Mapapenc H., 3amm H., Kpanygpenoep M., @ozens T.,

Bunveenvm J[., @Peccnep X.

MionxeHckuil TexHuueckuid Y HUBEpCUTET

MobunbHbIe Teae(OHbI MOBBILIAIOT JOCTYITHOCTh XUPYPrOB M PEryJisipHO OepyTcs B onepanuonnyoo. Ho 910 yBenu4uBaer pa-
004yr0 Harpy3Ky 1 MOXKET NPUBECTH K HEraTUBHOMY BJIMSHUIO Ha pe3yibTaT onepanuu. [Ipenioskena cucremMa CUTyaluOHHON
OCBEZIOMJICHHOCTH, OCHOBaHHAsl Ha KIIACCU(HKAIINI 3BOHKOB M0 BaXXHOCTH, MPHUBEACHBI BAPHAHTHI CIICHAPUEB PEarHpOBAHHSI.
Pesynbprar onpoca SBHO MOKa3bIBAET MPEHMYIIECTBO CUCTEMBI YIIPABICHHS 3BOHKAMH.

Kniouesvie crosa: KOTHUTUBHAS OTICPAIIMOHHAS KOMHATA, YIIPABICHUE 3BOHKAMH, KJIACCU(UKAIINS BAXKHOCTH 3BOHKOB.

Translation Dynamics in Holistic Analysis of Functional Human-body System

Lol T L SR STRUSPRR 43(157)
TpaHcasiuMOHHAsI AMHAMHAKA B KOMILUIEKCHOM aHAJu3e padoThl OPraHu3Ma Je10BeKa
May U.1?
! Mroccenbaopdekuit Yuusepeurer um. I.Teiine, Moccensaopd, I'epmanus
2YacTHBIA MHCTUTYT BHIYUCIMTENBHBIX METO0B, Kpedenba, I'epmanus
IIpennoxena MareMaTndeckass MOJETb aKCHOMAaTHIECKON KOH(HIypanuyu ANHAMHKH, OCHOBAHHAs Ha CHCTEMHOM HOAXOJE,
KOTOpast MOXKET OOBSICHUTH AMHAMHKY PaOOTHI 4EIT0BEYECKOT0 OPraHn3Ma COBMECTHO Ha Pa3INYHBIX YPOBHSX. [laHHEIH METOX
MO3BOJISIET YNPOCTUTh BBIYUCIHMTENBHBIN MPOIECC, B €70 OCHOBE JISKUT MPHUHIMIT MOMYy4eHHs MaTeMaTHUYEeCKHX BBIPAXKEHHUH
BBICOKHMX YPOBHEH U3 MaTeMaTH4eCKUX BBIPAXKEHUH Ooiee HU3KUX YPOBHEH.
Knioueswie cnosa: mateMaTuueckoe MOAETUPOBAHUE, CUCTEMHBIH MOAXO/, JUHAMUKA.

Ready for the Future: 5G Data Transfer in Visceral Surgery

Thomas Vogel, Hubertus FeBner, Daniel Ostler, Sebastian Koller, Nils Marahrens, Michael Kranzfelder,

Walter Weigel and JOSEPR EICRIIGEF ...........ccccccoueuiiiiieeieieieeee ettt ettt st b et s e et ke b et e s e st e bt ste et et e e eseesesneasetens 47(161)
Bo3moxxnocT «Xupyprum 4.0»: nepegaya JaHHbIX SG NpH MHHHMAJILHO-HHBA3WBHON XHPYPIrUH
Dozenv T."2, Mapapenc H.!, Koanep C.!, Henn A."2, Ocmnep /., Baiicenv B.5,
Atiwunzep Jloc., @eccnep X2, Kpanypendep M.'?
! TanHOBepcKuii yHuBepcuTeT uMenu Jlelbnuua, Iepmanus
2 Cankr-TlerepOyprekuil nonurexuuueckuii yausepeurer Ilerpa Bemukoro, Cankr-Iletep6ypr, Poccuiickas ®enepanus
3 Hayuusiii nentp Mrouxena Huawei, Tepmanus
Texnonoruu mnepenadyu NaHHBIX B ONEPAlMOHHOM OTrpPaHHYEHBI C TOYKH 3pEHUS CKOPOCTH I€pefadd, JIATEHTHOCTH H
crabuiipHOCTH curHana. IIpoBeneHo uccuenoBanue mo merony «Jlenbpu», B KOTOPOM JaHa OLEHKA OXKUAAHUS M NPUHATHUS
TexHONOruu 5G B XHUPYPrHYECKOM Ioje B LieioM. IIpenBapuTenbHble pe3yibTaThl MCCIEAOBAaHUS 10 MeTomy «Jlenbdu»
TIOKA3bIBAIOT ITOJIOXKUTENBHYIO IIEPCIIEKTHUBY pean3anny TeXHoaornu 5G B KIIMHUYIECKOH cpee.
Kniouesvie cnoséa: MUHNMAaIbHO-MHBAa3UBHAs XUPYPrys, epeada AaHHbIX, 5G.

IVAP 2025 — Towards the collaborative operating room

Daniel Ostler, Nils Marahrens, Nils Kohn, Sebastian Koller, Michael Kranzfelder, Hubertus FeuBner and Dirk Wilhelm ...... 51(165)
IVAP 2025 — I1o HanpaBJIeHHIO K KOJVIA00PATHBHOI ONlepallMOHHOI KOMHAaTe
Ocmanep /I., Mapapenc H., Kon H., Konnep C., Kpanygenoep M., @eccnep X., Bunveenvm /1.
MionxeHnckuii TexHuueckuil Y HUBEpCUTET
IlpencraBineHsl MepBbIE Pe3yabTaThl MOCTPOEHMS KOJUIAOOPATHBHON ONEPalMOHHOW KOMHATHI, KOTOpas aKTHBHO MOJJEp-
JKMBAeT KOHTEKCTHO-3aBUCUMOE MHTpa- U MOCIeonepanuonHoe nedeHne. OyHKIIMOHNPOBaHNE KOTHUTHBHON XUPYpPIUUECKOi
Cpensl JeMOHCTPUPYETCsl Ha TUIIMYHOM IPUMEpE JIAIapOCKONNYECKOH PEe3eKINH KEeTIHOTo Iy3bIps. IIpuBeneHo ommcanue
KOHIETIIINY KOJUIaOOpaTHBHOHN OMNEpalioHHONH KOMHATHI M €€ OCHOBHBIE KOMIIOHEHTHI; X peanusanus Imokasana 3ddex-
THUBHOCTb IPEUI0KEHHOTO TOAXO01a.
Knioueswvie cnosa: xonnabopaTuBHAasi KOMHATa, aHAIN3 JAHHBIX, PE3EKIHs, XKETUHBIN ITy3bIpb.

Creation of 3D nanocomposite bioconstructions using a layer-by-layer laser prototyping device

Ulyana Kurilova, Natalya Zhurbina, Dmitry Ignatov, Dmitry Ryabkin, Alexander Polokhin,

Evgeniy Pyankov and Alexander Gerasimenko ..............c..ccccvcuiiriniiieiiiiiiienietetet ettt ettt sttt sttt 54(168)
Co3nanne TpeXMepHbIX HAHOKOMIIO3UTHBIX OMOKOHCTPYKIMii
€ HCI0JIb30BAHNEM INOCJI0IHOIO0 JIA3ePHOr0 YCTPOHCTBA NPOTOTHNHPOBAHHS
Kypunosa V.E.!, Kypbuna H.H.!, Henamos J].A.", Pabxun J{.A., [onoxun A.A.", Ileanxoe E.C.!, I'epacumenxo A.FO."?
! HaumoHabHbIHi HCCIIE0BATENLCKHI YHIBEPCUTET «MOCKOBCKHI MHCTHTYT 3J1EKTPOHHOM Texuukmy (HUY «MUDT»),

3enenorpan, Poccust

2IIMIMY um. U.M. Ceuenosa
IIpencraBien MeTo[ MOTyYCHUS HAHOKOMIIO3MTHBIX OMOKOHCTPYKIMI M3 BOJHO-OENKOBOHM IHCIIEPCHM YIIEpPOAHBIX HAHO-
TpyOok. [IpuBeneHs! pe3ynbTaThl HCCIeIOBAaHNH CTPYKTYPHBIX H OHOJIOTHYECKHUX CBOMCTB HAHOKOMITO3UTHBIX OHOJIOTMYECKHAX
CTPYKTYp JUIsl TKaHEBOH HH)KEHEPUH, CO3JAaHHBIX METOJIOM Ja3epHOT0 TPEeXMepHOro mpotorunuposanus. Ilokazano, 4to
pa3paboTaHHBIl METOJI MOXKET OBITh IPUMEHEH ISl BOCCTAHOBJIECHUS OCTEOXOHAPAIbHBIX 1e()EKTOB B CyCTaBax.
Knioueswie cno6éa: HAaHOKOMIIO3UTBI, TPEXMEPHOE JIA3€PHOE NIPOTOTUNHPOBAHNE, TKAHEBAST HHIKCHEPHSL.




Analysis of physiological data to quantify stress and workload of surgeons with different levels

of training during a laparoscopic cholecystectomy

Nicole Samm, Daniel Ostler, Thomas Vogel, Nils Marahrens, Dirk Wilhelm, Hubertus Feussner and Ralf Stauder ................. 58(172)
AHajau3 GU3HOTOrMYecKUX NMOKa3aTeieil 1/l KOJINYeCTBEHHOH OLeHKH CTpecca U HArpy3Ku XUpPypros
¢ pa3JM4YHbBIM YPOBHEM NOATOTOBKHU BO BpeMsl JIANIapoCKONMYeCKOii X0/1eHCTIKTOMUM
Camm H., Ocmnep J., @ozenv T., Mapapenc H., Bunveenvm [., @eccnep X., LLImayoep P.
MiouxeHnckuii TexHuueckuid Y HUBEpCUTET
TloBbIICHHBI YPOBEHB cTpecca U pabovre Harpy3KH XUPYpProB BO BPeMs OICpaluil SBISIOTCS CEPhe3HON yrpo3oii Oe3omac-
HOCTH manueHToB. [loka3aHo, YTO mapamerpbl CepACYHOrO M JBIXATEIbHOI0 PUTMA SIBISIOTCS Mapkepamu (QU3UYecKOoro u
YMCTBEHHOTO CTpecca, KOTOPBIH, B CBOIO Ouepesb, OyAeT MPOMOPLUHOHANICH YPOBHIO 00Opa30BaHUs U OIBITY XUpypra. Pe3ymn-
TaThl TAKOTO aHAJIN3a MOTYT OBITh HHTETPUPOBAHBI B CHCTEMY paclio3HaBaHHs pabOYUX MPOIECCOB, B TOM YHCIE ISl poOOTH-
3HUPOBaHHBIX ONEPAIUii.
Kniouesvie cnosa: poboT-acCUCTUBHBIE TEXHOJIOTHH, [TOKA3aTENId YPOBHSA CTpeEcca, JTaNapOCKONMUYECKasi XUPYPrHs, cepaeUHbIH
U JIBIXaTeNbHBII PUTM, MAIIHHHOE O0y4YEHHE.

New Geometric Method of Heart Rate Variability Estimation based

on the Multiscale Crrelation Analysis Representation

VIACRESIAV ANISIPEFOV ...ttt ettt ettt ettt et e sttt e bt et e b e s st et e s bt e st e s bt eat e bt eat e beestenbeeseenteeseenbanbeenbenseentenbesseensans 61(175)
HoBgblii, 0CHOBaHHBII Ha NpecTaBJICHHSIX MHOTOMACIITA0OHOT 0 KOPPeJISIIHOHHOT0 aHAJIN3A,
MeTOJ OLleHUBAHNS BapuadeJbHOCTH CepAeYHOr0 pUTMa
Anyunepog B.E.
WHcTuTyT paguoTeXHUKH U 2neKTpoHuky M. B.A. KorensankoBa Poccuiickoit akagemun nayk (PO PAH)
[IpencraBneHsl HOCIACAHUE pe3yabTaThl paboThl aBropa B oOnactu pa3paboTkH d(P(EKTHBHBIX aIrOPUTMOB OLICHUBAHHS
MapaMeTpoB BapHaOeNbHOCTH cepiaeuHoro putMma. IlokaszaHo, 4To B pamMKax METOAOJOTMH MHOTOMACIITaOHOrO KOppels-
IMOHHOTO aHAJM3a, HAa OCHOBE BBEIYHCIICHUS MO MAacIITaOHO-BPEMEHHBIM IPEJCTaBICHUSM psiia TEOMETPHUIECKHX XapakTe-
PHCTHK, MOKHO JOCTATOYHO HAJEKHO OIEHUBATH ITapaMeTPhl CEpACYHOTO PUTMA U OCYIIECTBITH ITOCIECAYIONINI aHAIN3 UX
muHamuky. Ha npumepe mmutensHbeix (Xoareposckoro tuma) OKIT 3ammceil 00CyxIaroTcs CKOPOCTHBIE, poOacTHBIE U IIp.
XapaKTEPUCTUKH MPEATOKEHHOTO METOIA.
Knioyesvie cnoea: anamu3 OMOMEIUIIMHCKUX CHIHAJNOB, 00padoTka mmrenbHBIX 3amucedl DOKIT, MHOromacmraOHBIH Koppe-
JSIMUOHHBIN aHAIIN3, BApHaOeIbHOCTh CEPJEYHOr0 PUTMA, KOPPEIIIHOHHAs pUTMOTpadust, FTEOMETPUIECKHE METOIbI aHAII3a
BCP, ouenuBanue napameTpoB MeIeHHbIX BoJIH BCP.

Tactile information analysis for forearm prosthesis feedback implementation

Viadislav Bukin and ANAYEY BFIKO ........c..cccccoouiiiiriiiiiiiiiiiiiteieeitee sttt ettt ettt et ettt st b et ebae b sae et et 66(180)
AHa/IM3 TAKTUIbHON HHGOPMALUH ISl peanu3aluy o0paTHOM CBSI3M B IPOTE3aX NpeaILieyYbs
byxun B.FO., bpuxo A.H.
MI'TY umenn H.D. baymana, Mocksa, Poccus
PaccMoTpeHBl acmekThl peleHus] MpoOJIeMbl BOCIONHEHHS OOpAaTHOW CBA3M B OMOINEKTPHYECKUX MPOTE3aX MPEATLICUbs.
OmncaHa CBSI3b MEXIY KHHEMAaTHYECKOH M MaTeMaTHYecKOl MOJEIIMH IpoTe3a NMpEeAIuIedbs Il pacdeTa MapaMeTpoB Ul
peanu3anuu o0paTHOH cBs3W. [l MOIydeHWs BXOAHBIX JAHHBIX MOJENH, IPOU3BENCHA CEepHs DKCIEPHMEHTOB IO
pa3IaBIMBaHUIO XPYIKHX 00BEKTOB IIPOTE30M.
Knrouesvie cnosa: obpaTHast CBA3b, OMONIEKTPUUECKHI IPOTE3 NMPEAIIIeYbs, TAKTUIIbHAs HHOpMaLus.

Intraoperative Sterile Molding of Patient Specific Templates for Minimally Invasive Cochlear Implant Surgery
Samuel Miiller, Clarence Janka, Liider Alexander Kahrs and Tobias Ortmaier ...
HuTpaonepannoHHoe cTepuibHOe (OPMOBAHNE HHINBHIYAILHBIX CJIENKOB MAlEeHTa
JJ151 MUHHMAJIbHO HHBA3UBHOH KOXJIeapHO MMIUIAHTALHH
Mionnep C., Auka C., Kapc JI.A., Opmmdiiep T.
T'annoBepckuii yauBepcureT nmenu JleiOHuma
Hcnonp3oBanre MUHUMAaIbHO MHBA3UBHBIX TEXHOJIOTHI MPU KOXJICAPHOU MMIUIAHTAIMH CIICP)KUBAETCS ITOBHIIIEHHEM Tpebo-
BaHUH K TOYHOCTH CBEPIEHHs YIUTKH BHYTpeHHero yxa. OIHUM u3 Cnoco0OB AOCTHXEHHs TpeOyeMOoi TOUHOCTH SIBISETCS
UCIIOb30BaHNE MHANBHUIYAIBHOTO CIIEMKa yIUTKH Mal[eHTa BHYTPEHHETO yXa B KauecTBe MPOBOAHMKA s cBepia. [lokazana
BO3MO>KHOCTb IIPUMEHEHHS JUIS 3TOTO IPaHyINPOBAHHBIX TEPMOILIACTOB HU3KOTO JABJICHUS.
Knioyesvie cnosa: TpaHynMpOBaHHBIE TEPMOIUIACTHI HU3KOTO JABJICHMS, MUHMMAJIbHO WHBA3HMBHAS XHUPYPTHs, KOXJIeapHas
UMILTIaHTaLusl.

... 70(184)
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Development of Software System for Restoration of Mimic Activity of Patients with Aphasia

Anastasia Polishchuk and IFing APOIIONOVA ................cccocueueviiiiiiiiiiiiteieetee ettt et sttt st et sae ettt et e steebee b st enaenaeens 1
ITIporpaMMHBIii KOMILIEKC /151 BOCCTAHOBJICHHSI MUMHYecKOi aKTHBHOCTH Npu ada3znn
Honuwyx A.A., Anonnonosa U.A.
MI'TY umenu H.D. baymana, Mocksa, Poccust
ITporpaMMHBIif KOMIUIEKC NMpeAHa3HAuYeH JJIsl BOCCTAHOBICHUSI PEUH U MUMUYECKOH aKTMBHOCTH y MAalMEHTOB, MEPEHECHINX
3a0oJieBaHMs, CIOCOOCTBYIONIME pa3BUTHIO adasuu. [IpencraBieHs! TpeOOBaHUS K MAKCUMAIBHOMN JOITyCTUMOI! ITOTPEITHOCTH
MPU aBTOMATHYECKOH pacCTAHOBKE KOHTPOJIBHBIX TOYEK, OI[EHKE MPABUIBHOCTH U Pab0TOCIIOCOOHOCTH BBHIOPAHHON METOAUKH
JIeYEHHS.
Kniouesvie cnosa: MHCYIBT, peaOMINTAIMS, KOHTPOJIBHBIE TOUKH, adasnsl.

Development of algorithm for HR determination for athletes

TVINA A. KUSPAKINQ ..ottt ettt bttt h e et e bt s a et e bt et e bt et e s bt et e e bt e s b e sbees b e s bt easenteebeenbesaeennenne 4
Auaroputm onpeneienuss YCC niist cnoprcMeHOB
Kyszaxuna U.A.
MI'TY umenn H.D. Baymana, Mocksa, Poccus
Ipencrasnennsit anroput™ onpexnenenns YCC npenHasHaueH Ul ONPEAENICHUS] OCHOBHOTO IapaMeTpa OILEHKH (yHKINO-
HAJIbHOU MOATOTOBJIEHHOCTU CIIOPTCMEHOB B PEXHMME PEaJbHOIO BPEMEHU B YCIOBHUAX CHOPTUBHOW apeHbl. OLeHka napa-
MeTpa NPOUCXOAUT METOIOM 3NIEKTPOUMIICAAHCHOH peorpaduu. IPQeKTUBHOCTh MU TOUHOCTD AITOPUTMA MOATBEPIKAAeTCS Ha
peanbHbIX CUTHANAX.
Knioueswvie cnosa: hyHKIMOHANBHAS TOATOTOBICHHOCTS, peorpadust, YCC, anroputm.

Clinical signs of different types of pigmented skin lesions for early diagnostics

for the purpose of early detection of precancerous skin changes

Elena Rimskaya, Irina Apollonova, Alexsandr Nikolaev, Konstantin Kudrin, Igor Reshetov,

Nikita Chernomyrdin And KiFill ZAYESEV ..........cccoooeiieeueeieieseeestt ettt sttt e ettt esae s testeeste bt e et entesseenbesstensesseensasseensessesntenseensensesseans 6
KinHnyeckne Npu3HAKH Pa3/IMYHBIX THIIOB MUTMEHTHBIX HOBOOOPa30BaHUI KOKH
B PaHHEl JUAarHOCTHKE C 1eJbI0 BhISIBIEHHS MPeIPAKOBBIX H3MEeHeHH i KOKH
Pumckaa E.H.!, Anoanonosa U.A., Huxonaes A.I1., Kyopun K.I". %, Yepromwipoun H.B.",
Pewemos U.B.?, 3aiiyes K.1.°
I MI'TY umenu H.D. Baymana, Mocksa, Poccus
2 HOKI] nnactuueckoii xupypruu [BOY BITO IlepBblii MOCKOBCKHI TOCY1aPCTBEHHBINH MEIMIMHCKUI YHUBEPCUTET

uM. .M. Ceuenona

3 O® PAH um. A M. TIpoxoposa
Cpenu Bcex HOBOOOpa30BaHUN KOXHM 0c000€ BHUMaHUE YAEIAETCS MEJaHOME U3-3a ee KpaiiHeil arpeccuBHOCTH. [lockonbky
3¢ })EKTUBHOCTb JICUCHHS MEJIAHOMbI CHJIBHO 3aBUCHT OT €€ PaHHEeil AMarHOCTHKH, pa3paboTKa HOBBIX BBICOKO3()(EKTHBHBIX
METOJIOB PAHHETO BBISBICHUS JHUCIUIACTHIECKHX HEBYCOB M MEJIAHOMBI KOXKH i1 Sifu OCTAeTCs KpaliHe akTyanbHOI mpobreMoi
COBPEMEHHOW MEIMIMHBI, MPUKIAJHON (HU3UKK M MHXKEHEPHBIX HayK. [IepcrieKTUBHBIM IyTeM MOBBIMICHHS 3((HEKTHBHOCTH
paHHel HEMHBa3MBHOHN IHAarHOCTUKU MEJIAHOMBI SIBIISIETCS HCTIOIb30BaHUE aBTOMAaTU3UPOBAHHBIX KOMIUIEKCOB, UTO MO3BOJIAET
OTIpeeNATh KIMHUYECKNE MPU3HAKU MUTMEHTHBIX HOBOOOPA30BaHHI KOKH, OCHOBBIBASICh HA aHAIM3€ JaHHBIX KIIMHUYECKOH
JTMAaTHOCTUKH.
Kniouesvie cnoea: MArMeHTHbIE HOBOOOPA30BaHUHM KOXKH, KIMHUUECKHE TPU3HAKU, METAHOMA, THCIUIACTHYECKUH HEBYC.

Effect of temperature on electrical cell conductivity of human erythrocytes

Chadapust Sudsiri and RaAymond JAME RIICHIE ..........c..cccuoeiriiiiiiiiiiiiiieiteeeie ettt sttt sttt et et b e st ae et sbesbe e sbeetesbeesnens 8
BiusiHne TeMIepaTyphl Ha 3J1eKTPHYECKYI0 IPOBOANMOCTb IPUTPOLMTOB YeJI0BeKa
Cyocupu Y. /xc., Pumuu 3. [oc.
Vuusepcuret [Ipunua Conrkia, Taitnang
IIpoBeneHo uccnenoBaHue LUTOILIA3MATUYECKON IEKTPUUECKOM MPOBOAMMOCTH SPUTPOLMTOB YEJIOBEKA MPU Pa3HOU TEM-
neparype. JlaHa SKcliepUMeHTaIbHas OLEHKAa 00beMa KIETKH U COJepIKaHUs KJICTOYHOI BOJbI B 3aBUCUMOCTH OT TE€MIEpaTy-
PBI, IO KOTOPEIM OBUI BHINOJHEH pacyeT MUTOIIa3MaTHIeCKOH 3IeKTpuiecKkoi mpoBoauMocty. [Toka3aHo, 94To UTOILIA3MAaTH-
Yyeckast HJIEKTPUIEcKasl IIPOBOIUMOCT SPUTPOIMTOB MOXKET OBITH OLCHEHA HE3aBHCHMO OT HCCIEIOBAHUS AMAIEKTPUUECKUX
CBOMCTB KJIETOK.
Knioueswvie cnosa: MUTONIIA3MAaTHIECKAs SIEKTPOIPOBOTHOCTD, TEMIICPATypHAs 3aBUCUMOCTD, SPUTPOLUTEL, 00bEM KIETKH.

Development of the infrared images processing algorithm for the automatic detection
of the early stage of periodontal disease
Leonid Akulenko and Alexander KOIDAKOV ...............c.ccccoecueeiiiiiiininiiiiiiiiesteetee ettt sttt sttt 12
Pa3paoTka anropurmMa aBTOMaTHYeCKOIr0 00HApy KeHHsI PAHHell cTaJHH BOCIATeHHsI
MSTKHX TKaHeil MapoJoHTa Ha HH(PAKPACHBIX H300paKEHUSIX
Axynenko J1.0., Konnaxos A.B.
MI'TY umenu H.D. baymana, Mocksa, Poccus



[IpencraBineHsl pe3yabTaThl HcciaeqOBaHUA 3QGEKTHBHOCTH METOIOB CEIMEHTAIMHM 0YaroB BOCIAJICHHUS, a TAKXKe Pe3yJIbTaThl
OLICHKM Ka4yecTBa aJrOpPUTMa aBTOMATHYECKOrO OOHAPYKEHHs OYaroB BOCIAJICHMS MATKUX TKaHEHW NMapomoHTa Ha HMH(pa-
KpacHBIX H300pasKeHUSX.

Kniouesvie crosa: BocnaneHue napoioHTa, paHHsA CTaaus, HHQpaKpacHble H300paKeHUsI, aBTOMAaTUYECKOEe OOHAPY)KEHHE.

Algorithm for one-axis receiver of magnetic positioning system

Elena Gerken and Valery GFECHIKRNIN .............ccccocoovuiiiiiiiiiiiii ettt sttt ettt ettt ettt sat et bt et s bt e bt e b eatebesaeens 14
AJTOpPHUTM Onpeie/ieHNs] 1 OPHEHTAIMH OJHOOCHOT0 NPHEMHHMKA CHCTeMbl MATHUTHOTO TO3UIHOHHPOBAHMS
T'epren E.A., I peuuxun B.B.
IOxn0-Poccuiickuii rocynapcTBeHHbIH nmonurexandeckuii yausepcuter (HITW) nmenn M.U. ITnatosa
CucteMbl MarHUTHOTO TO3HMIMOHUPOBAHUS BKJIIOYAIOT MOJBIKHBIA MPUEMHHK, OCYIIECTBIAIOIINN M3MEPEHUE OPTOrOHAIIb-
HbIX KOMIIOHEHT MAarHMTHOTO II0Ji B HccClieyeMoil obnactu. B paGoTe peann3oBaH aaropuTM ONpPEASNCHHS HOJIOKEHUS U
OpHEHTalllH OJHOOCHOTO NPHEMHUKA B TPEXMEPHOM IIPOCTPAHCTBE B peanbHOM BpeMeHH. [lokasaHo, 4To rabapuTHBIE pas-
MepHI IPHEMHIKA MOTYT OBITh MUHIMH3HPOBAHBI 0€3 OTEPH TOYHOCTH U3MEPEHHSI.
Kniouesvie crosa: cucTeMbl MArHUTHOTIO TIO3ULMOHUPOBAHUS, OAHOOCHBIN IPHEMHUK, MATHUTHBII IOTOK.

Computational modelling of electroaerosol flows during external therapy

Valeriy Karpukhin, Kristina Mustafina and Georgy KIMIASHVIL .............cccoouioiiiiiiiiieiii ettt 19
MaremaTH4ecKoe MOIeTHPOBAHNE MOTOKOB JIEKTP0AP0301eii MPH JIeYeHHH 05K0T0B
Kapnyxun B.A., Mycmaguna K.C., Knumuaweunu I'.C.
MI'TY umenn H.D. baymana, Mocksa, Poccus
OO0oCHOBaHa aKTyalbHOCTh Pa3pabOTKU ammapaTa MECTHOM 3J1eKTPOa’po30JbHON TepanuHu O0XKOToB, 00ECIeuHBAIOILETO
HaIpaBJICHHBIH IIOTOK 3JE€KTPOa’pOo30Jsl HAa OXKOT M MO3BOJIOIIETO PETYINPOBATh €ro CKOpocTh. McciienoBaHo BIMSIHUE
rapaMeTpoB pabodell kaMepsl Ha MOTOK C LENbI0 MOBHIMEHUS >(dexTnBHOCTH Tepanuu. Pa3paboTaHbl reoMeTpHdecKas H
MaTeMaTH4ecKas MoJielM pabouel kamepsl. B pe3yibrare BBIUMCIUTENBHOTO SKCIIEPHMEHTA OIIpe/ie/IeHbl HapaMeTphl pabouei
KaMephbl, P KOTOPBIX JOCTUTACTCA MaKCHUMaJIbHBIN TTOTOK.
Knioueswvie cnoea: a3po30ib, MEKTPOAIPO30IIb, 0IKOTH, MOIETHPOBAHHE.

Experimental study of the mechanical properties of materials for physical modelling of biological tissues

Irina Khaydukova, Arina Rezvanova, Nikita Belikov and Gennadiy SQVIGSOV .................cccccocvviriviiciiiniiniininciieieineneneereteese e 22
IKCcnepuMeHTaIbHOe HCCIe0BAHNE MeXaHHYeCKHX CBOWCTB MaTepHaIoB /sl (H3M4eCcKOro Mo THPOBAHUS TKaHel
Xatioykosa U.B., benuxos H.B., Pessanosa A.M., Caspacog I'.B.
MI'TY umenu H.3. baymana, Mocksa, Poccus
Meron ¢u3nueckoro MoAENMPOBAHUS IO3BOJISET O0Jiee TOYHO OLEHHTHh BIMSHHE XUPYPIHUYECKOTO JICUCHUsS Ha TKaHU II0
CPaBHEHHUIO C aHAJIMTHYECKUM U KOHEYHBIM 3JIEMEHTHBIM MojenuposanueM. Haubonee TouHoe MoAennpoBaHUe MeXaHUYeC-
KHX CBOHMCTB OHOJIOTMYECKOH TKaHM BO3MOXHO ITyTeM BBIOOpa Hambojiee IOAXOJIIET0 MaTepHala OIpeeTIeHHOH
KOHIeHTpaluu. MccnenoBana 3aBucuMocTh MoAynst FOHra oT KOHIIEHTpaluu AJs JKeNaTuHa M CHIMKOHA. JlaHHBIE JUIS BceX
KOHIIEHTpaui ObIIM aNIpoKCHMHUPOBAHBL. Pe3ynbTaTsl MO3BOJSIOT GOJee TOYHO BHIOMPATh HEOOXOAMMYIO KOHIIEHTPAIUIO
JUISL MOJIETUPOBAHNSI KOHKPETHOHM TKaHU.
Knrouesvie crnosa: Guzndeckas Mojielb, MEXaHHUECKUE CBOHCTBA, (JaHTOM, OJJTHOOCHOE PACTSKEHHE, CUITMKOH, KEIIATHH.

An approach for patient-specific hemodynamics modeling taking into account biomechanical properties

of the cerebral artery

Sergey Frolov, Sergey Sindeev, Anton Potlov and Dieter LIEPSCR ...........c.cccceiriiiriiiiiiiniiiinitesieeie ettt 26
Ilonxoa kK MHAUBUAYAJbHOMY MOJEJIMPOBAHHIO T¢eMOJUHAMUKH Y IAUEHTA
¢ y4eToM OMOMeXaHHYeCKHX CBOICTB lepedpaibHOii apTepun
@ponos C.B.!, Cundees C.B.., [lomnoe A.10.!, Jlunw JI.>
! TaM6GOBCKMIA TOCYAaPCTBEHHBIA TEXHMYECKUH YHUBEPCHTET
2 VHUBEPCUTET NPUKIAIHBIX HAYK MIOHXEHA
IIpencrasieH HOBBIM MOAXOX K IALUEHT-3aBUCUMOMY MAaTEMaTHYECKOMY MOJCIMPOBAHHIO T€MOJUHAMUKH C Y4E€TOM HHJIU-
BUJIyallbHbIX OMOMEXaHHUECKHUX CBOIMCTB CTEHKH IepeOpalbHON apTepuH, MOIyYaeMbIX in Vivo C UCIOIb30BAHHEM ONTHYEC-
KOM KorepeHTHOH 3macrorpaduu. Pa3sBurie moaxoa MO3BOJIHMT HCIIOIB30BAaTh €TI0 JUIS ITOBBIIIEHHS KAauecTBa UCCIETOBAHHS
aHEBPU3M IiepeOpabHON apTepHu.
Kniouesvie cnosa: NHAMBUIyaIbHOE MOJICIIMPOBAaHUE TEMOIUHAMHUKY, IiepeOpalbHast apTepHs, dlacTorpadust.

Neural network approach to cell segmentation in immunocytochemical study

Dmitry Parpulov, Andrey Samorodov and VIadimir IZIOVIKOV ............ccccovoiriiviiiiiiiiiiiiiiiietese ettt 30
HeiipoceTeBoii 10aX0/1 K cerMeHTALIMH KJIETOK HA H300pa’KeHUsAX HMMYHOUHMTOXMMHUYECKHUX NIPENapaToB
Hapnynos [I.A.", Camopooos A.B.!, Henoeuxos B.H.?
' MI'TY umenu H.D. Baymana, Mocksa, Poccust
2 Lyft Inc., San Francisco, CA 94107, USA
IIpemtoxeH aaropuTM K CETMEHTAIMU KJIETOK Ha M300paKEHMSAX MMMYHOIMTOXUMHUYECKHX IIPENapaToB, OCHOBAHHBINA Ha
CBEPTOUYHBIX HEHPOHHBIX CETSAX, NPEJCTaBISIIOMMI CO00H CBEPTOUHYIO CeTh apXUTeKTypel U-net ¢ mpenoOydeHHBIM
sHKOZepoM. [Toka3aHo, YTO €ro NpUMEHEHHE MO3BOJIACT YIyUIIMTh METPHKU CErMEHTalUH (B YaCTHOCTH, kKodddunuent Dice



U 4acTOTY JIO)KHOTO OOHapYKEHUs KJIETOK) 110 CPABHEHUIO C KJIACCHUECKUM 0a30BBIM aJlTOPUTMOM CerMeHTaluu. BHenpenue
MIPE/UIO’KEHHOT0 AJITOPUTMA TT03BOJISIET YIPOCTHUTH padoTy maTosora o onpeaeneanio HER2/neu craryca omyxomn.
Knioueswie cnoea: cerMeHTaLsl KIETOK, ITyOOKHE CBEPTOUHbIE HEHPOHHBIE CETH, aHANIU3 U300pakeHNUI.

Display Interfaces for the Control Unit of an Implantable Cardiac Pump

Ilya N. Rodionov, Igor V. Nesterenko, Dmitriy V. Telyshev, Ivan A. Sapozhkov ..........ccccccoovirveiviniiiiiniiiiiinieiiseeeeeeeneeese e 33
HHuTtepdeiichl aucmies 6J10Kka ynpaBjieHUsl HMIUIAHTHPYEMOIro KapAuOMOHUTOPa
Poouonoes U.H., Hecmepenxo U.B., Tearviues J1.B, Canosickos U.A.
HannonaneHbIi ncce1oBaTeIbCKUi YHUBEPCUTET «MOCKOBCKUI HHCTUTYT 3JIEKTPOHHOM TexHUKm» (HUY «MUDTy),
3enenorpan, Poccus
B nponecce pa3paboTky KapIMOMOHUTOpA HAKJIAJBIBAIOTCS PAa3INYHbIe OTPAaHUYEHMS U TpeOOBaHNUS Ha TaKHe ITapaMeTphl, KakK
noTpelieHue 3Hepruy, 00beM BBIBOAUMON MHGOPMAIMHU U T.A. B COOTBETCTBHY C MOCTABICHHBIMH 3aJa4aMi Pa3paboTYHKy
HEe00XO0IMMO TIPUHATH ONTUMAIIBHO PELICHHE ITPU BBIOOPE ammapaTHbIX KOMIOHEHTOB. [Ipu padote ¢ rpaduyeckum gucmieeMm
omnpenensieTcst HHTepQeiic, KOTOPHIA OyIeT NCIIOIB30BaThCS JUI Iepeiadll JaHHBIX. B pabore mpoBoautcs ananms Hanboiee
YacTO HCIOJb3YEeMbIX MHTEp(EHCOB s rpadM4ecKuX JIHCIUIEEB, Ha OCHOBE KOTOPOrO MOXKHO HPHHSATH PEIICHHE, KaKoif
MPOTOKOJI BBIOPATH, IPH TEX WIIH UHBIX MOCTABJICHHBIX TPEOOBAHUAX.
Knioueswvie cnosa: rpadmuaeckuii auctuieii, MHA JaHHBIX, KAPAXOMOHHUTOP, TapajuIe/IbHbIE H MOCIeJOBaTeIbHbIe HHTEepdeiicH,
RGB unrepdeiic, nepenaya JaHHbBIX.

Closed-loop system for blood glucose level control

Evgeniia Litinskaia, Kirill Pozhar, Nikolai Bazaev, Pavel Rudenko, Viktor Grinvald and Andrey Chekasin ............c.ccccocvvvenccnnnne. 36
Cucrtema ¢ 00paTHOM CBA3HIO JJI51 KOHTPOJISI YPOBHSI KOHIEHTPAIUH ITIOKO03bI B KPOBH
Jlumunckas E.JL, Ilosxcap K.B., basaes H.A., Pyoenxo I1.A., I puneanvo B.M., Yexacun A.U.
HannonaneHBIH Hcclie1oBaTeNbCKUi YHUBEPCUTET «MOCKOBCKUI HHCTUTYT 3MeKTpOHHOM TexHUKM» (HIY «MUITy),
3enenorpan, Poccust
[IpencraBnena 3aMKHyTasi cHCTeMa ¢ OOpaTHOM CBs3bIO, MO3BOJIIOIIAs aBToMarwuecku monaaepkuBatb KI'K B mpumemax
($U3HONOTNYECKO HOPMBI C MHHHMAIbHBIM y4acTheM manueHnTa. CHcTeMa OCHOBaHAa Ha MOMIIOBOW HHCYIMHOTEPANUU H
HenHBaznBHOM MoHHTOpHHTe KI'K criekTpockonnaeckum MeTooM Ha Modke yxa. O6patras cBsi3b mo KI'K ocymiectensercs ¢
MOMOIIBI0 KPaTKOCPOYHOTO MPOTHO3UPOBAHMS, 3a/aueii KOTOPOro SBISiETCS OOHapyXeHHEe W KOppeKuus omuOoK B padoTe
Hacoca MHCYJIMHA WIH TTIIOKOMETPa, a TaKKe pacyeéT peKOMEHIyeMO! 1035l BBOJUMOTO HHCYJIMHA.
Kniouesvie cnosa: caxapHblii muaber, 3aMKHYTasi CHCTeMa ¢ 00paTHOH CBSI3bIO, KOHTPOJb YPOBHS TJIFOKO3bI B KPOBH, WHCY-
JIMHOTEPAINsl, HSMHBa3UBHBIN TTIIOKOMETP, KPAaTKOCPOYHOE ITPOTHO3HPOBAHKE.

Effect of thrombus formation on heat emission in Sputnik RBP

Andrey Porfiryev, Dmitry Telyshev, Aleksandr Pugovkin and Sergey SeliSHCREV .............ccoccevieieiiiiieiieieeeeeeseeesie et 40
Biusinne TpoM6000pa3oBaHusl HA TeNJIOreHEPALMI0 POTOPHOI0 Hacoca KpoBU «CIyTHUK»
Hopgpupves A.O., Tenviues /1.B., Ilyeosxun A.A., Cenuwes C.B.
HanmonaneHbIH Hccne1oBaTeNbCKIH YHUBEPCHTET «MOCKOBCKUH MHCTUTYT 31eKTpoHHOH TexHukm» (HUY «MUDT»),
3enenorpan, Poccust
IToka3aHo ompeneneHHWe XapakTepa TEIUIOBBIACICHHS IPU TpomOO3e ammapaTa BCIIOMOTATENBHOTO KPOBOOOpAILEHUS.
MopenupoBaHre pa3IMYHBIX COCTOSHHH CHCTEMBI OCYIIECTBIUIOCH ITyTEM BapbUPOBAaHMS YacTOTHI BpAaIleHHS Hacoca,
HM3MEHEeHUs paboueil )KUIKOCTH ¥ MECTOIOJIOKEHHS TpoMO00Opa3oBaHuid. Pe3yabTaTsl KoeOaHus TeMIIepaTypsl, HOTydeHHEIe
C TTOBEPXHOCTH HACOCa, MO3BOJISIOT ONPEAEIUTh HATUUUE U PACTION0KEHHE TPOMO00Opa30BaHHUsI.
Knioueswvie cnosa: TeroreHeparys, pOTOpHBIA, TpoMO00Opa3oBaHue Hacoca.

Surgery in the year 2030: Surgery 4.0?

Hubertus Feussner and Dirk WIlREIM ...............ccccoiiiiiioiiiiiiiiiiiicieeeet ettt sttt ettt ettt st et 44
Xupyprus B 2030 roay: Xupyprus 4.0
®Deccnep I'., Bunveenovm /1.
Texuudeckull yHuBepcuTeT MIOHXEHA
PaccMOTpeHBl COBpeMEHHBIE HAMpPaBICHUS] Pa3BUTHSA XHPYPrMYECKMX BMemaTenbcTB. [lokazaHO, 4YTO HMCKYCCTBEHHBIH
HHTEIUIEKT, POOOTOTEXHHUKA, MOJISTMPOBAHIE XUPYPTUUECKUX ONepanyii 1 MHOTHE Npyrue MpUHIUIE Xupypruu 4.0 moMoryt
crenmate omepanuio Ooinee Oe3omacHOM aIsd TNanueHTa. TeM He MeHee, B OOMECTBaX C BBICOKOPA3BHTOH CHCTEMOH
3J]paBOOXPAHEHHs, HE TPOU30HIET MONTHON aBTOHOMHU3ALUH BBIMOIHEHUS XUPYPIUUECKHUX OMepaliii po6oTamMu.
Knioueswvie cnosa: xupyprus, MeIUIUHCKass pOOOTOTEXHUKA, HHTEIIIEKTYaIH3aIis XUPYPTHH.

Intraoral Microfocus X-ray radiography in veterinary medicine

Yuriy Potrakhov and NikOIQY POtFGKIROV ...........cc.cccccoiiiiiiiiiiiiiiiieeieetest ettt ettt sttt et sae et bt et sbe et e bt eatentesaeens 47
«BHyTpHpOTOBasH» MHKPO(OKYCHasi peHTreHorpadus B BeTepMHAPHH
Iompaxoe H.H., [lompaxoe FO.H.
Cankr-IlerepOyprekuii rocyaapcTBeHHBIN 3nekTpoTexHuyeckuil yausepcutet «JIDTH» um. B.M. Yapsunosa (Jlennna)
CIIOI'OTY «JIDTU»
PaccMOTpeHBI n3BECTHEIE CIIOCOOBI ICHTAIbHON CHEMKH B BeTepHHApHHU. [IpoaHanmm3mpoBaHbl UX HepocTaTkd. IIpermioxeHa
OpHI'MHAJbHAas METOAUKAa «BHYTPHPOTOBOI» AEHTaNbHOH cheMKu. OmHcaHbl MPEUMYIIECTBA NPEITOKEHHOW METOIUKU U
MpeICTaBICHBI IPEBAPUTETBHBIE PE3YIbTATy UCCIIEI0BAHMS.
Knioueswvie cnosa: MukpodokycHasi peHTreHorpadusi, BeTepHHapHsl, CTOMAaTOJIOTHs, TAHOpaMHasl PeHTTeHOBCKast TpyOKa.




Specialized x-ray machine for neonatology

Viadimir Klonov, Ivan Larionov and NikOIQy POIFAROV ..............ccccccueeieeeiesiieeiiesieeieesttesteesteesveetaessaesteesseesnseessaesnseenseesnseensaesnseens 50
CrenuaJn3upoBaHHbIH PEHTICHOBCKHIA aNapar /18 HEOHATOJOTHH
Kaonos B.B. Jlapuonos U.A., [lompaxoe H.H.
Cankr-IlerepOyprekuii rocyaapcTBeHHBIN snekTpoTexHuyeckuil yausepcutet «JIOTH» um. B.M. Yapsunosa (Jlennna)
CIIBI'OTY «JIOTU»
PaccMOTpeH anbTepHATUBHBIA MOAXOX K PEXUMY PEHTICHOBCKOM IMArHOCTHKU HOBOPOKAEHHBIX, IO3BOJIIONIMI IOJyYaTh
BBICOKOE KadyeCTBO CHHMKOB. TpeOOBaHMS IO BBIXOJHBIM JJICKTPUYECKHM XapaKTePUCTUKaM IIPH 3TOM 3HAYUTEIHHO
CHIDKAIOTCS, 3TO JaéT BO3MOXHOCTb PEaTM30BbIBATh JOCTATOYHO KOMIIAKTHBIE M JIETKUE YCTPOMCTBAa Misi MOPTaTHBHOIO
npuMeHeHus. Take NpeicTaBiIeHa CTPYKTYpa PEHTICHOBCKOrO almapara [Jisi HEOHATOJIOTMH, a TaKke OCOOCHHOCTH ero
KOHCTPYKIHH, KOTOPBIE JAI0T BOZMOXKHOCTB Pean30BaTh MAaKCHMaJIbHO KOMIIAKTHOE ¥ HAaJIeXXHOE B OKCILTyaTal[iH PEIICHUE.
Knioueswvie cnoea: peHTTeHOBCKOE M3IyUeHNE, HEOHATOJIOT U, AMATHOCTHKA, KOHCTPYKIIUS amnmapara.

Computer program for setting up a medical X-ray apparatus
Ivan Larionov, Viadimir Klonov and Victor Bessonov
KomnbloTepHast nporpamMma 7151 HACTPOHKH MeIHIHHCKOI0 PEeHTTeHOBCKOr0 anmnapara
Jlapuonoe U.A, Knonos B.B., becconog B.b.
Cankr-IlerepOyprckuii rocyIapcTBEHHBIH 1eKTpoTexandecknii yausepcureT «JIDTU» um. B.U. Vibsnosa (Jlenuna)
CIIOI'OTY «JIDTU»
IlpencraBnena mporpamMMa MO HAacTpOilke M KOHTPOTIO PEHTI€HOBCKOTO MEAMIIMHCKOTO YCTPOICTBAa AT HEOHATOJOTHH.
PaccMOTpeHBI OCHOBHBIE 0COOCHHOCTH CXEMbI PE30HAHCHOTO YIPaBJICHUSI ICTOYHUKOM PEHTTEHOBCKOTO H3TydeHHs. ONMICaHbI
TpeboBaHMsI K IPOrpaMMHOMY OOECIICUCHHUIO, HajaraeMble CXeMod u paboummu mnapamerpamu. IIpemmoxkeH BapHaHT
KaJIMOpOBKY 111 pab0YMX apaMeTpoB PEHTICHOBCKOTO almapaTa Jyisi MEAULIMHCKOTO IPUMEHEHHYS.
Kniouesvie cnosa: peHTTeHOBCKOE M3IIy4eHHE, IPOrPaMMHOE 0OecIIeUeHIEe, HEOHATOIOT S, PE30HAHCHAsT CXeMa.

Digital X-ray image processing with using adaptive histogram equalization and adaptive background correction

Nikolai Staroverov, Artem Gryaznov and Kholopova ERGLEFING .................cccccoivuiriiiioiniiniiniiniiieieteesiee ettt 56
IMudposas 06padoTKa peHTreHOBCKUX M300paskeHMii ¢ MCN0JIL30BAHHEM AIANITHBHOM IKBAJIM3ALMM THCTOTPAMMbI
H aJaNTUBHOI KOoppeKkuu# GoHa
Cmaposepos H.E., I pasnog A.FO., Xononosa E.J].
Cankr-IlerepOyprckuii rocyapcTBEHHBIH 1eKTpoTexandecknii yausepcureT «JIDTU» um. B.U. Vibsnosa (Jlenuna)
CIIOI'OTY «JIDTU»
PaccmoTpensl nBa mMeroma HU(pOBOW 00pabOTKH MHUKPO(OKYCHBIX PEHTTCHOBCKUX HM300paKCHHUil: aJrOpUTM KOPPEKLUH
HEpPaBHOMEPHOTO ()OHAa M300pa’KeHHMS HAa OCHOBE BBIYMTAHUS MCKaKAIOIEH (QYHKIMH M QITOPUTM JIOKaJIbHO-aJalTHBHON
SKBaJM3allMM THCTOTPaMMEL [IpoBeneHBl HCCIeNoBaHUS pPa3pa0OTaHHBIX AJITOPUTMOB Ha BBIOOpKaX MHUKPO(OKYCHBIX
PEHTTeHOBCKUX M300pakeHnit. O0a MeTo/a MOKa3aIl yJOBICTBOPUTEIIBHBIC PE3YIbTATEL.
Knioueswvie cnosa: MUKpooKycHasi peHTTeHOTrpadust, SKBATU3ALI THCTOrPaMMBI, ITU(poBast 00paboTka H300pasKeHUH.
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Methods of investigation parameters of plasma of glow discharge lasers

Aleksandr Kiselev and EVZENij SMIFIOV ...........cccccouiiiiiiiininiiieieet ettt ettt ettt ettt sttt et sttt ettt be ettt eae b b nnen 1(59)
MeToanka HccIeA0BAaHUS MAPAMeTPOB ILUIa3MBbl J1a3ePOB TJIEI0NIero pa3psia
Kucenes A.C., Cmupnos E.A.
Cankr-IlerepOyprekuii rocyaapcTBeHHBIN anekTpoTexHuyeckuil yausepcutet «JIOTH» um. B.M. Yabsunosa (Jlennna)
CIIOI'OTY «JIDTU»
IIpousBesneH psix SKCIEPUMEHTANBHBIX U TEOPETHYECKHX HCCIEJOBAaHMII IapaMeTpOB IUIa3MBI JIa3epOB TJICIOUIErO pa3psiia.
[TosyueHHbIEe pe3yJbTaThl MOT'YT OBITh HCIIONB30BAaHBI NPU MOJA0OPE ONTHMAIBHOIO Ta30BOTO HAMOJHECHHSA, a TaKkKe IpU
pa3paboTKe cucTeM CTaOMIN3aLMK MOIIHOCTH ra30pa3psaaHbIX J1a3epPOB, UCIOIb3YEMbIX B MEAULIUHCKONH TEXHUKE.
Kniouesvie cnosa: nasepbl TICIOLIETo paspsia, Ia3Ma, IEeKTPOHHAs TEMIIepaTypa, UMIICJAaHC TJ1a3MBl.

Study of the influence of the installation angle of the pedicular screw on its resistance to axial traction

Savrasov G.V., Sayfutdinova M.S., Makirov S.K., Makirov T.R. .........c.ccccceeviiviriininiiniiietiteesteseeteeet sttt 5(63)
Hcenenopanne BIMsIHUS YIJIa YCTAHOBKH BHHTA B MOAYJ/Ib OMOMO/Ie/IM HA €r0 CONPOTHBJICHHE 0CeBOMY BbITSI’KEHHIO
Caspacoe I'.B.", Catipymounosa M.C.!, Maxupoe C.K.?, Maxupoe T.P.
IMI'TY umenu H.D. Baymana, Mocksa, Poccust
2 llenTpanbHas KIMHUYIECKas GonbHuIa Poccuiickoii akanemnn Hayk, Mocksa, Poccus
IlpoBeneHO SKCHEPHMEHTANTBHOE HCCIEAOBAHUE BIMSHMS YIJIAa YCTAHOBKM TPAHCIEAUKYIIPHOTO BHHTA HA €r0 CONpPOTUBICHHE
0CeBOMY BBITSDKEHHIO. BUHT BBOmMIM B Mopenb OHOOOBEKTa (Teno MO3BOHKAa OapaHa) IO YIVIOM IO OTHOIICHHIO K OCH
BBITSATHBaHMS. lccienoBanue MOATBEPIKIAeT, YTO YBEIMUCHHE yIila MPUBOAUT K YXYIUIEHHIO (DHKCAIUK BHHTA B MO3BOHKE: IPH
Haxuone 5+0,5° cuna conporusienust cocraBuia 1208+6 H; npu Haknone 14+0,5° — 965+5 H; npu nakione 28+0,5° — 303 +2 H.
Kniouesvie cnoséa: BUHT TpaHCHEOUKYISIPHBINA, QUKcaIis MO3BOHOYHUKA, CONPOTUBICHUE OCEBOMY BBITATHBAHUIO, OMOMEXa-
HUYECKHUE UCCIECIOBAHMUS.




The study of biomechanical characteristics of the venous wall after ultrasound exposure

Anna Borde, Savrasov Gennady, Alexander Gavrilenko and Alexandera IVAnNOVA ...............ccccoccvcevuevirieeneiiesineeicneeienieseeeens 7(65)
N3yuyeHue BIMSHUA YJIbTPa3ByKa HA OMOMeXaHNYeCKHe XapaKTePHCTHKH BEHO3HOI CTEHKH
Bopoe A.C.!, Caspacos I'.B.", l'aspunenxo A.B.%, Heanosa A.T"?
I MI'TY umenu H.D. Baymana, Mocksa, Poccust
2 PHIX um. B.B. TlerpoBckoro
B mpornecce 0TpaboTKH TEXHOJIOTHIECKHX MTapaMeTPOB YIIBTPA3BYKOBOH aOJSIIUM BEH HIDKHUX KOHEYHOCTEH HEOOXOANMBIM
9TANoOM SIBJISIETCSI UCCIIEOBAaHNUE CTPYKTYPHI ITATOJIOTHIECKOH BEHO3HOH CTEHKH IIOCIE YIbTPa3BYyKOBOTO BoznehcTBus. OO
HU3MEHEHUSX B CTPYKType OMOTKAaHM MOXHO CYAWTH IIOCPEICTBAM KOCBEHHBIX ITOKa3aTeNlel, TakuxX Kak OMOMeXaHMYeCKUe
XapaKkTepUCTHKU. B paboTe NpuBeneHBI pe3ylbTaThl SKCIEPUMEHTAIBHBIX HCCICIOBAHMI 110 M3yYeHUIO W3MEHEeHUH
OMOMEXaHNUECKNX XapaKTePUCTUK BEHO3HOM CTEHKHU TOCIE YIbTPa3ByKOBOW aOALUy.
Knioueswvie crosa: Bapuko3Hasi 00JI€3Hb BCH HIDKHHX KOHEUHOCTEH, YIIbTPa3ByKOBasi XUPYPrHsl, OHOMEXaHIMYECKHIE MCITBITAHNUS.

Solid Angle Fraction in Single-Photon Emission Computed Tomography

Alexander Lysenko and Sergey TereSHCHENKO ...............cccouiviiiiiiiriiiiiieiesieetest ettt sttt ettt ettt ettt st saesane i ene 9(67)
I'eomeTpuyeckoe oc1ad1eHre B 0AHO(OTOHHON IMUCCHOHHOI TOMOrpadumn
Jlvicenxo A.1O., Tepewenxo C.A.
HannoHanpHBIN Hcclie1oBaTeNbCKUI YHUBEPCUTET «MOCKOBCKUI HHCTUTYT 3MIEeKTPOHHOM TexHUKM» (HIY «MUITy),
3enenorpan, Poccust
B onHO(OTOHHON SMHUCCHOHHOM TOMOTpadUH CyIIECTBYeT MaJONCCIeOBAaHHbBIM NCKaKAIOIUK (aKkTop, Ha3bIBaeMBIi reoMeT-
pudecknM ociabnenneM. B pabore mcciemyercs BiIMSHHE TeOMETPHUYECKOTO OCNIAOJICHHS HAa KadecTBO PEKOHCTPYKINH, B
3aBUCHMOCTH OT Pa3MepoB OOBEKTAa M paanyca BpAlIEHHs] CHCTEMBI. {1 KOPPEKIMH HMCKaKCHHH, BBI3BAHHBIX (AKTOPOM
TEOMETPHIECKOT0 OCIabIeHus, pa3paboTaH HOBBIH HTEPAIIMOHHBIH METOI.
Kniouesvie cnosa: smuccuonHas ToMorpadusi, peKOHCTPYKIHS, HHTETPAIbHO-UTEPAIMOHHBIH alrOPUTM, T€OMETPHIECKOE OC-
nabeHue.

Animal Trials of Wearable Apparatus for Peritoneal Dialysis

Nikolay Bazaev, Natalia Dorofeeva, Victor Grinvald’, Boris Putrya and Nikita ZRilo ..............c..ccoccocevvcniininininiiienincnnenne. 12(70)
HcnbiTaHnsa HOCHMOI0 ANNAPATA NEPUTOHEATBHOI0 AHAIN3Aa HA *KHBOTHBIX
bazaes H.A., Jlopogpeesa H. 1., I punsanvo B.M., [Iymps 5.M., 2Kuno H.M.
HammonanbHeli nccnenoBaTenbekuit yHUBepeUTeT «MOCKOBCKUN HHCTHUTYT 3JeKTpOHHOH TexHukm» (HUY «MUDT»),
3enenorpan, Poccust
IIpuBeneHs! pe3ynbTaThl MEAUKO-OHONIOTMYECKHX UCTIBITAHNH HOCHMOTO amnapara BHEMOUEYHOTO OYMINEHHS KpOBU Ha Oa3e
MEepPUTOHEANLHOTO Auanu3a ¢ pereHepanueil. OCHOBHas HJes MeTOJa pPereHepalyy 3aKiodanach B MPSIMOM aHOJHOM
OKHCIICHIH MOYEBUHEI C MOCIENyIomIeil copOIHeli MpoayKTOB MIEKTPOIN3a aKTUBHPOBAHHEIM yriiéM. [IpencraBieHs! qaHHbIe
10 U3MEHEHUIO KOHLIEHTPALUY a30TCOACPKALIMX COCAUHECHUI B TUAIM3aTe B X0€ UCIBITaHUI annapaTa Ha *KUBOTHBIX.
Knioueswie cnoea: perenepanus Auann3aTa, HOCHUMBIH anmapar CKYCCTBEHHOTO OYMILEHUSI KPOBH, EPUTOHEANIBHBIN a3,
MEJIIKO-OHOJIOTNIECKHE UCTIBITAHUSL.

The control method of peripheral venous catheters automatic insertion using force measurement

Ivan Kudashov and Sergey IGorevich SHCRUKIN .............cc.ccccoiiviiiiiiiiiiiiiieitete ettt ettt 15(73)
KonTtpoanb ycranoBkH nepudepuyeckuX BeHO3HBIX KaTeTePOB ¢ MOMOIIbIO M3MePeH sl CHIIbI, JefiCTBYIOIell Ha UIuTy
Kyoawos U.A., U]ykun C.H.
MI'TY umenu H.3. baymana, Mocksa, Poccus
IIpencraBieHo ycTpoHCTBO 0OpaTHOH CBS3M Ha OCHOBE TEH30PE3MCTHBHOTO JATYMKA CHIIBI, HHTETPHPOBAHHOTO B aBTOMA-
TUYECKYI0 CHCTEMY KOHTPOJS U IIPOBEIEHUs MyHKIMU BEHO3HBIX cocyloB. Ha OCHOBE MOITyYEHHBIX JaHHBIX NPEATIOXKEH ajl-
TOPUTM MJCHTU(UKAIIMI TPOKOJIA CTEHKH BEHBI.
Kniouesvie cnosa: BeHeNyHKIMS, JaTYUK CUIIBL, KaTeTep, aBTOMAaTU3UPOBaHHAsl CUCTEMA.

Diamond and Platinum Electrodes For Urea Electrochemical Oxidation

Bazaev Nikolay, Boris Putrya and EVZENiy SIFelSOV .........cccovimiiiiiiriiiiiieieeieetest ettt ettt ettt ettt et sbe s nae b 18(76)
AnMa3HbIe U INIATHHOBBIE YJIEKTPOABI AJIs1 3JIEKTPOXHMHYECKOr0 OKHCJIEHHS MOYEeBHHBI
Basaes HA.', [lymps B.M.!, Cmpenvyos E.B.!
HanmonaneHBIH Hece10BaTeNbCKUH YHUBEPCHTET «MOCKOBCKUH MHCTUTYT 3IeKTpoHHOI TexHukm» (HUY «MUDT»),
3enenorpan, Poccus
Pa3nuunble MeTOABI pereHepay oTpabOTaHHOTO AMAM3aTa MOTYT ObITh MCIOJIB30BaHbI MPH MHUHUATIOPU3AIUH allapaToB
BHEMOYEYHOT0 OYMIIeHus. MccaenoBan METOA 3NEeKTPOXUMUUECKOTO OKHCIEHHS MOYEBHHBI. B kauecTBe 00bekTa mccieso-
BaHUS OBUIM BHIOpAHBI IIJTATHHOBBIC U aJIMa3HBIe 3JIeKTpobl. [IpuBeneHo Teopernyeckoe 000CHOBaHHE METO/A, & TAKXKE IKC-
TIepUMEHTAIbHBIE PE3YJILTATHI IO CKOPOCTH SIUMUHAIIMY MOYEBUHBI Ha BEIOPAHHBIX MJICKTPOAHBIX 00pasnax.
Knioueswie cnoea: pereHepanys Iuanu3ara, dJIEKTPOIIH3, HOCUMBIH aIrmapaT UCKYCCTBEHHOTO OUYMINEHUS] KPOBH.

The influence assessment of reversible chess pattern size and biological object parameters
on visual evoked potential detection

Irina Kuvshinova and Alexander Dmitriev 22(80)




OneHka BJIHMSIHUS pa3Mepa peBePCHBHOI0 MIAXMATHOIO MATTEPHA H NapaMeTPOB OHOJOrH4ecKoro o0bexkra

Ha BblJeJICHHE 3PUTeJbHbIX BbI3BAHHBIX MOTEHIIHAI0B

Kyswunosa U.C.", [mumpuee A.H.!

MI'TY umenu H.3. baymana, Mocksa, Poccus

PaccMoTpeHa MeToiKa 3pUTENbHOM CTUMYJIALIMY € HCIIOJIb30BaHUEM Pa3IMYHbIX Pa3MepoB (POTOCTUMYIISALIMOHHOW MaTPHLIbI,
HO3BOJIAIOIIAS YBEJIMYUTh TOYHOCTb JIOKAIM3ALMH HapyIIeHHH (YHKIMOHAJIBHOM aKTUBHOCTH 3pHUTENbHOH Kopbl Llens
paboTHI — OIEHKa IapaMeTPOB CTHMYIIIMU Ha PEBEPCHBHBIN IIAaXMATHBIH MATTEPH U JIEKTPOPHU3NYECKUX MapaMeTpoOB Ha
aMIUTUTY ]y 3PUTENBHBIX BEI3BAHHBIX MOTEHIINAJIOB.

Kniouesvie cnosa: 3purenvHble BbI3BaHHbIe noTeHUuans! (3BII), peBepcuBHeli maxmaTabiid narrepH (PLUIT), pexum ctumy-
JISIUH, CBETOJIHOHAST MAaTPHIIA, aMILTHTY/a AUITOJIS, TOJIIIMHA Yepera.

Algorithm of physical activity detection according to the accelerometer data of implantable pacemaker
with rate-adaptive pacing
Anna Krechetova, Lidia Komleva and Alexey Tikhomirov ..
Anaroput™ BbI60opa Gpu3NYecKoil AKTHBHOCTH 110 JAaHHBIM aKceJlepoMeTpa
HMILIAHTHPYEMOI0 KapAHOCTUMYJIATOPA ¢ QyHKIHEH YaCTOTHOH ajanTanuu
Kpeuemosa A.B.!, Komnesa JI1.C.!, Tuxomupos A.H.!
MI'TY umenu H.3. baymana, Mocksa, Poccus
OyHKIMA YaCTOTHOM afganTal[MM YITydIIaeT KauecTBO KU3HM MALUEHTOB C HMIUIAHTUPYEMBIMH KapAHOCTUMYISTOPaMU.
OnHaKko, TOYHOCTb COBPEMEHHBIX AITOPHUTMOB HE SIBISIETCA IOCTATOYHOM ISl MOJHOLEHHOHN >KM3HM manueHToB. Ilokasan
HOBBIH alTOPUTM JUIs BEIOOpa (pr3nueckoi akTHBHOCTH 110 JAHHEIM aKCeJIepoMeTpa.
Knioueswie cnoea: 4acToTHas afanTaiys, KapIHOCTUMYISATOP, aKCETEPOMETP.

25(83)

Multidiagnostics study of postoperative cognitive disorders

Tatiana Istomina, Aleksey Safronov, Leonid Krivonogov, Sofia Karpitskaja, Mihail Kramm,

Nikita Kosenok and Elena SHACHNEVA ...............cc.occcueecieeieeeeeeeeeeeeesteette st eestee st e e st esseesteesseeanseessaeesseesssesnseessseanseenseesnseenseennes 28(86)
My IbTHAHATHOCTHYECKOE HCCJIEI0BAHNE MOCIe0NePANMOHHBIX KOTHHTHBHBIX PacCTPoiicTB
Hemomuna T.B.', Cagpponos A.1.%, Kpusonozos J1.10.3, Kapnuyxas C.A.?, Kpamm M.H.*,
Kocenox HIO.., Illaunesa E.A.?
! Tlen3eHCKuMii rOCYapCTBEHHBIN TEXHOJIOTHYECKUI YHUBEPCUTET
2 [len3eHCKUI MHCTUTYT NOBBILIEHYs KBanudukaiuu Munucrepersa 3apasooxpanenus Poccuiickoit Oeneparuu
3 TleH3eHCKUit TOCYIAPCTBEHHBINA YHUBEPCHTET
4 MOCKOBCKHI SHEPTETHYECKUIA HHCTUTYT
ITpoBeneHo wuccnenoBaHHe HH(POPMATHBHOCTU KOMIIBIOTEPHOIl cTabmiorpaguu COBMECTHO C 3yeKTpokapauorpadueit s
H3y4YeHHs IPOSBICHHI IIOCIEONEpalMOHHON KOTHUTHBHON MUCHYHKIMM M IIOWUCKA aJeKBaTHOM aHecTe3Wu. Pesynbrare
HCCIIEA0BAHUN TOATBEP MM BO3MOXKHOCTD HCIIOJIb30BaHUS CTAOMIOTpadiy B Ka4eCTBE HCTOYHUKA KOJIMYECTBEHHBIX JaHHBIX
0 KOTHUTHBHOH JUC(YHKINM U MHCTPYMEHTA I ONTHMHU3ALUK aHECTE3UH MPH JIANapOCKOITMYECKOH XONeUCTIKTOMUH.
Knioueswvie cnosa: crabunorpadust, anekTpokapanorpadus, mocieonepanioHHasi KOTHUTHBHAS AUCHYHKIHS.

Evaluation of the electrode system pressure force influence on neuro muscular activity signals

Andrey Briko, Chvanova Julia, Alexander Kobelev and Sergey SHCRUKIN .................ccocoviviiiiiiiniiniiniiiiiiiiieeneceeee e 32(90)
OneHka BJIMSTHUS CHJIbI IPHKATHS 3JIEKTPOIHOI CHCTEMBI HA CHTHAJIBI HeHPOMBIIIEYHOH AKTHBHOCTH
bpuxo A.H., Ysanosa FO.A., Kobenes A.B., LL{yxun C.H.
MI'TY umenn H.D. baymana, Mocksa, Poccus
IIpencraBiieHO cpaBHEHHE TPEeX OCHOBHBIX METOJOB PETHCTPAUH HEHPOMBIIICYHOH aKTHBHOCTH HMOCPEICTBOM PETHCTPAaLUH
3JIEKTPOMHUOTPAMMEI, CUTHATa OHOMMIIEaHCa 1 MHOTOHHYECKOTo curHaia. OIEeHeHO BIMSHHS CHIIBI MPYDKATUS DIIEKTPOJHOM
CHCTEMBl Ha CHMTHaJbl HEHPOMBIIICYHOH AKTUBHOCTU. M3MepeHHs NMPOBOAMIMCH IPH M30METPHUYECKOM CXBATKE Ha CICLH-
AJIbHOM CTEH/Ie, KOHCTPYKLHUS KOTOPOTo ONHKCaHa B paboTe.
Knioyesvie cnosa: curHanmbl HEHPOMBIIIEYHOH aKTHBHOCTH, JIEKTPOMHUOTpadus, OHOUMIIEIaHC, MHOTOHHYECKUH METOH, CHila
HPIKATUS DIIEKTPOJIOB, H30METPUUYECKHIT CXBAT, CTEHJI CXBaTa.

A Database with face video images of patients with schizophrenic disorders and control healthy group

E.Yu. Latysheva, M.N. Pilipenko, A.A. Boiko, A.V. Samorodov, M.A., Omelchenko,

A.O. Rumyantsev, A.M. Ivanova and D.D. VOIOVIK ............cccoccevueviriiininiiiiiieieiteteste ettt sttt 36(94)
Ba3a Bueon3o0paskeHuii ML NAHEHTOB ¢ PACCTPOMCTBAMHU MIM30(PEHHYECKOr0 CIIEKTPA U KOHTPOJIbHOI IPYyIIIbI
Jlamvuuesa E.FO.!, [Tununenxko M.H.!, Boiiko A.A.', Camopooos A.B.!, Omenvuenxo M.A.?,

Pymanyes A.0.%, Heanoea A.M.?, Bonosux JI.J.°

' MI'TY umenu H.D. Baymana, Mocksa, Poccust

2 HIII3

Paspaborana 6a3a BHICOM300paKEHHI JIUI[ MAIEHTOB, OOJILHBIX PAaCCTPOUCTBAMH IMU30(PEHUUECKOTO CIIEKTPa, a TaKKe
rpynnsl HopMbl. JlaHHbIe 3a00JIeBaHUs XapaKTePU3yIOTCsS HEraTHBHBIMH CHMITOMAMHU B IOBEICHHH, a HMEHHO B JIMIEBOM
akcnpeccud. Onucana npoueaypa perucTpauiuy BUACON300pakeHUi, yKa3aHbl KpUTEPUU 0TOOpa YIaCTHHKOB HCCIICIOBAHNS,
MpeCTaBICHA OIIEHKA KaYeCTBA PYYHOW aHHOTAIMH Oa3bl.

Kniouesvie crosa: n3obpaxkeHue, Iuio, 6a3a TaHHBIX, IIA30(PEHUS.




Artificial Muscles with the Possibility of Application in Medical Practice

Levan Ichkitidze, Sergei Selilshchev, Alexander Gerasimenko and Natali Demidenko ...............ccccooovvcieviniesieniieienenesieienene 38(96)
HckyccTBeHHbIE MBIIIIBI ¢ BO3MOKHOCTBIO TPHMEHEHUs B MeUIUHCKOI NMPaKTHKe
Huxumuose JLII., Cenuweg C.B., I'epacumenko A.1O., Jemuodenxo H.A.
HanmonaneHBIH Hcce1oBaTenbCKIH YHUBEPCHTET «MOCKOBCKUH MHCTUTYT 31eKTpoHHOI TexHukm» (HUY «MUDT»),
3enenorpan, Poccust
[poanamm3npoBaHsl HaydHbIE WCTOYHHKH OTHOCHTEIBHO HCKYCCTBEHHBIX MBI M IIPHBOAOB HAa OCHOBE MHOTOUYHCIIEHHBIX
MaTepHaJIoB 1 HAHOMATEPHaJIOB C BO3MOXKHOCTBIO IIPUMEHEHHS B MEUIIMHCKOM MpakTuke. OTMEYEHO, YTO UCKYCCTBEHHBIE MBIIIILIBI
U3 YIIIEPOIHBIX HAHOTPYOOK M HAHOMAaTEepUAIOB Ha MX OCHOBE MOKA3BIBAIOT HpHEMIIEMbIe (PU3UKO-MEXaHWYECKUE ITapaMeTpsl, HO
TpeOyIOT YCTpaHEeHHs HEAIOCTaTKOB: BBICOKasi CTOMMOCTb, HU3Kast HAJIe)KHOCTh, HU3Kasl CTENIeHh OMOCOBMECTHMOCTH.
Knioueswie crosa: MpUBOJBI, HCKYCCTBEHHBIE MBIIIIIBI, yAETbHAS MOIIHOCTh, HAHOMATEPHAIIBI, YTIEPOAHbIE HAHOTPYOKH, O1O-
COBMECTUMOCTb.

Optimization of the prophylaxis of critical ischemia of lower extremities on the basis of fuzzy models
for assessing the dynamics of the disease
Aleksandr Bykov, Nikolay Korenevskiy, Sergey Parkhomenko and Irina KRriping ..................cccccoovevieviecnoniininceeninineens 42(100)
OnTuMmu3anus NpopUIAKTHKA KPHTHYECKOH HIIeMHH HUKHUX KOHEYHOCTell Ha 0CHOBe HeueTKHX MojeJei
OLIEHKH TMHAMHKH 3200/1eBaHUs
Buikoe A.B.!, Kopenescxuii H.A.%, Ilapxomenko C.A.3, Xpununa U.H.?
! KoncynbratupHas kauHuka BMY «Kypcekast 061acTHast KIIMHAYIECKas GOJBHULIA
KoMuTeTa 31paBooxpanenus Kypckoit obmactu, Kypcek, Poccust
2@I'bOY BO «I0ro-3anaublii rocynapcTBeHHbIH yHuBEpCUTET», Kypck, Poccus
3®I'BY «3 lenrpanbubii Boennsiii Kimmanueckwmii l'ocnurans uM. A.A. Bumnesckoro», Mocksa, Poccust
ITomy4yens! MaTeMaTHYECKHE MOAENH ISl TPOTHO3a AMHAMHKU Pa3BUTHs KPUTHYECKOH MIIEMHH HIKHUX KOHEeYHOCTel. Pas-
paboTaH aIropuTM BEIOOpa ONTHMAIBHBIX IPEBEHTUBHEIX Mep. [lokazaHa BOZMOXKHOCTD YMEHBIICHUS KOJMUECTBA aMITyTaIlii
HIDKHAX KOHEYHOCTEH Y MallHeHTOB, KOPPEKIINH T€MOPEOIOTHH ¥ YMEHBIICHUS TSDKECTH COCTOSTHHSI.
Knioueswie cnoea: rnbpuaHble HEUETKHE MOJIEIH, MOJIENb IPUHATHS PEIICHNUs, KpUTHUECKAs HIIEMUS HIDKHUX KOHEYHOCTEH.

Arrhythmia Analysis in a Non-contact cECG Chair using Convolutional Neural Network
Anake Pomprapa, Waqar Ahmed, André Stollenwerk, Stefan Kowalewski and Steffen Leonhardt e
Hcenenopanne apurvun Ha JKT', 3aperncTpnpoBaHHOi 0eCKOHTAKTHBIMH eMKOCTHBIMH 3JIEKTPOAMH,
€ HCIO/Ib30BAHMEM CBEPTOYHBIX HEHPOHHBIX ceTeil
Homnpana A., Axmeo B., LLImonnensepx A., Kosanescxu C., Jleonapo C.
Peitacko-Bectdanscknit Texunueckuii yauBepcuTeT AaxeHa
Jnst xmaccuUKanuy apUTMUYIECKUX COCTOSHMI Ha 4YEThIpe OCHOBHBIE KaTErOPUU NPHMEHEHa IIECTHUCIIONHAs CBEPTOYHAs
HefpoHHas ceTh ITyOMHHOro 00ydeHus. [IpoaeMOHCTPUPOBaHA BO3MOXKHOCTb OTCIICKHMBAHUSA U KIACCH(HKALUKM apUTMHYEC-
KOTO COCTOSIHHSI €MKOCTHBIMH OSCKOHTaKTHBIMH JIEKTPOJAMH B pEalbHOM MacIITade BPEMEHH C MCIOJIb30BaHHEM apXUTEK-
TYpPBI HOCIIEOBATEILHOTO aHAIIN3a, OCHOBAaHHON HA OaHKE OMOPTOTOHATBHBIX BEHBIIETOB.
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Introduction

Carbon nanotubes (CNTs) attract the attencion of re-
searchers due to theit electronic, optical, thermal and me-
chanical properties [1]. Thus, there is a tendency to in-
crease the applicability of CNTs for the nanomaterials
creation for various purpose, including medical ones.

This work is devoted to the creation of three-dimensional
tissue-engineered structures based on albumin and colla-
gen proteins with an inner scaffold made of CNTs. Such
structures are well suited as implants for the cardiovascu-
lar system due to their high biocompatibility, ability to
biodegradation [2] and ensuring the germination of blood
vessels net.

Therefore, it is obvious that it is necessary to obtain de-
tailed information on the structural changes that occur
during laser radiation influence. Under the influence of
this kind of high-intensity radiation on the local area of
protein dispersion with CNTs, phase transformations with
the formation of a three-dimensional tissue-engineered
structure take place. And in the case of using laser beams
of nanosecond duration, nonlinear effects arise. That is
why it is necessary to conduct Z-scan and fixed sample
location experiments to determine the dependence of the
total absorption coefficient on the intensity, which is im-
portant to consider during the formation of the tissue-
engineered structure [3].

As a result of this work, nonlinear properties of protein
aqueous dispersions with CNTs were determined using a
method based on the radiation transfer equation [4]. The
beam radius values were measured depending on the loca-
tion of sample relative to the focus of the lens and a com-
parison of these data with the theoretical ones was made.
In this way, the values of the input light fluence which fell
on the local region of the sample during the formation of
the tissue-engineered structure were determined.

Materials and Methods

Aqueous dispersions of bovine serum albumin (BSA)
with a concentration of 25% and bovine collagen (BC)
with a concentration of 2% and similar dispersions with
single-walled carbon nanotubes (SWCNTSs) were investi-
gated in the study.

To prepare the dispersion with CNTs, they were premixed
in a homogenizer with water with a mass concentration of
0.03% until a homogeneous solution was obtained. This
solution was then mixed with the protein water dispersion
and processed in an ultrasonic bath for 40 minutes.

Results

As shown in fig. 1, as the input energy density increases,
the BSA dispersion with CNTs exhibits strong nonlinear
effects (fig. 1b). This is reflected in the sharp weakening
of the normalized transmission and, correspondingly, in
the increase of the laser radiation absorption. An absorp-
tivity increase is also observed for the dispersion without
CNTs, but it is insignificant (fig. la). The theoretical
curves were plotted from the results of optical parameters
calculations.
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Figure 1: Normalized transmittance dependence on input
light fluence for: A — BSA, B— BSA+SWCNT

Fig. 2 shows the normalized transmittance for collagen
dispersions without nanotubes (fig. 2a) and with nano-
tubes (fig. 2b). To better trace the behavior of the sample
at low values of the input light fluence, the dependence
data are presented on a logarithmic scale. Collagen dis-
persion also show an increase of the laser radiation ab-
sorption when CNTs were added, but it is weaker than for
BSA dispersions. The nonlinear properties of protein dis-
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persions with single-walled carbon nanotubes are also
confirmed by the calculated calculations.
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Figure 2: Normalized transmittance dependence on input
light fluence for: A — BC, B—BC+SWCNT

Calculations were made using a method based on the ra-
diation transfer equation. When carbon nanotubes were
added, the value of the linear absorption coefficient in-
creased however, this growth was insignificant. Albumin
and collagen water dispersions without CNTs showed
values of the linear absorption coefficient o= 1.92 cm’!
and o =2.16 cm’! respectively, and the same dispersions
with carbon nanotubes showed a=2.7cm’' and
a=2.94 cm™.

Unlike linear absorption, the value of the nonlinear ab-
sorption coefficient increased significantly with the addi-
tion of carbon nanotubes. For dispersions without CNTs,
the nonlinear absorption coefficient f was 4 cm/GW and
5.9 cm/GW for albumin and collagen respectively, and for
similar dispersions with CNTs f=345cm/GW and
B=66.9 c/GW.

Also, for the suspensions studied, the threshold light flu-
ence values, at which nonlinear effects begin to occur
were calculated for studied dispersions. For pure aqueous
dispersions of albumin and collagen, this values were
6 mJ/cm? and 8.5 mJ/cm? respectively, and for dispersions
with nanotubes they were 51 mJ/cm? and 25.5 mJ/cm?,
The calculated values of the waist radius for all the exper-
iments were 23+3 um. Knowing the value of the radius of
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the beam in the neck, the beam radius values at any point
can be calculated as:

1z \*
w(Z)=w, |1+ (—2>

Tw§
where wo — laser beam waist, w(z) — laser beam radius at
any point of the optical axis Z.
To verify the correspondence of the used laser beam to
the Gaussian beam, the beam radius depended on the dis-
tance from the focus of the lens was studied. To do this,
the CCD camera was placed on a mechanized ruler and
similarly to the Z-scan experiment was moved relatively
to the focus of the lens. As a result, experimental values
of the beam radius at different points were obtained,
which correlate well with the theoretical values (fig. 3).

(1)
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Figure 3: Beam radius dependence on optical axis Z dis-
placement

Conclusions

An increase of the nonlinear absorption coefficient with
the addition of CNTs suggests that it is the nanotubes that
absorb most of the laser radiation as its light fluence in-
creases, and thus reduce the effect of the laser on the pro-
teins. Absorbing laser radiation, nanotubes heat up and
transfer heat to the medium, which leads to the creation of
a solid composite. Thus, proteins are less damaged in the
formation of three-dimensional structures by laser print-
ing methods.
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Introduction

Recently in the field of maxillofacial surgery there is a
growing number of patients with facial palsy. Assessment
of the facial nerve dysfunction rate is needed for planning
of treatment, for monitoring of rehabilitation efficiency
and for prediction of patient’s state [1]. In clinical experi-
ence and research studies to estimate facial nerve dys-
function rate scaling systems are implemented (House-
Brackmann, Sunnybrook, Yanagihara, Nottingham,
eFACE [2]). As follows from the analysis of the existing
methods, all of them have two crucial disadvantages: bi-
ased approach and nonuniversality [1].

It is determined that facial nerve dysfunction severity is
related to facial muscles dysfunction, which means that it
is related to facial lateral asymmetry level. Consequently,
it is possible to estimate facial nerve dysfunction rate by
applying biometric facial video analysis, based on the
measuring of anthropometric features of the facial region.
Therefore, development of the biotechnical system for
automatic assessment of facial nerve dysfunction rate
based on biometric facial video analysis is relevant.

Materials and Methods

In the framework of the present research biotechnical sys-
tem for automatic assessment of facial nerve dysfunction
rate based on biometric facial video analysis is proposed.
Figure 1 shows the structure of the system.
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Video processing:
Facial video facial landmark detection,
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Figure 1: Structure of biotechnical system for automatic
assessment of facial nerve dysfunction rate

Statical
asymmetry
indices

{i

Dynamical
asymmetry
indices

Patients
database

Medical officer

In the framework of the proposed method, video, contain-
ing patient’s facial movements, is to be captured, facial
video processing (including 2 stages: facial landmark de-

4(118)

tection and distances measurement) is to be performed,
statical and dynamical asymmetry indices, based on rela-
tive shift of facial landmarks, are to be estimated. Based
on databases of patients and control set, statistical analy-
sis of asymmetry indices is to be held, resulting in for-
mation of dysfunction criteria. Therefore, based on
asymmetry indices, automated estimation of facial nerve
dysfunction rate is to be performed.

Within this research data recording technique is devel-
oped. In its framework, the experimental subject is posi-
tioned at a distance of 1 meter to camera (Logitech HD,
1920%1080, 15 fps) against the homogenous background.
The face position is frontal. The experimental subject is
asked to perform the following movements: demonstra-
tion the face at rest, eye squeeze, raising the eyebrows,
smiling, forcefully smiling, combining lips a tubule,
cheeks puffing, articulating, forced articulating (with
overacting amplitude of lips movements).

Facial landmarks detection is implemented with dlib li-
brary [3] with 42 enabled facial landmark points of the 68
points MultiPIE/IBUG face model [4] (is shown on Fig-
ure 2).
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Figure 2: Facial landmarks configuration of the Mul-
tiPIE/IBUG face model

Facial asymmetry rate estimations are based on evaluation
of relative shift of groups of landmarks. Preliminary facial
asymmetry rate estimation (point and integral) is per-
formed for 15 patients and 17 representatives from control
set at the premises of Hertsen Moscow Oncology Re-
search Center and Bauman Moscow State University.
Point asymmetry rate estimations include asymmetry in-
dices of forehead and mouth regions [5] (“0” corresponds



to totally asymmetrical movement, “1” corresponds to to-
tally symmetrical movement).
Forehead asymmetry rate is based on estimation of the
rate of relative shift of eye and eyebrow points from left
and right forehead regions (points P;g-P,, respective to
points P;,-P,, and points P,3-P,; respective to points
P,3-P,g). The basic principles are described below:
a) estimation of mean eyebrow points LEB and REB:

LEB = <%#,P;,REB = Y%, P,,
b) estimation of mean eye points LEC u REC:

LEC = ~¥#2, P, REC = ~%i2,. P,
c) estimation of distances Dppz and D, gz between mean
eye and eyebrow points on the left and on the right sides:

Dygg = d(LEB,LEC), Dggg = d(REB,REC),

where d — distance measure,
d) estimation of relative shifts A{ and Aj; of the forehead
region points on the left and on the right sides:

A} = |max(Dgs) - Digs

A% = |max(DF,) — DEgy
where DJ&!F and DReSF — distances between mean eye and
eyebrow points on the left and on the right sides at rest,
DFest and DEESt — distances between mean eye and eye-
brow points on the left and on the right sides during the
facial movements, i — number of videoframe,
e) estimation of indice 7¢, which reflects the shift be-

tween left and fight parts of forehead region:
f
A—’; if Al > AL
— AL
Tf = f
LA—; otherwise.
R
Mouth asymmetry rate is based on estimation of the rate
of relative shift of mouth corners points from left and
right sides and mouth center points (points P,q and Pgg
respective to points Ps,, Pg3, Pg7, Psg). The basic princi-
ples are described below:
a) estimation of mean distances D;, and Dg, between
mouth corners points P, and P55 and mouth center points

P53, Pes, P6719 Psg:
Dy = Z(d(Pw' Ps3) + d(Pyo, Ps3) + d(Pao, Pe7)
+ d(Pyo, Pss)),
Dy = %(d(PSSI Ps3) + d(Pss, Pg3) + d(Pss, Pe7)

+ d(Pss, Pss)),
b) estimation of shifts AT* and A} from the left and from
the right sides:

m __ test nrest
Al = |miaX(DLML- —Diym )|'

1

1

Ay =

max(Di0) — Do),

L
where DJ 2% and D}ét — mean distamces between mouth
corners points and mouth center points at rest, Df,ewsit and
Dgiif — distances between mouth corners points and
mouth center points during the facial movements, i —

number of videoframe,

c) estimation of indice 7;,, which reflects the shift be-

tween left and fight parts of mouth region:

m
AR

m
— AL

m = m
L

L2k
Integral asymmetry rate estimations include distances be-
tween relative shift curves (“0” corresponds to totally
symmetrical movement), normalized by number of frames
and by image scale (defined as average number of pixels
between eyes).

if AT > AT

otherwise.

Results

Table 1 shows the results of experimental evaluation of
asymmetry indices of forehead region during eye squeeze,
raising the eyebrows, smiling, forcefully smiling, combin-
ing lips a tubule, cheeks puffing, articulating, forced ar-
ticulating. The median and also lower and upper quartiles
are presented. The presented asymmetry indices corre-
spond to point asymmetry rate estimation.

Table 1: Asymmetry indices of forehead region

Movement Control set Patients
O | 01,05 | Q| 01,05

Eye squeeze 0,85| 0,73 0,88 [0,58(0,43 0,78
Raising the eyebrows [0,96| 0,94 0,98 |0,63/0,41 0,71
Smiling 0,82| 0,70 0,94 |0,45|0,26 0,54
Forcefully smiling 0,83| 0,74 0,93 |0,76/0,65 0,77
Combining lips a tubule |0,83] 0,63 0,88 |0,67(0,46 0,74
Cheeks puffing 0,87| 0,74 0,94 (0,44(0,22 0,63
Articulating 0,75| 0,67 0,91 [0,76(0,51 0,93
Forced articulating 0,82 0,68 0,89 |0,59(0,37 0,72

Table 2 shows the results of experimental evaluation of
normalized areas between relative shift curves of forehead
regions during eye squeeze, raising the eyebrows, smiling,
forcefully smiling, combining lips a tubule, cheeks puff-
ing, articulating, forced articulating. The presented values
of areas correspond to integral asymmetry rate estimation.

Table 2: Normalized areas between relative shift curves
of forehead regions

Movement Control set Patients
O | 01,05 || 01,0

Eye squeeze 0,08] 0,06 0,11 {0,46|0,36 0,62
Raising the eyebrows [0,09| 0,07 0,14 [0,42]0,30 0,60
Smiling 0,06] 0,04 0,07 [0,70/0,37 0,80
Forcefully smiling 0,06| 0,05 0,10 {0,56|0,35 0,81
Combining lips a tubule |0,06] 0,05 0,07 |0,57/0,36 0,77
Cheeks puffing 0,05/ 0,05 0,06 {0,57]0,29 0,68
Articulating 0,05 0,05 0,07 |0,76|0,36 0,84
Forced articulating 0,06| 0,05 0,07 {0,65]0,42 0,81
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Discussion

Point and integral asymmetry rate estimation is per-
formed. According to Wilcoxon signed-rank test, it is
possible to assume with confidence level of 0,1, that the
estimated asymmetry rates in groups of patients and con-
trols have statistically meaningful differences.

Performed point asymmetry rate estimations are based on
peak amplitudes acquired from series of videoframes.
Therefore, in general, peak amplitudes from different vid-
eoframes can be used for single asymmetry rate estima-
tion. This results in upward bias of asymmetry rate esti-
mation and downward bias of test-sensitivity in case of
facial nerve dysfunction. Consequently, it is reasonable to
use integral asymmetry rate estimations based on dynam-
ical features acquired from each frame.

Conclusions

According to results of preliminary facial asymmetry rate
estimation, it’s reasonable to develop integral facial
asymmetry rate based on dynamic features. At this mo-
ment set of these features is under exploration.
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Introduction

The biomechanical characteristics of arterial vessels as-
sessed from a short segment (local estimates) are key car-
diovascular clinical markers [1]. Local measurement of
artery condition has the potential to quantify the prognos-
tic value for the prediction of cardiovascular morbidity
and mortality. The elastic properties of large arteries af-
fect locally during the pathophysiological process of vari-
ous vascular disease such as atherosclerosis [2]. Pulse
wave velocity assessed from a short vessel segment (local
PWYV) has been considered as an indicator of arterial
stiffness. Local PWV is shown to correlate well with the
mechanical characteristics of an artery over a wide physi-
ological range [1, 3]. Researchers have demonstrated the
potential of local PWV to evaluate blood pressure (BP)
parameters locally from an artery without using the con-
ventional bladder-type pressure cuff (cuffless technique)
[4 — 6]. Simultaneously measured local PWV, arterial di-
mensions and local BP parameters are essential to accu-
rately characterize and quantify the elastic behavior of
central and peripheral arteries [1].

A standard approach for local PWV measurement relies
on simultaneous acquisition of the propagating blood
pulse waves from two distinct locations at a known sepa-
ration distance (AX) within a small arterial segment. Time
taken for the blood pulse wave to travel AX distance
(pulse transit time [AT]), is obtained as the time delay be-
tween an identifiable point (fiducial point) on the proxi-
mal and distal pulse cycle pair. Following the fundamen-
tal distance-time equation, local PWYV is then calculated
as; Local PWV = AX/AT. Typically, only one measure of
local PWYV per cardiac cycle obtained from the reflection-
free period is used for the quantitative characterization of
an artery. However, local PWV is not a constant within a
cardiac cycle, which otherwise varies proportionally to
the instantaneous change in arterial pressure. Recently,
we have proposed a calibration-free technique for cuffless
BP measurement by tracking the variation in local PWV
over the cardiac cycle [7]. This approach requires simul-
taneously measured local PWV and arterial dimensions
from multiple points over the cardiac cycle. Such a meth-
odology has the potential to revolutionize the convention-
al subject- and/or population-specific calibration-based
cuffless BP evaluation techniques.

In this work, a method and system for direct measurement
of local PWV variation over the cardiac cycle have been

presented. A novel dual-element magnetic plethysmo-
graph (MPG) arterial compliance probe was developed.
An application-specific dual channel blood pulse signal
acquisition electronics hardware and fully automated
pulse wave analysis algorithms were used for accurate
measurement. An in-vivo validation study was conducted
on 15 healthy volunteers to demonstrate the feasibility of
local PWV evaluation from multiple fiducial points.
Measurements were performed from the carotid artery us-
ing the dual-MPG probe in a beat-by-beat manner. Design
of the arterial compliance probe, hardware implementa-
tion, and measurement algorithms are discussed in detail.
In-vivo validation study results and observations are also
summarized in the following sections, along with the
limitations of the current study and recommended future
research direction.

Pressure Dependency of Local PWV

The pulse wave initiated by blood ejection from the heart
represents a propagating wave (in a fluid) through an elas-
tic vessel. The velocity of traveling waves through an ar-
terial segment (local PWV; henceforth denoted as ‘C’ in
the equations/expressions) depends on physical character
traits of the vessel and blood density (p). A theoretical
model describing the propagation of blood pulse wave in
a cylindrical elastic vessel with an incremental modulus
of elasticity E, inner radius R and wall thickness h was
introduced by Moens and Korteweg [8], which can be ex-

pressed as in (1).
Eh
C= ’Zp_R (1)

The product of E and h is proportional to the ratio of ten-
sion acting on the vessel’s wall to the fractional amount of
circumferential stretching, caused by the transmural pres-
sure (P). Therefore, an increment in the lumen radius (dR)
due to a small rise in pressure (dP) is given by the follow-
ing expressions [9],

RZ

dR—dPE

Eh dp
> ®-Aa% (2)

where dA is the instantaneous change in arterial cross-
sectional area A. Substitution of (2) into (1) yields the
well-known Bramwell-Hill equation of the form:

C= [——. (3)
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Further, an empirical relationship for incremental modu-
lus of elasticity E developed by Hughes et al. through
heuristic modeling is given by [10]:

E = EO eap,

(4)

where Ey is the theoretical zero-pressure modulus, and o
is an arbitrary constant that depends on the vessel proper-
ty (typically 0.016 mmHg ™! < o < 0.018 mmHg™!). Thus,
(1) and (4) can be combined to derive an empirical rela-
tionship between local PWV and arterial pressure as de-
scribed in the following expression. Here, n = /E,/p is
a constant that depends on the particular artery.

C=n\/2£Re5P

Both the equations (3) and (5) illustrate that the local
PWYV is a function of arterial dimensions and instantane-
ous pressure level. Equation (5) suggests that the local
PWYV increases exponentially over a cardiac cycle with
respect to BP variation during the systolic phase.

(5)

Measurement System

Design of Dual-MPG Arterial Compliance Probe

A dual-MPG arterial compliance probe (fig. 1) was de-
signed and developed for blood pulse detection from su-
perficial arteries. The probe holder was machined with
custom parts (face diameter = 30 mm) to fit two identical
Hall-effect permanent magnet-based MPG transducers
[5]. As shown in fig. 1, two disc-shaped permanent mag-
nets (D032A — Amazing Magnets LLC, CA, USA; diame-
ter = 3.175 mm) were fixed on the probe face with a cen-
ter-to-center distance of 25 mm. When the probe is placed
on the skin surface above an artery, the magnetic lines of
force encompasses two distinct arterial sites within a
small section. Fluctuations in this field caused by blood
pulse waves propagating through the artery were detected
using highly-sensitive Hall-effect ICs (SS49E T3 — SEC
Electronics Inc., NY, USA). The Hall-effect ICs were
fixed at a distance of 3.6 mm away from the center of re-
spective magnets. Their output voltage was proportional
to blood pulse signals at the measurement sites. The sen-
sor separation distance and design features were opti-
mized based on our initial experiments, such that the
MPG probe could acquire dual pulse waveforms without
any cross-coupling. Pulse propgation distance AX was
taken as the center-to-center distance between proximal
and distal MPG modules (AX = 25 mm).

Hardware and Software Architecture

Shielded three-core cables with a wire gauge of 28 AWG
were used to interface the MPG transducers with the elec-
tronics hardware. A dedicated dual-channel analog front-
end (AFE) was developed for the precise acquisition of
proximal and distal blood pulse cycles. The inherent inter-
channel delay between the AFE channels was minimized
(< 0.1 ms) using a custom electronic circuit design by
avoiding capacitors in the principal signal path. Subtractor
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Figure 1: Dual-MPG arterial compliance probe

circuit with an instantaneous feedback of subtrahend [5]
was used to remove static components from the acquired
MPG signals (voltage = 2.8 V, frequency < 0.05 Hz). The
extracted pulsatile components (in the order of milli-
volts) were amplified with an approximate gain of 40 dB,
using a dual channel instrumentation amplifier
(INA2126P — Texas Instruments Inc.). A commercially
available simultaneously sampling data acquisition card
(PXIe-6368 — National Instruments, TX, USA) was used
to digitize the amplified MPG signals (sampling rate =
100 kS/s/ch).

Dual-channel MPG signal acquisition, post-processing,
and pulse wave analysis were performed via a custom
computer program developed using LabVIEW (Version
2014, National Instruments, TX, USA). MPG signals
from both the channels were processed instantaneously in
the digital domain. Initially, a 2™ order Butterworth low-
pass digital filter with a cutoff frequency of 10 Hz was
applied to smoothen the waveforms. Zero phase-shift fil-
ters were preferred to overcome phase difference between
the unfiltered and the filtered signals. Any baseline drift
caused by respiration or other artifacts were removed us-
ing a baseline wander elimination technique. Processed
MPG pulse cycles were segregated with the same time
interval from the pulse wave train using a cycle-cutting
algorithm. Each proximal-distal cycle pairs were normal-
ized between 0 and 1 to overcome any amplitude differ-
ence occurred during real-time acquisition.

Pulse Wave Analysis

Identification of multiple fiducial points within a pulse
cycle is essential to assess local PWYV variation over the
cardiac cycle. Two characteristic identification points
were defined near the foot and peak of the measured
blood pulse cycles. These fiducial points were derived by
applying a second-order differentiator to each pulse cy-
cles. Fig. 2 exhibits an example blood pulse cycle and its
second-derivative waveform (normalized to equal ampli-
tude), illustrating the relative position of two critical
points in the blood pule cycle. The fiducial point near the
waveform foot (Wroor; resembles the systolic rising point)
and the one near the systolic peak (Wpeak) represent the



Proceedings of the Russian German Conference
on Biomedical Engineering

N Blogf/p,

NN\ --- Se £ defi

N\

Normalized amplitude

Figure 2: Fiducial points Wroot and Wpeak defined in a
blood pulse cycle from the second derivative wave

locations in pulse cycle corresponding to the maxima and
minima of the second derivative waveform respectively.
The time delay between Wroo: of the proximal and distal
pulse cycles was taken as the pulse transit time at diastolic
BP level (ATp), and a similar measure from Wpeak repre-
sented pulse transit time at systolic BP level (ATs). Local
PWYV was then evaluated from the systolic rising point
and neighborhood of systolic peak using AX and corre-
sponding transit time estimates, denoted as Cp and Cs re-
spectively.

Validation Materials and Methods

An in-vivo study was conducted on 15 volunteers (age =
27+4 years) to investigate the feasibility of the proposed
method and system. The study objective and measurement
protocol were explained to each volunteer, and written
informed consent was obtained. They were requested to
relax in sitting posture for 3 — 5 minutes before starting
the measurement in order to stabilize BP and heartrate.

Once the anthropometric parameters were recorded, BP
was measured from the left brachial artery with a clinical
grade automatic BP monitor (SunTech 247 — SunTech
Medical Inc. NC, USA). Local PWV values were then
measured from the left carotid artery by placing the arte-
rial compliance probe over the neck. The carotid artery
was preferred since it is close to the skin surface, easily
accessible and provides a straight vessel segment of suffi-
cient length before the bifurcation. The operator adjusted
the probe placement and orientation after locating the ca-
rotid pulse by palpation to acquire quality signals from
both the proximal and distal MPG transducers. Signal ac-
quisition and real-time local PWV evaluation were con-
tinued for 20 — 25 cardiac cycles from each volunteer.

Results and Discussion

Reliability of Carotid MPG Signal Acquisition

The developed prototype device was capable of detecting
high-fidelity blood pulse signals from the carotid artery.
Fig. 3 depicts a sample of simultaneously acquired prox-
imal and distal MPG signals (after post-processing) from
25 mm distance apart. The peak-to-peak amplitude of the

Proximal MPG

Time (s)
Figure 3: Simultaneously acquired proximal and distal
MPG waveforms using arterial compliance probe

MPG signals was subjective, the typical range was be-
tween 1.5 mVpp and 3.5 mVpp. Spectral analysis of the
acquired MPG signals revealed an approximate signal-to-
noise ratio of 29 dB. It was sufficient for resolving pulse
transit time estimates ATp and ATs (on the order of milli-
seconds) using the developed algorithms. However, de-
graded signal quality and/or an intense baseline drift
caused by body movement yielded an error in critical
point identification. Measurements obtained from such
non-ideal cases were manually eliminated. In future, real-
time signal quality indicators will be implemented in the
measurement software to quantify the quality of acquired
MPG signals. Such an automated instant feedback system
could potentially guide the operators to archive more ac-
curate and reliable measurements.

Variation in Local PWV Over the Cardiac Cycle

Carotid local PWV values were evaluated from both sys-
tolic rising point and neighborhood of systolic peak in a
beat-by-beat manner. Fig. 4 presents continuously meas-
ured Cp and Cs from the left carotid artery of a particular
volunteer (age = 28 years). Consistent with the theory,
measured Cs values were higher than the corresponding
Cp values, that was observed in continuous cardiac cycles
from all recruited volunteers (tab. 1). The coefficient of
variation (CoV) of Cs to Cp ratio evaluated from continu-
ous cardiac cycles was less than 7%, indicating the relia-
bility of measurement. Beat-to-beat variation in Cp and
Cs measurement was between 4% to 7% and 6% to 9.5%
respectively. Relatively high beat-to-beat variation ob-
served in Cs measurement could be due to the wave re-
flection and confounding factors that influence Wpcak locus
and/or MPG waves from a small arterial segment. Further
works are in progress to develop improved pulse wave
analysis algorithm, and to optimize the probe design and
sensing modality for accurate evaluation of Cp and Cs
from various arterial sites.

Consistent with previous studies [4, 5], the absolute val-
ues of Cp were lower than the conventional carotid-
femoral regional PWV estimates. Pearson’s correlation
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Figure 4: Carotid local PWV obtained from two distinct
fiducial points within a cardiac cycle (Cp and Cs), illus-
trating measurement reliability and beat-to-beat variation

Table 1: Measurements Recorded from Volunteers

Volunt|Brachial BP (mmHg)| Local PWV (m/s) [Cs/Cp
eer ID| Systolic | Diastolic Cp Cs CoV
22y/F 115 70 2.98 3.12 |4.2%
25y/M 121 69 2.79 2.94 |5.1%
28y/M 110 73 2.93 325 [3.2%
26y/F 106 76 2.89 311 |5.5%
27y/M 100 78 3.03 321 |2.8%
29y/M 130 89 4.2 446 |6.3%
33y/M 104 70 341 3.71 12.9%
30y/M 120 75 3.4 3.63 |5.0%
25y/M 117 60 2.78 296 |4.3%
28y/F 110 79 3.24 346 |3.8%
31y/F 112 84 3.28 3.61 |4.1%
27y/F 103 71 2.72 2.83 |6.6%
36y/M 138 77 3.81 4.08 [3.3%
25y/F 98 72 2.4 2.61 [6.7%
21y/M 101 66 2.04 2.24 |3.6%

coefficients (r) obtained from the regression analysis of
BP parameters versus mean Cp and Cs pooled over all the
volunteers were statistically significant (p < 0.0001). The
r-value was 0.71 and 0.68 for diastolic BP versus Cp, and
systolic BP versus Cs respectively. Results of this in-vivo
study demonstrated the feasibility of dual-MPG arterial
compliance probe to acquire local PWV variation over the
cardiac cycle. This probe can be potentially used in cuf-
fless BP monitoring techniques that utilize variations in
local PWYV to realize a calibration-free approach [7].

Study Limitations and Future Research Direction

A major limitation of the present in-vivo study concerns
the small sample size of young, healthy volunteers. How-
ever, the current study was conducted to demonstrate the
practical feasibility of a novel technique. An extensive
validation study in a large population with pathophysio-
logical sub-populations is needed to confirm the validity
of proposed method and system over a wide physiological
range. Variation in local PWV obtained by the proposed
technique did not compare with that obtained by a refer-
ence method since commercial devices which can meas-
ure carotid local PWV from multiple points over the car-
diac cycle are not available at present. Further research is
underway to assess the variation in local PWV over the
cardiac cycle via single-site measurement techniques.
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Simultaneously acquired arterial dimensions and pressure
wave can be utilized to realize such systems with the help
of Bramwell-Hill equation.

Conclusions

The proposed arterial compliance probe and associated
measurement system was experimentally validated on 15
human volunteers and demonstrated the expected func-
tionality. Blood pulse signals were continuously acquired
from the carotid artery using dual MPG transducers posi-
tioned 25 mm apart. Carotid local PWV was evaluated
using the proximal and distal cycles, from two distinct
fiducial points within a cardiac cycle in a beat-by-beat
manner. Consistent with the theoretical models, local
PWYV obtained from the neighborhood of the systolic peak
was higher than that obtained from the systolic rising
point; illustrating the variation in local PWV over the car-
diac cycle. This was consistently observed in all recruited
volunteers with high reproducibility. An extensive clinical
study in a large population is required to further validate
the proposed approach. The potential application of accu-
rate measurement of variation in local PWV over the car-
diac cycle has been established in calibration-free BP
evaluation techniques. Hence, the proposed arterial com-
pliance probe could provide an opportunity for cuffless,
calibration-free evaluation of BP parameters from super-
ficial arteries in a beat-by-beat manner.
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Introduction

Arterial blood pressure (BP) parameters are key hemody-
namic indices often used for screening and diagnosis of
various pathophysiological conditions. Brachial artery BP
measurement using a bladder-type pressure cuff and
sphygmomanometer (auscultatory or oscillometric tech-
nique) is a routine part of clinical assessments. Over the
past few years, the interest in methods that allow non-
invasive, cuffless evaluation of BP parameters has in-
creased to overcome the fundamental limitations of cuff-
based techniques [1]. Cuffless techniques rely on explor-
ing the relationship between BP and BP-dependent non-
invasively measurable physiological parameters. Such
theoretical or heuristic mathematical models generally
require subject- and/or population-specific calibration
procedure to quantitatively convert the acquired physio-
logical parameters into pressure. Pulse transit time esti-
mates, arterial vessel characteristics, and various hemo-
dynamic indices are typically utilized to implement cuf-
fless BP evaluation techniques [2]; these parameters are
subject specific. Hence, a calibration curve and/or BP
prediction model that is tailored to each subject would be
optimal for accurate measurement [3]. Further, these cali-
bration curves/models would have to be updated at regu-
lar intervals for accurate and reliable BP evaluation [2].

In order to develop subject-specific calibration curves or
data-driven prediction models, the desired input physio-
logical parameters should be recorded over a wide range
of BP values from the subject. For this, resting BP level
should alter via suitable BP perturbing interventions. Cal-
ibration curves or prediction models obtained through da-
ta recorded from a single intervention may not be effec-
tive for accurate BP evaluation [2]. Subject-specific data
obtained from multiple interventions that perturb BP
through different physiologic mechanisms could poten-
tially provide reliable prediction models. Hemodynamic
interventions such as drug-induced methods, anesthesia
induction, and intensive care unit (ICU) therapies are typ-
ically followed to produce major BP changes over a wide
physiological range [4]. However, these approaches are
technically demanding, highly invasive, require well-
trained physicians with clinical and/or research experi-
ence, and limited to hospitalized subjects. Therefore, sub-
ject-specific calibration curve/model construction and re-
calibration via invasive interventions cannot be adopted to
realize cuffless BP techniques for wearable devices and
routine screening applications. Practically feasible non-

invasive interventions are needed to perturb BP parame-
ters during the design, validation and recalibration phases
of cuffless BP devices.

In this work, we evaluated the variation in brachial BP
parameters during multiple hemodynamic interventions
that change the BP level through different physiological
mechanisms. Five non-invasive interventions namely; (i)
cold pressor test, (ii) treadmill-running exercise, (iii) men-
tal arithmetic, (iv) leg-raise test, and (v) sustained hand-
grip test were preferred for the validation study. These BP
perturbing interventions could be safely performed in la-
boratory/non-specialist settings without the assistance
from a physician or a trained investigator. Further, they
could mimic various daily life activities such as experi-
encing cold weather conditions, brisk walk or performing
strenuous exercise, stressful situations et cetera. An in-
vivo study was conducted on randomly recruited normo-
tensive subjects in order to characterize the BP altering
strategies of aforesaid interventions. Measurement proto-
col of the performed study, BP perturbing procedure, rec-
ommended experimental conditions, in-vivo study results
and observations are discussed in the following sections.

Materials and Methods

Subject Selection

Fifteen normotensive subjects ranged in age from 22 to 34
years comprising of males and females (body mass index
= 22 — 29 kg/m?) were recruited for the present in-vivo
study. The study objectives and measurement protocol
were explained to each participant and their written in-
formed consent was obtained. This study conforms to the
principles outlined in the Declaration of Helsinki. Before
data collection, participants were requested to relax for 5
— 10 min to reduce their anxiety and to bring the BP pa-
rameters and heartrate to the normal level.

Study Protocol

The in-vivo validation study was designed by including
five hemodynamic interventions listed in tab .1. Systolic
BP (SBP), diastolic BP (DBP), mean arterial pressure
(MAP) and heartrate were repeatedly measured from the
brachial artery under (i) physically relaxed condition, (ii)
during an intervention, and (iii) post-intervention recov-
ery period. Measurements were performed using a clinical
grade automatic BP monitor (SunTech® 247™ — SunTech
Medical Inc. NC, USA; resolution = 1 mmHg) with a
bladder-type pressure cuff. During the study, resting BP
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Table 1: Hemodynamic Interventions for Altering BP Parameters

Intervention

Protocol

Observations and comments

Cold pressor test

HAT

Immerse both the hands into an ice
water container for 2 — 4 min.

. . . ]
Maintain the ice water temperature o

between 3 — 5°C.

Minimum 2 min intervention required for
moderate perturbation in BP

Trivial body movement/motion artifacts
Sensitive towards individual pain threshold
and pain tolerance

Treadmill-running exercise

Run on a treadmill for 7 — 10 min.
Start with a low speed of 3 km/h,
and increase the speed at a steady
rate (maximum up to 10 km/h).

Significant variation in SBP and heartrate
Maintain heartrate < 85% of (220 — Age)
Prone to body movement/motion artifacts
during the intervention period
High breathing artifacts
intervention recovery period

during post-

Mental arithmetic

He
[0

. . [ ]
Perform serial subtraction of a

two-digit number from a four-digit
number quickly and repetitively
for 4 — 5 min.

Recreation of real-life stressful situation
Trivial body movement/motion artifacts
Variations in BP may not be observed when
the participant is an experienced public
speaker or intellectually sound in mathe-
matics

Leg-raise test

L

By adopting the supine posture,
raise and hold one leg without any
support, for 2 — 3 min.

Moderate variation in BP parameters and
heartrate

Post-test BP recovery time < 1 min
Minimal body movement/motion artifacts
Not recommend in patients with sciatica

Sustained handgrip test

Hold and clench handles of the
spring-type handgrip in both the
hands by putting in maximum ef-
fort for a sustained time until fa-

Substantial variation in BP parameters and
heartrate
Minimal body movement/motion artifacts

tigued.

Strength deficit of the muscles associated
with variation BP level

and heartrate (baseline values) of each subject were
measured for 2 — 3 min. After the baseline measurement,
the participants underwent a BP perturbing intervention
task (protocols are summarized in the tab. 1), followed by
a recovery phase, in which they rested until BP and
heartrate returned to the baseline value or remained in
steady level. It was preferred to conduct only one inter-
vention task per day for an individual subject. This helped
to investigate the physiological response and cardiovascu-
lar reactivity of each intervention independently.

Results and Discussion

Intervention Characteristic Curve for BP Variation

For each subject, the recorded brachial SBP, DBP, MAP,
and heartrate were analyzed and compared in order to
characterize the BP altering strategies of preferred inter-
ventions. The average time interval between two consecu-
tive BP measurement was approximately 42 s, which is
the time taken by the BP monitor to inflate, deflate, and
report the measured values. The obtained discrete read-
ings of each BP parameter was interpolated onto their
successive readings to produce continuous curves show-
ing the locus of instantaneous variation in BP parameters.
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This interpolation allowed characterization of BP varia-
tion due to an external intervention.

Fig. 1 depicts typical intervention characteristic curve il-
lustrating variation in BP level during the course of study,
under increasing BP conditions. This projected curve was
obtained by generalizing data recorded during the present
study over all the subjects. However, an intervention
characteristic curve for each BP parameter is subject-
specific. As shown in fig. 1, the fiducial parameters of BP
intervention characteristic curve were defined with re-
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Figure 1: Typical BP intervention characteristic curve
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spect to initial baseline and post-intervention measure-
ments. The total time taken to perform an intervention
task as per the protocol (tab. 1) is denoted as the interven-
tion period (T;). The post-intervention recovery period
(Twr) is defined as the time taken to regain initial baseline
values or a steady BP level after finishing an intervention
task. The maximum increment yielded in the BP level
from its baseline value is expressed as an absolute change
(ABP), this quantitative metric for SBP, DBP and MAP
are APs, APp, and APy respectively. Similarly, the maxi-
mum variation in heartrate (with respect to baseline
heartrate) during the intervention task is denoted as AHR.

The proposed fiducial parameters were evaluated sepa-
rately for all five interventions to investigate their indi-
vidual effect. Representative characteristic curves (ob-
tained from a subject with age = 17 years and body mass
index = 24 kg/m?) demonstrating the variations in BP pa-
rameters and heartrate during all five interventions has
been presented in fig. 2. It may be noted that the tread-
mill-running exercise is subject to significant body
movement and motion artifacts. As a consequence, meas-
urements recorded while performing the treadmill-
running task were not reliable, and hence those data
points were removed from its characteristic curves.

Hemodynamic Variation due to External Intervention

All five interventions included in this study are known to
increase BP parameters, however, the induced variations
and post-intervention recovery are caused by the different
physiological phenomenon. The proposed fiducial param-
eters defining hemodynamic variations due to external
interventions have been summarized in fig. 3 using box-
and-whisker diagrams pooled over all the subjects. The
absolute values of T; were limited by pre-defined study
protocol as per the nature of interventions, however, the

Cold pressor test

Treadmill-running exercise

absolute Tr values depended on physiological response
and cardiovascular reactivity to an intervention task. Ab-
solute Tr for each BP parameter was comparable (< 5%
variation), and hence an average Tr has been depicted in
fig. 3. Due to elaborated T; and severity of the treadmill-
running task, its mean Tr was higher (4.2 min) than the
corresponding metrics offered by other intervention tasks.
Both the leg-raise and sustained handgrip tests (means of
Tr = 0.6 min and 0.9 min respectively) yielded rapid post-
intervention recovery from the elevated BP level.

It may be observed from the box-and-whisker diagrams
that the cold pressor test yielded a moderate increment in
all BP parameters (mean values of APs = 22.5 mmHg,
APp =16.7 mmHg and APy = 18 mmHg). These BP vari-
ations are mediated by a sudden increase in the peripheral
vascular resistance due to vasoconstriction, the underlying
mechanism being the autonomic neural pathways acting
via sympathetic nervous system [5]. Cardiac output and
heartrate typically increase during aerobic exercise like
running on a treadmill, which leads to a significant incre-
ment in SBP (mean values of APs=37.6 mmHg and AHR
= 67.2 bpm) with a moderate variation in DBP level
(mean APp = 14.4 mmHg) during the post-exercise recov-
ery period. However, in physical tasks such as sustained
handgrip test, the static contraction of muscles against
fixed mechanical spring load causes a marked increase in
all the BP parameters with a relatively small heartrate var-
iability [6]. The presented study also demonstrated sub-
stantial variation in the BP parameters (means values of
APs = 28.5 mmHg, APp = 26.7 mmHg and APy = 26.5
mmHg) with a mean heartrate increment of 17.6 bpm dur-
ing the sustained handgrip test.

Consistent with the physiological theory, a moderate in-
crement in SBP, DBP, and MAP was observed during the
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and (f) AHR pooled over all the subjects

active leg-raise test (mean values of APs = 21.1 mmHg,
APp = 21 mmHg and APm = 19.5 mmHg). These varia-
tions are induced when a subject is performing a volun-
tary leg-raise the lowered perfusion pressure to the sus-
tained contracting leg muscles is being compensated with
an increase in cardiac output and BP, acting via the cen-
tral pressor response [7]. Hemodynamic variations ob-
served during the mental arithmetic test were idiosyncrat-
ic and prone to psychological reactions. Short-term
changes in BP parameters were observed for the recruited
subjects during the mental arithmetic test due to increase
in sympathetic activity and dumping of baroreflex. Mean
values of APs, APp, and APy obtained from the mental
arithmetic test were 13.6 mmHg, 9.5 mmHg and 8.9
mmHg respectively. Heartrate variations were also not
prominent (mean AHR = 12 bpm) during the mental
arithmetic test in the recruited normotensive subjects.

Conclusions

This study demonstrated five hemodynamic interventions
that perturb resting BP level in a safe and controlled man-
ner. During the study, the BP parameters were found to
vary at different levels in accordance with the physiologi-
cal response, which mimics daily life activities of an indi-
vidual. For each subject, brachial SBP, DBP, MAP, and
heartrate were measured from three phases: baseline, dur-
ing the intervention and post-intervention recovery peri-
od. BP altering strategies of the preferred interventions
were evaluated using the proposed BP intervention char-
acteristic curve and fiducial parameters. The treadmill-
running exercise found to induce significant variations in
SBP and heartrate. However, the measurements were sus-
ceptible to motion and breathing artifacts. A moderate
variation in all BP parameters was observed during the
cold pressor test, where no physical movements were in-
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volved. Therefore, the cold pressor test may be a recom-
mendable method for acquiring physiological signals un-
der varying BP conditions with minimum error due to
motion and breathing artifacts. Further validation study in
a large population is in progress, in which BP and BP-
dependent physiological parameters are recorded in a
beat-by-beat manner during multiple interventions. Data
recorded from such extensive studies can be used for de-
veloping BP prediction models through data-driven meth-
ods such as machine learning. Such models can be poten-
tially used in wearable devices and cuffless 24-hour am-
bulatory BP monitors.
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Introduction

Non-invasive assessment of arterial elastic properties is of
high interest in cardiovascular research and screening of
the vascular health. Over the last decades, a great empha-
sis has been placed on quantifying arterial stiffness, and
its pathological significance is asserted in various epide-
miological studies [1]. Typically used arterial elastic indi-
ces such as distensibility coefficient (DC), compliance
coefficient (CC), and Peterson modulus (Ep) provide the
measure of the functional stiffness of the artery. On the
other hand incremental Young’s elastic modulus (Einc)
quantifies material or intrinsic stiffness and hence proper-
ly characterizes the non-linear elastic behavior of the ar-
tery [2]. It has been recently demonstrated that the stand-
ard deviation in Ei,c is an independent biomarker of coro-
nary heart diseases [3]. The absolute value of E;,. varies
within a cardiac cycle during diastolic to systolic phase.
Accurate evaluation of these variations can be potentially
used to quantify the degree of non-linearity in the elastic
properties of an arterial section. Further, these variations
can form a basis for tracking the variation in pulse wave
velocity over the cardiac cycle [4], and cuffless evaluation
of arterial blood pressure (BP) parameters without any
calibration procedure [5].

Accurate evaluation of Ej,. of a particular artery requires a
local evaluation of arterial dimensions (diameter, wall
thickness, distension) and transmural pressure simultane-
ously. High fidelity pressure and diameter waveforms are
a mandate to efficiently track the variation of the Ej,. over
a cardiac cycle. State of the art techniques use B-mode or
M-mode ultrasound modalities for estimation of arterial
wall thickness and diameter waveforms [6, 7]. Local pres-
sure waveforms required for the evaluation of Ei, are typ-
ically obtained using applanation tonometric transducers.
However, for simultaneous acquisition of diameter and
pressure waveforms using such modalities are prone to
practical limitations due to the design form factor of the
probes [8]. Further, the waveforms can be subject to in-
herent phase delays due to (i) the acquisition of the de-
sired waveforms from two distinct arterial sites separated
by a significant distance, and (ii) the lack of time syn-
chronization between the acquisition modules of pressure
and diameter waveforms. The devices realized using the
aforementioned technique have not gained widespread
applicability for large population screening due to the ne-
cessity of skilled operator and portability issues.

In this work, we propose a non-invasive measurement
system for the evaluation of Ei,. and its variation over a
cardiac cycle in a beat-by-beat manner. The system uses a
novel custom-designed probe which includes a single el-
ement ultrasound transducer and a tonometer for simulta-
neous measurement of arterial wall thickness, diameter,
and pressure waveforms. The probe design was optimized
to ensure that the measurements were localized over a
small arterial segment, resembling single-site measure-
ment. Online evaluation of the desired arterial dimensions
without an ultrasound image was performed using our
clinically validated ARTSENS® technology [9, 10]. The
developed prototype system was experimentally validated
by an in-vivo study of 10 subjects. The systolic and dias-
tolic Einc were evaluated from the left common carotid
artery (LCCA). The proposed measurement system archi-
tecture, validation study protocol, results, and observa-
tions are discussed in the following sections.

Principle of Einc Evaluation

The circumferential stress (o) of an elastic artery with
wall thickness (h) is developed due to the tension (T) act-
ing on the arterial walls against the internal distending
pressure (P), is given as in (1).

o= (1)

Where, T is related to end-diastolic diameter (Dg) accord-
ing to the Laplace law by considering thin wall assump-
tion (D4 >> h), which can be expressed as in (2).
P Dy
T=

5 (2)

Using (1) and (2) the incremental stress (do) along the
circumference due to a small increment in pressure (dP)
can be obtained as follows;

dP D4
do = ——. (3)
The resultant incremental circumferential strain (de) due
to the stress on the arterial walls can be expressed in
terms of change in luminal diameter (dD) and Dq as in (4).

dD 4
= 1. (4)
Further, Einc can be evaluated as the ratio of do and de and
can be obtained by dividing (3) and (4), which can be ex-
pressed as is given in (5).

de

D42 dP

= 5
Einc 2h dD (%)
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Measurement System

Ultrasound-Pressure Probe Design

An application specific probe was designed and devel-
oped to facilitate simultaneous measurement of arterial
dimensions and pressure from a small arterial section. The
probe incorporates a single element ultrasound transducer
(diameter = 5 mm, center-frequency 5 MHz, spatial half
angle < 1.3°) for tracking the dynamics of arterial dimen-
sions, and a commercially available tonometer (SPT-301
— Millar Instrument) for capturing arterial pressure wave-
forms. A custom probe enclosure (probe holder) was 3D
printed to integrate the ultrasound and tonometer trans-
ducers. Design schematic and assembly of the proposed
ultrasound-pressure probe has been depicted in fig. 1. The
separation between the transducers was kept minimal (2
mm) to perform a reliable single-site measurement.

Data Acquisition Hardware

The design architecture of the signal acquisition hardware
is illustrated in fig. 2. The ultrasound transducer was in-
terfaced to a dedicated analog front end (AFE) of the
ARTSENS® device. The AFE consists of high-voltage
pulse generation circuitry and a pulser-receiver module
for operating the ultrasound transducer in pulse-echo
mode. A high-speed digital input-output card (NI PXIe
6556 — National Instruments) was employed for control-
ling the pulser-receiver module. The ultrasound transduc-
er was insonated to obtain an A-scan of 40 mm depth. The
received A-scan radio-frequency (RF) frames were pre-
conditioned using a 40 dB dual stage amplifier, and then
digitized using a high-speed digitizer (NI PXI 5154 — Na-
tional Instruments, sampling rate = 50 MHz). The hard-
ware was configured to achieve a high frame rate of 1
kHz. The tonometer used for acquiring pressure signal
was interfaced to ADInstuments’ PowerLab and
BrigdAmp, controlled using LabChart software. The pre-
processed pressure waveform from the BridgeAmp was

Figure 1: Proposed ultrasound-tonometer probe assembly

digitized using a data acquisition card (DAQ; NI PXlIe
6368 — National Instruments) at a sampling rate of 1 kHz.
A digital trigger pulse (1 kHz pulse repetition rate) gener-
ated by NI PXIe 6556 was used for the synchronized ac-
quisition of RF frames and pressure waveform from the
independent hardware modules.

Signal Processing and Measurement Software

Simultaneously acquired pressure signal and RF echo
frames were processed in the digital domain using dedi-
cated semi-automated software developed on National
Instruments’ LabVIEW platform. The measurement soft-
ware architecture has been depicted in fig. 2. The ac-
quired RF frames were processed using intelligent algo-
rithms of the ARTSENS® technology. The arterial proxi-
mal and distal walls were automatically identified and the
wall motion was tracked using a correlation based tech-
nique [9]. High fidelity diameter waveform was captured
using the software, and the end-diastolic diameter (Dg)
and distension (AD) were obtained over continuous cardi-
ac cycles. For reliable evaluation of h, distal wall echo
was chosen and the measurement was done between the
leading edges of the intima and adventitia. The disconti-
nuities in the linearity of the unwrapped phase of the dis-
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tal wall echo were used to find the leading edges of the
intima and adventitia complex and estimate h [11]. The
acquired raw tonometer pressure signal was filtered with a
low-pass filter of 15 Hz cutoff frequency to remove high-
frequency noise. The processed pressure signal was then
calibrated against the measured brachial BP, considering
end diastolic and mean arterial pressure to be approxi-
mately constant throughout the arterial tree when the sub-
ject is in supine posture.

For each cardiac cycle, the pressure-diameter loop (PD
loop) was obtained by plotting diameter cycle along the
abscissa and pressure cycle along the ordinate. For the
investigation of variation in Ei,c two fiducial points were
defined; (i) second derivative maxima of the pressure cy-
cle, a point (¥q) at the neighborhood of end-diastolic
point, and (ii) second derivative minima of the pressure
cycle, a point (W) at the neighborhood of systolic peak.
Slope of the PD loop at these two points (dP/dD)|wq and
(dP/dD)|ws along with Dq an h were used for the estima-
tion of Einc at the Wq and W (Ewa, Ews respectively) with
the help of (5).

In-vivo Validation Study

Subject Selection for In-Vivo Validation

An in-vivo study was conducted on 10 healthy subjects to
validate the functionality of the proposed ultrasound-
pressure probe and the associated measurement system.
The subjects recruited for the study were within 20 to 30
years of age (mean age = 25.6 = 2.6 years).

Study Protocol

A written informed consent was obtained from the re-
cruited subjects after briefing them the study objectives
and the measurement protocol. Anthropometric measure-
ments were performed and the subject was asked to relax
for 5 minutes. The measurement of brachial BP and Ejnc
from the LCCA were performed by a single operator with
subjects in supine posture. Clinical grade automatic BP
monitor (SunTech® 247™ — SunTech Medical) was used
to record the brachial BP parameters. The ultrasound-
pressure probe was then placed on the left side of the
neck, 2 cm below the carotid bulb to target the carotid ar-
tery. The probe was oriented to achieve good quality RF
frames (with two strong echoes from the proximal and
distal wall) and high fidelity pressure waveform. The
probe was held steady and the signals were recorded con-
tinuously for a sufficient number of cardiac cycles.

Results and Discussion

Reliability of Continuous Signal Acquisition

The ultrasound-pressure probe and the prototype system
developed for the evaluation of Ei,. variation over the
cardiac cycle demonstrated the expected functionality.
The system could efficiently capture diameter and pres-
sure variations over continuous cardiac cycles. A cycle of

Pressure cycle - - - -Diameter cycle PD loop
- 120 120 -
F—110—. 110
- 100 %”100 ;
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- 70 & 70 A
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(a) (b
Figure 3: (a) A sample of simultaneously acquired pres-

sure and diameter cycle from the LCCA, (b) Illustrating
the construction of PD loop, the defined fiducial points
are marked on the loop

Table 1: Dy, h, Ew,, and Eyq measured from the subjects

Subject| Age Da h Evws Ewa
j1); (mm) | (mm) (kPa) (kPa)
PO1 27 | 5.29+0.08 [0.72+0.01| 297.56+5.17 | 167.58+2.98
P02 24 | 5.76+0.15 [0.59+0.03|372.50+15.01 | 266.76+11.80
P03 22 | 5.60+0.09 [0.53+0.03| 260.06+13.9 | 179.80+9.90
P04 27 | 6.07+0.17 [0.65+0.02| 255.43+8.76 | 202.07+7.60
P05 26 | 5.08+0.16 [0.55+0.02| 185.59+7.12 | 133.62+3.52
P06 28 | 5.49+0.05 [0.61+0.03| 158.45+8.55 | 123.39+6.43
P07 29 | 4.29+0.08 [0.37+0.02| 188.52+6.24 | 143.79+7.85
P08 22 | 6.01£0.19 [0.70+0.01|440.92+20.34 | 373.67+16.33
P09 23 | 5.44+0.17 [0.46+0.02| 174.54+11.51 | 156.29+9.06
P10 28 | 5.52+0.08 [0.62+0.04| 150.76+£9.38 | 119.23+6.76

both the diameter and pressure waveform obtained from a
particular subject have been shown in fig. 3(a). It may be
noted that the pressure and diameter waveforms follow a
similar trend and are clearly correlated. Similar quality
signals were captured from all other subjects. The tem-
poral resolution of the pressure and diameter variations
was | ms, enabling construction of high-resolution cycle-
to-cycle PD loops. A PD loop obtained from the diameter
and pressure cycle shown in fig. 3(a), is illustrated in fig.
3(b), and the fiducial points ¥s and W4 are marked on it. It
was observed that the slope of all the PD loops at s is
steeper than the slope at the W4, and increases nonlinearly
from fiducial point ¥4 to fiducial point ¥, exhibiting a
non-linear stress strain relationship. The quality of the ac-
quired signals and the PD loops were sufficient for relia-
ble calculation of Eys, and Ewg.

Variation of Ej,c over a Cardiac Cycle

The measurements of Dg, h, Ews, and Eyq were obtained
from the subjects in a beat-by-beat manner. The beat-to-
beat estimates of these parameters for a particular subject
have been shown in fig. 4 (a) — (c). The measurement re-
peatability was evaluated by calculating the beat-to-beat
variation — standard deviation (SD) to mean ratio of a fi-
nite number of cycles, expressed in percentage. Beat-to-
beat variation observed for Dg, h, Eys, and Ewq were less
than 4%, 7.5%, 7%, and 7% respectively, indicating the
reliability of measurements. Ew, and Eyq obtained from
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the recruited subjects are summarized in tab. 1, (values
expressed as mean £ SD). The obtained values of Ej
concur with studies reported earlier [12]. A statistically
significant (p < 0.001) variation between Ew,, and Ewg was
observed in all subjects over continuous cardiac cycles.
Consistent with theory, the absolute values of Ews was
greater than Ewqg. This indicates that the elastic character-
istics of an arterial segment are not constant, which oth-
erwise vary over the cardiac cycle as a function of dis-
tending arterial pressure.

Limitations of the Present Study

The validation study was conducted only on a small group
of normotensive subjects. An extensive clinical study on a
large population including hypo and hypertensive subjects
is required to further validate the proposed technique.
Simultaneous evaluation of beat-by-beat Ews, and Eyq us-
ing ultrasound-pressure probe of the proposed system and
a reference ultrasound imaging system was not practically
viable.

Conclusions

A non-invasive measurement system for the evaluation of
Einc and its variation over the cardiac cycle in a beat-by-
beat manner was presented. A novel ultrasound-pressure
probe was designed and developed for the simultaneous
capturing of high fidelity diameter and pressure wave-
forms from the carotid artery. PD loops obtained from
these waveforms exhibited a non-linear pressure-diameter
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relationship. Beat-by-beat evaluation of arterial dimen-
sions was performed using application-specific measure-
ment software. Ej,c at two distinct fiducial points in the
neighborhood of systolic peak and end-diastolic region
(Ews and Ewg) were obtained from the recorded h, Dy
measurements and PD loop. The functionality of the de-
veloped prototype system was validated by conducting an
in-vivo study on 10 subjects. Observed beat-to-beat varia-
tion in Dq (< 4%), h (< 7.5%), Ews (< 7%) and Ewq (< 7%)
were in the acceptable range, indicating the reliability of
the measurements. The absolute values of Ews were great-
er than Eyq in all recruited subjects and showed a signifi-
cant variation (p < 0.001), which was consistent with the
theory. The present study results have demonstrated that
the proposed system can reliably assess Ei and its varia-
tion within a cardiac cycle in a non-invasive manner,
which can be potentially used for the screening of various
cardiovascular events. Further efforts are needed to trans-
late the prototype system to a portable hand-held device
with integrated ultrasound-pressure transducer in-order to
make it to clinical practice for cardiovascular screening.
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Introduction

The creation of three-dimensional frame materials is an
urgent task for various fields, from biomedicine to emis-
sive electronics. Creation of carbon nanotubes (CNTs)
frame with strong heating by laser irradiation has been
described [1]. The heating provides the connection of sin-
gle-walled nanotubes to each other in defective areas of
the carbon’s structure. The purpose of this paper is to de-
scribe the mechanism of carbon nanotubes pattering under
laser irradiation in a protein matrix to create a nano-
material for tissue-engineering. To understand the nature
of the nanotubes pattering in the frame, we considered the
features of the interaction of defective regions and open
ends of CNTs with laser radiation in the UV-visible-IR
range. Defective areas inefficiently divert heat, so with a
general heating of the nanostructure, these areas overheat
more noticeably and can eventually collapse [2, 3]. Patter-
ing of biostructures with a carbon nanoframe in protein
matrix under the influence of pulsed laser radiation was
studied. It was also experimentally confirmed that laser
pulse of nanosecond duration has a structuring effect on an
array of CNTs. These biostructures with a carbon
nanoframe in protein matrix can be used as bulk bio-
materials for restoration of defects in damaged tissues,
due to their ability to enhance cell proliferation and tissue
regeneration [4 - 6].

Materials and Methods

If we consider the energy absorption in the case of a nor-
mal incidence of a plane electromagnetic wave, then it is
possible to calculate the absorption coefficient. Maxwell's
theory and the quantum-mechanical approach are used in
this case. The nanotube array acts as the interface between
the two media. Both media are vacuum. We consider the
process of interaction of a network of nanotubes with an
incident wave that passes from vacuum through a network
of nanotubes to vacuum again. We considered waves with
a vector E directed along the nanotube axis and perpen-
dicular to it. The absorption coefficient was determined
by the formula:
A=1—|R>—IT|? (1

where |R? and |T|? are the squares of the modules of com-
plex reflection and transmission coefficients. We have

taken the most frequently synthesized single-walled car-
bon nanotubes such as armchair and zigzag. Their diame-
ter was 0.7 - 3 nm. We investigated nanotubes with de-
fects of 1V type (one vacancy of the carbon atom), 2V
(two vacancies of carbon atoms), SW (defect of the con-
nection rotation) and mixed type 1V + SW. Nanotubes
with open ends were also investigated. Laser radiation
was considered in the wavelength range of 0.01-2 pm.
Carbon nanotubes absorb energy depending on the chi-
rality and polarization of the wave.

Based on the results of the study of the absorption of laser
beam energy by defective parts of CNTs, we carried out a
series of numerical experiments of the binding of nano-
tubes in an aqueous solution. In an aqueous solution,
nanotubes can move relatively freely. The process of
binding of two nanotubes with defects of 2V, 1V, SW and
SW + 1V types was simulated. These defects, as it was
shown above, allow the defective sections to absorb ener-
gy by ~ 50% more at a certain wavelength. Numerical ex-
periments were carried out by the method of molecular
dynamics using adaptive intermolecular reactive empiri-
cal bond order potential to describe the behavior of de-
fect-free nanotube regions and the environment and the
self-consistent charge density functional tightbinding
method, which describes the appearance of covalent
bonds between tubes. The simulation step was 0.1 fs.

For the experimental studies, we used single-walled
nanotubes, which were synthesized by an electric arc
method on a Ni-Y catalyst. They were further purified in
air with washing in HCI and carboxylated in a mixture of
HNO3 / HaSOy4, then washed with water until neutral reac-
tion. Analysis of the results of Raman spectroscopy
showed that the average diameter of CNTs was 1.8 + 0.2
nm, and that there were defective structures in the array of
tubes. As the protein matrix, an aqueous solution of al-
bumin and collagen was used. For the pattering of protein
biostructures with a carbon nanoframe, a Ti: Sa femtosec-
ond laser of 810 nm with a pulse duration of 140 fs and a
repetition rate of 80 MHz was selected.

In addition, the experimental studies of the interaction of
pulsed laser radiation with an array of carbon nanotubes
grown on a silicon substrate were carried out. The sample
was located perpendicular to the laser beam at the lens
focus F=10 cm. CNTs were grown by PE-CVD method
with Ni-Ti (10/2 nm) catalyst in C,H,, Ar and NH; at-
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mosphere and temperature of 550 °C. Nanotubes in array
have average diameter of 40-50 nm and the length of 7.3-
7.6 um.

The source of laser radiation was a solid-state pulsed
Nd:YAG laser with wavelength of 1064 nm and a pulse
duration of 16 ns. The pulse energy of Nd:YAG laser
depended on the optical pumping energy of the active
element Nd:YAG and was controlled directly by the laser
control unit. Leaving the laser, the beam hit the prism of
Glan, transforming radiation with arbitrary polarization
into a linearly polarized, parallelly regulating the energy
of the beam with a given step. The pulse energy varied in
the range of 1.21-4.158 pJ. The energy density of the
pulse was in the range of 0.4-2.2 J / cm?. After leaving the
Glan prism, the laser beam hit the wedge-shaped quartz
prism, reflected from it (the energy of the reflected beam
was ~ 10% of the original beam) and hit the energy meter
based on the Ophir PD-10 sensor. The action was effected
by single laser pulses at different areas of the sample.

Results

We performed one modeling experiment for 1V, 2V and
1V + SW defects single-walled carbon nanotubes. Using
the finite-difference time-domain method we obtained the
patterns of the distribution of the electromagnetic field’s
magnitude E over the volume of carbon nanotubes. Fig.
la shows the maximum values of the intensity E, which
are indicated in red. The distribution of temperature along
the tube was initially uneven, taking into account the in-
homogeneous absorption of the electromagnetic wave’s

energy. In the defect area, the temperature was maintained
at 50% more than in ideal sections of the tube. One of the
results of the binding of nanotubes (12,12) with one 2V
defect in each tube, perpendicular to each other is shown
in Fig. 1b-d. The unevenness of temperature distribution
during nanotubes binding is shown in Fig. 1b. The maxi-
mum values of the temperature (1600-1700 K) correspond
directly to the close region to the 2V defect.

The distance between the nearest tubes in the solution was
in the range of 3.2 to 4 A. The binding time was deter-
mined by many factors, including the distance between
the tubes. Figure 1d shows the atomic structure of the
tubes when four stable bonds were formed.

We have established that uneven temperature heating
leads to the formation of covalent bonds between the
tubes even at an initial distance above 3.2 A. We per-
formed a numerical experiment that described the interac-
tions of two nanotubes (12.12) with defects of 2V type.
The change of energy during the formation of bonds in
time (within 8 ps) varied in the range -7.43 — 7.36 eV /
atom.

Fig. 2 shows an image of scanning electron microscopy of
a nanoframe structured by laser radiation from carbon
nanotubes in a protein matrix. The sample was located on
a conducting silicon substrate and split in the center. Fig.
2 shows a branched tree-like structure of single-walled
carbon nanotubes. Laser structuring and the formation of
a branched framework under the action of covalent bond-
ing are confirmed by high values of the nanohardness of
the material ~ 300 MPa.

Figure 1: Binding of nanotubes into a carbon nanoframe (a shows the distribution of the maxima of the laser radiation

electromagnetic field, b shows the uneven distribution of temperature in the tubes caused by uneven absorption of the

energy of the incident laser radiation, ¢ shows the temperature field near the nanotubes contact after cessation of laser
irradiation, d shows the process of covalent bonds formation)
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Figure 2: SEM image of a biostructure with a carbon
framework in a protein matrix

The study of the CNTs before and after interaction with
laser radiation was carried out using scanning electron mi-
croscopy (Fig. 3).

i <
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Figure 3: SEM image of a CNTs array before (a) and
after (b) laser irradiation with energy
0f 180.4 pJ

The dependence of the alignment degree of the carbon
nanotubes array on the energy of the laser pulse was ob-
served. At energies of less than 100 pJ, the alignment ef-
fect was practically not observed. At an energy of 135 uJ,
an alignment effect began, which reached a maximum at
180 pJ, and then decreased. At energies above 200 pJ,
thinning of carbon nanotubes was observed, as well as
partial destruction of their structure.

Conclusions

The mechanism of covalent bonding of single-walled car-
bon nanotubes under the action of laser heating was re-
vealed. Its essence lies in the formation of hot spots in the
areas of defects and open ends of nanotubes due to a
strong uneven heating during absorption of laser radia-
tion. It was shown that binding can be controlled by form-
ing hot spots in the necessary tube regions by forming one
or two defects of 1V, 2V, SW and 2SW + 1V type. In the
regions of these defects, the absorption of the laser beam
reaches 50% in comparison with 5% absorption of a
nanotube without defects. The change in energy during
the formation of bonds in time (within 8 ps) varies in the
range -7.43 - 7.36 eV / atom. Self-formation of a frame
nanomaterial from nanotubes dispersion predominantly
formed by semiconductor tubes with diameter of 1.8 £ 0.2
nm, under irradiation of Ti:Sa femtosecond laser with
wavelength of 810 nm was demonstrated experimentally.
Samples of bioconstructions had a tree-like branched
structure of carbon nanotubes frame with nanohardness
up to 300 MPa. Also, it was shown that laser pulse of na-

nosecond duration has a structuring effect on an array of
carbon nanotubes. As the energy of the pulse increased,
the effect of cleaning and thinning carbon nanotubes was
observed. It was associated with laser heating and cova-
lent bonding of nanotubes in defective regions and near
the ends of the tubes.

It is expected that the ordered structure of biostructures
with carbon nanoframe in protein matrix should promote
improved cells fixation. Thus, biostructures will be able
to be used as a matrix for cell adhesion and growth, which
will be confirmed by in vitro and in vivo studies.
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Introduction

The rapid development of medical technology enables
new treatment methods and leads to a strong increase in
minimally invasive surgical interventions. For this reason,
more and more specific devices are constantly being add-
ed to the OR. At the same time the OR staff faces the
challenge to manage the adjustment and timely provision
of these devices during surgery [1]. Similarly, nursing
teams in Germany are increasingly understaffed and are
consequently filled with staff from other European coun-
tries that may have difficulties knowing the specific terms
in the OR or understanding the requirements for each sit-
uation [2].

Figure 1: Exemplary application of the HoloLens for
medical training (Source: cachealthcare.com)

Strategies and measures must therefore be developed to
ensure and further improve efficiency, safety and outcome
of the intervention. This requires solutions that bring staff
and technology closer together in order to simplify system
management of the OR, reduce communication issues and
improve staff collaboration.

Mixed Reality (MR) applications may be a key technolo-
gy to make this vision a reality. They are capable of
providing information by more general means than pure
language. At the same time, recent developments in ma-
chine learning allow enhanced image detection [3], work-
flow recognition [4] and natural language processing [5]
in real time during surgery. In their combination these
techniques may enable technical systems to robustly in-
terpret the current surgical context, automatically provide
the required information at the right time and react flexi-
bly to changing demands.
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In addition to providing solely information, MR applica-
tion would further allow to sterilely adjust most devices in
the OR from a central entity. Previously, this technology
has already been used for medical training [6] (also see
Fig. 1) and specific surgical applications [7]. However,
most developments have mainly focused on the surgeons
and less on the remaining OR staff so far.

Under these assumptions this paper investigates the po-
tential of mixed reality applications for sterile interaction
within the collaborative operating room. An exemplary
use case of an assistive device that supports the scrub
nurse in selecting the correct instruments is presented and
evaluated in an initial user experience experiment.

Figure 2: Image of the HoloLens (Microsoft, Redmond,
WA, USA) as used in the presented mixed reality applica-
tion (Source: microsoft.com)

Materials and Methods

To realize a simple prototype of the envisioned system,
we employed a Microsoft HoloLens (see Fig. 2). The Ho-
loLens is a wearable device that enables the augmentation
of the physical world with virtual entities. It is equipped
with a multitude of sensors that enable the device to local-
ize itself within the environment (spatial mapping) and
enable various modes for user interaction.

Spatial mapping is performed by means of 4 greyscale
cameras and a time-of-flight (TOF) sensor that enhances
the camera images with further depth information. An ad-
ditional inertial measurement unit (IMU) may also meas-
ure acceleration and spatial orientation. By combining all
different sensory data, the HoloLens is able to locate itself
and project holograms at any desired location within the
room. All necessary sensor fusion is directly processed on
the HoloLens’ proprietary computer.
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Aside from the possibility to interact with the system via
head movements and hand gestures, the HoloLens also
include four microphones to allow voice control and bin-
aural speaker for audio feedback.

Figure 3: Segment of the grid that is projected onto the
surgical tray

Included Functionalities

Our proposed assistive system supports the scrub nurse in
identifying the instruments that are currently needed. It
projects a grid onto the surgical tray (see Fig. 3). Each
grid cell is reserved for one specific instrument and de-
noted by the instrument’s name and contour sketch. With
the integrated spatial mapping function, the grid cell pat-
tern is automatically projected onto the surgical tray at a
specified location. Through gestures the user is able to
flexibly relocate the grid as desired within the plane of the
surgical tray. Gestures are robustly recognized by the sys-
tem even when the hands are covered with surgical
gloves.

If an instruments has been placed in its corresponding
grid cell, the contour sketch automatically disappears to
give the user direct feedback about his or her action. The
user may also interact with the system though verbal
commands. By calling the name of an instrument the sys-
tem clearly highlights the respective grid cell with a red
box.

Currently, the integrated computer vision software of the
HoloLens is not able to recognize and distinguish between
the different surgical instruments in the scene. Particular
problems arose due to the delicate and similar structure of
some instruments. Furthermore, specular reflections from
metallic surfaces highly reduced recognition accuracy. An
integration of custom image processing algorithms that
make use of the spatial information and could feed back
their results to the HoloLens in real time are currently and
to the authors’ best knowledge not applicable within the
API for the HoloLens. However, this functionality is cru-
cial for the system to determine if an instrument has been
correctly placed in its corresponding grid cell. For the first
prototype we therefore attached QR-code markers to each
instrument that were recognized within the HoloLens’
video frames.

Experimental evaluation

Based on our prototype we performed a user experiment
with 14 participants, some with prior OR experience.
None had direct experience as a scrub nurse. During the
test, participants first received a short introduction to the
interaction modalities of the HoloLens such as gesture
and voice control. Once participants were acquainted with
the HoloLens in general, they were asked to set up the
system and test out the assistive functions.

First off, users were presented the projected grid and were
asked to relocate the grid to a desired position by means
of gesture control. After the grid was in the right position,
the participants had to place a total of 13 different surgical
instruments in their respective grid cells as it is shown in
Fig. 3. If the user had correctly placed the instrument in a
grid cell, the contour sketch disappeared. If it did not dis-
appear, the user had to pick up the instrument again, find
the correct box and place the instrument there. Addition-
ally, the participants were asked to interact with the sys-
tem via voice commands in order to highlight the grid
cells and contour sketches of specific instruments.

After successful completion the participants were all
asked to fill out a User Experience Questionnaire (UEQ)
[8], including a total of 26 statements that had to be rated
with a 7-step Likert-scale. All statements fell into six dif-
ferent categories: “Attractiveness”, “Perspicuity”, “Effi-
ciency”, “Dependability”, “Stimulation” and “Novelty”.

To facilitate evaluation, we mapped the 7-step Likert-
scale that takes values from 1 to 7, to values between -3
and 3 as it is also done in [9]. The resulting scale made it
easier to directly tell if the user experience was rather pos-
itive (positive values) or rather negative (negative values).

3
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Figure 4: Results from the User Experience Question-
naire (UEQ) [8]

Aside from the user experiments voice recognition accu-
racy was tested for all 13 instruments by calling their re-
spective name various times (n=30) and recording if the
system recognized the command correctly.

Results

All participants were able to accomplish the task without
major difficulties and therefore also completed the stand-
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ardized questionnaire subsequent to the experiment. The
detection of the QR code worked stable, was, however,
sensitive to the distance and angle to the HoloLens’ cam-
era.

The system received mean ratings between 1.357 and
2.518. Fig. 4 shows the results as means and standard de-
viations over all participants and for all six categories.
The scale is divided into three sections: -3 to -0.8 (very
poor / poor), -0.8 to +0.8 (mediocre) and +0.8 to +3 (very
good / good), marked by the respective colors red, yellow
and green. Therefore, the ratings for all categories were
considered as at least “good”. The standard deviation
takes values of less than 0.5 points in all categories. Spe-
cifically “Perspicuity”, “Stimulation” and “Novelty”, re-
ceived the highest grades, where ‘“Perspicuity” means
how intuitive and clear the system is. Ratings for “Effi-
ciency” and “Dependability” were the lowest, however,
still fall into the highest of the three categories and were
thus also considered as “good”.

A relative comparison with benchmark results for typical
UEQ ratings showed that for the categories “Attractive-
ness”, “Perspicuity”, “Stimulation” and ‘“Novelty”, the
presented system ranks among the top 10% of the results
contained in the benchmark [9]. The remaining categories
“Efficiency” and “Dependability” still rank above aver-
age.

Voice detection also worked well for most instruments.
Detection rates were above 70% for all instruments. All
except the two keyword “PE Forceps” and “Scissors”
were even detected with an accuracy of 90% or more.

Discussion

In this context, the results underline that the system was
well received by most participants and its user experienc-
es ranks well among other applications. The test clearly
showed that the general concept of the system works well
and that the interaction between the user and the system is
intuitive. Since the test did not primarily include profes-
sional scrub nurses, this conclusion may only apply to the
general usage of the system in an OR setup. Clear state-
ments about the integration into the actual workflow and
its further interaction with the additional OR team mem-
bers cannot be made at this point.

Conclusions

Currently, the presented system could already be used for
training, whereas a sterile application in the OR is hin-
dered by the QR-code tags that are still necessary for in-
strument recognition. With further advancements in com-
puter vision, however, a direct detection from the image
may already be feasible, given that the Hololens’ API al-
lows a practical integration of custom algorithms.

Although the HoloLens is already employed for real med-
ical applications, its weight of 579g and its relatively
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short battery life of 2 to 3 hours of active use might re-
strict their application during real surgery. Particularly for
longer surgical interventions, the system might not be
practical at its current state.

Future research will be devoted at its integration into the
OR and the preexisting workflow. The system is planned
to be coupled to a workflow recognition engine that aids
at automatically highlighting the required instruments in
each situation. We further work on enhancing the sys-
tem’s flexibility by integrating verbal information given
by the surgeon. Further user experiments will put a
stronger focus on OR staff members, particularly scrub
nurses, and their collaboration with the remaining OR
team.
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Introduction

High resolution manometry (HRM) of the esophagus
is the gold standard in the diagnosis of esophageal
motility disorders[1]. However, it only measures a
short period of time and allows only to distinguish
between the most common esophageal motor ab-
normalities with the help of Chicago Classification[2].
As the measurements take place in clinic for a very
limited period of time only little is known about cir-
cadian changes in esophageal motility. Especially for
patients with intermittend symptoms conventional,
short-term HRM cannot assess the underlying causes
of the disease precisely.

Therefore, we prolonged the time of measurement to
a full of 24 hours using a combined ambulatory im-
pedance-manometry device consisting of 36 pressure
channels and 15 impedance channels[3]. With this
setting it is possible to examine esophageal motor
function throughout a whole day whilst the patient is
following her/his normal duties.

The aim of our project was to etablish normal values
for healthy persons and to identify patients with tran-
sient esophageal problems as only little is known
about normal and pathological patterns when exam-
ining esophageal motor function and dysfunction
throughout a whole day.

Materials and Methods

For the longterm high resolution manometry (HRM)
we used a 10 French Solide State Manometry cathe-
ter designed for high resolution impedancomanom-
etry studies (Unisensor, Attikon, Swiss). In the probe,
the esophageal pressure values are already digital-
ized and sent to the portable recording unit MALT™
(Standard Instruments, Karlsruhe, Germany). With
the power supply of two standard lithium AA-
batteries the systems allows studies up to 26 hours.
The recording unit has an internal memory of 1 GB

size and can store pressure plots of 36 pressure
channels with a rate of 50 Hertz without the necessity

of data compression.

Figure 1: Device for ambulatory high resolution ma-
nometry of the esophagus

In addition to the huge amount of pressure raw data,
complementary information on body position, eating
and drinking habits as well as sleeping is integrated
into the dataset.

With this newly developed device we have been re-
cording more than 80 longterm high resolution man-
ometries since the beginning of our project. Technical
and clinical feasibility was documented prospectively
and iteratively improved.

Evaluation

The 24 hour recordings of normal, healthy test per-
sons were manually analysed. An extended Chicago
classification system was used (Fig. 2).
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Figure 2: Important values for evaluation of esopha-

geal motility according to Chicago Classification Ver-

sion 3.0 (DL = distal latency, DCI = distal contraction
integral, IRP = integrated relaxation pressure)

Parallely, an automated analysis program was devel-
oped, based upon the classical Chicago criteria. An act
of swallow was assumed as soon as a relaxation of
the upper esophageal sphincter (UES) was followed
by sequential contractions measured by the more
distal sensors. With the ongoing evaluations, it be-
came clear that this rather rigid algorithm had to be
changed as described below.

Results

Technical and organizational problems

Though the probe is quite rigid and has a diameter of
about 3mm (10 French) the examination is accepted
by our patients and in our healthy volunteers quite
effortlessly. Only three measurements had to be
stopped before time.

More problematical in the performance of longterm
high resolution manometries are technical aspects.
The used solid state probes are high end products
and are designed for about 200 uses (about 600 op-
erating hours). When extending the time of meas-
urement to 24 hours, the guaranteed operating hours
are reached within 25 measurements which rises the
costs of a single measurement to around 720 €. Espe-
cially with the longterm use the probes need more
repairement and checking which adds additional
costs to each examination.

Manual Evaluation
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Up to now there is no program for automated com-
puter analysis of HRM and especially non for long-
term measurements available.

As expected, manual analysis of the pressure record-
ings was extremly tedious and time consuming. How-
ever, it yielded important new insights.

“Static” parameters

These so called static parameters represent the rest-
ing pressure of both high pressure zones in the

esophagus: the upper and the lower esophageal
sphincters.
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Figure 3: Color-coded HRM pressure plot of a normal
swallow that starts with relaxation of upper esopheal
spincter, followed by a propulsive peristalsis and ends
by contraction of the lower esophageal sphincter.
(right: marking of pressure bands of upper and lower
esophageal spincter)

We found that physiological (complete) swallows as
shown in the figure above (Fig. 3) do not at all repre-
sent the majority of all motor events of circadian
esophageal motility. Depending upon posture (up-
right/prone) and food intake, a considerable number
of incomplete swallows occurred. In these instances,
a clear relaxation of the UES is not observed, but the
distal conctractile sequences show the typical pat-
tern.

Figure 4: Relaxation of the UES is barely visible.
Though a human analysist would recognize the act of

swallowing, a machine based system would certainly
not recognize this type of motor event
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Even more surprisingly, irregular motor events could
be detected in healthy people without any esophage-
al problems. Retropulsive contractile sequences could
be observed as well as distal cramps (Fig. 4) or transi-

ent relaxations of the lower esophageal sphincter
(TLESR) which were often followed by reflux (Fig. 5).
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Figure 5: Transient sphincter relaxation, followed by
fluid reflux (as seen in impedance measurement at
below the HRM plot) and a distal contractile wave

before an act of clearance swallowing

Systematic further classification of the normal motili-
ty pattern is currently conducted. Up to now, we are
still unable to present a complete catalogue of physi-
ological circadian pressure events. At any rate, “irreg-
ular” contractile events which were considered
pathological in our previous analyses can be found
frequently in normal test persons as well.

Total TLESRs frequency and TLESRs with reflux
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Figure 6: Total number of TLESR and TLESR with reflux

When analysing our patients with reflux disease it
shows that the mean resting pressure of the lower
esophageal sphincter underlies a slight modulation
with an increase of resting pressure and the integrat-
ed relaxation pressure during nighttime. Whereas in
the upper esophageal sphincter resting and relaxation
pressure stay stable throughout the measurement.
Most remarkably, the number of TLESR are appear-
ingly dependent of the circadian cycle.

Dynamic parameters

Dynamic parameters is the preamble for all values
that can only be measured during an act of swallow-
ing (eg. transportation velocity, area under the
curve).

In patients with known reflux disease significant
changes in the cause of measurement can be seen in
the value of DCI (distal) and PCl (proximal contraction
integral), the intrabolus pressure (IBP), in distale la-
tency (DL) and distal contraction velocity (DCV).

Problems of automated analysis

As manual analysis is not feasible in clinical practice it
is by now possible to get a computer aided analysis
according to the newest Chicago Classification. These
computer aided programs tend to correctly mark
pressure landmarks during swallowing whenever an
act of swallowing is marked correctly beforehands.
For an expert in analysis of HRM the analysis of a
whole dataset can be performed in around 20 hours
which excludes it from clinical routine.

Originally an algorithm for detecting an act of swal-
lowing was developed which relied on the pressure
changes in the UES. A swallow was assumed if a re-
laxation in the upper esophageal sphincter was fol-
lowed by a characteristic postdeglutitive increase of
pressure.

The rate of complete swallows that can be evaluated
with measurements of the parameters shown in Fig. 1
was very high (>95%) but unfortunately these typical
contractile sequences made up only about 1/3 of cir-
cadian motor events of the esophagus. Especially
motility patterns without oropharyngeal triggering of
a swallow (e.g. secondary peristalsis waves for
esophageal clearance, ...) aren’t considered for analy-
sis at all [4]. Whilst typical motor events can be eval-
uated with computer-assisted programs the remnant
has still to be evaluated manually.

Conclusion

Analysis of longterm high resolution manometry
(HRM) is at the moment not yet feasible in clinical
routine. It is essential to develop a computer program
to bring longterm HRM into clinical practice. As
shown above, automatic analysis is by far more com-
plex than it is when performing short time analysis

according to the Chicago Classification. As there are
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up to now no bigger series on normal and pathologi-
cal values with longterm manometry studies it is hard
to define new, more suitable algorithms for computer
analysis of HRM. Further studies will be necessary to
build up a big database of normal and pathological
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Introduction

Common diseases of the cardiovascular system include
pathological changes in connective tissue structures of the
heart and large blood vessels due to atherosclerosis, in-
flammatory lesions, congenital inferiority or mechanical
damage. These diseases led to the development of meth-
ods for creating tissue-engineered structures implanted in
the arca of damage to the tissues of the heart and blood
vessels [1]. Such methods involve the formation of a
three-dimensional biocompatible scaffold with its subse-
quent filling with living cells. One of the most effective
and modern methods of creating such scaffolds is laser
printing.

Biological and synthetic materials are used to create cellu-
lar and tissue engineering structures for the restoration of
the cardiovascular system [2]. However, biological mate-
rials have deficiencies associated with the possibility of
transmission of infections, and synthetic compounds do
not provide the necessary mechanical and bioresorbtion
characteristics. In view of this, there is a need for new
materials for tissue engineering in the field of the cardio-
vascular system.

To create the considered structures it is proposed to use
chitosan, basically this aminosugar is used as a matrix
medium for fillers in the form of functional particles [3,
4]. The addition of carbon nanotubes to natural or synthet-
ic polymer structures enhances the mechanical properties
and enhances the electroconductive and physiological
properties of the structure for restoring the tissues of the
cardiovascular system [5].

In this paper, we present a study of chitosan-based sam-
ples with inclusions in the form of carbon nanotubes in
order to use the composition as a starting material for the
preparation of cellular and tissue-engineered structures
used in cardiovascular surgery.

Materials and Methods

Two types of water-soluble chitosan, edible and succin-
ate, were used in this study. Edible chitosan (EC) was ob-
tained from high-molecular chitosan by chemical hydrol-
ysis and was a cream colored powder with a main sub-
stance content of 88.4%, a moisture content of 3.13% and
mineral substances of 0.53%. Chitosan succinate (CS) is
derived from crab chitosan by interaction with succinic
anhydride. The material was a pearl-cream powder with a
residual moisture content of 4.79%, the pH of the aqueous
solution was 7.7.

As a filler for the creation of samples, 2.7% aqueous paste
based on single-walled carbon nanotubes (SWCNTSs) was
used. SWCNTs were obtained by gas-phase synthesis
with a wash to 99% purity. The diameter of the tubes was
1-2 nm, the length exceeded 5 um. The feature of nano-
particles was a high specific surface area — 420 m”/ g.
Water dispersion media (dispersions) based on SWCNTs
with EC and CS were obtained. First, SWCNTs were
mixed on a magnetic stirrer for 20 minutes with distilled
water to obtain a concentration of 10” %. The resulting
dispersions were then subjected to a powerful ultrasonic
field with a power amplitude of ~ 40 W for 50 min. Then
a powder of EC and CS with a concentration of 1:49 was
gradually added to the homogeneous dispersion of
SWCNT. The mixture was then stirred in an ultrasonic
bath with an operating frequency of 45 kHz for 40
minutes.

From the final dispersions obtained, film samples were
prepared for the study by water evaporation upon the in-
fluence of laser radiation. A pulsed ytterbium laser (wave-
length 1064 nm) and a semiconductor laser (970 nm
wavelength) with a power of no more than 5 W were used
as sources of laser radiation.

Raman spectra in the range 100-1800 cm-1 were meas-
ured using the LabRAM HR Evolution (Horiba) spectro-
metric complex. As a source of exciting radiation, a HeNe
laser with a wavelength of 633 nm was used.

Absorption spectra of samples in the IR range 4000-400
cm-1 (2.5-25 um) were obtained by the method of
attenuation total reflection using the Nicolet iS50 Fourier
spectrometer (Thermo).

Results

To study the degree of binding of the aqueous dispersion
components of chitosan to carbon nanotubes (CNTs),
characteristic amide bands on IR and Raman spectra of
film samples were analyzed. To compare the spectra, con-
trol samples from pure components are prepared separate-
ly.

IR Spectra

Peaks on the spectrum of pure chitosan turned out to be
shifted relative to the peaks of films based on chitosan
and SWCNT, and their intensity was sharply changed,
which indicates the molecules connection of substances
among themselves. From the spectrum of EC (see fig. 1),
it is seen that the intense peak near 3350 cm™ is due to
stretching vibrations O—H and H-H (stretching of bonds);
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the band of about 2868 cm™ is connected with the valence
vibrations of the C—H bonds.

A group of bands from 500 cm™ to 1660 cm™ is character-
istic of the amide group (Amide I-Amide VI bands). Am-
ide I (about 1550 cm™) characterizes the vibrational abil-
ity of the amide group, in which a periodic elongation of
the C=0 bond occurs, which can be used to judge the de-
gree of acetylation. Comparing with the analogous peak
in fig. 2b, we can conclude that the CS degree of acetyla-
tion is higher.

---EC
——EC + SWCNT

Absorbtion, arb.units

0 1000 2000 3000 4000
60 Wavenumber, cm™

---EC
——EC + SWCNT

Intensity, arb.units

0 200 400 600 800 1000 1200 1400 1600 1800 2000
Raman shift, cm™

Figure 1: IR (a) and Raman (b) spectra of pure edible
chitosan and with addition of CNTs

The absorption band of about 3450 cm™ can be sensitive
to adsorbed water, and an increase in the water content
leads to an increase in the absorption band of about
1640 cm™, which was observed on the spectrum of EC
with SWCNT. The difference in the intensity of the peaks
near 3350 cm™ and 1550 cm™ in the CS spectrum is relat-
ed to the degree of acetylation. Also, it is possible that the
contribution of SWCNTs was more pronounced on the
spectrum when connected to the EC.

A wider CS band of about 3350 cm™ in comparison with
EC could be associated with the stretching of the O-H
bond, which overlaps the N—H stretching in the same re-
gion. It should be noted that intense peaks for CS with
SWCNTSs of about 1040 cm™ and 1200 cm™ are related to
the stretching vibrations of C—C and C-O, which con-
firms the binding of the dispersion components to each
other. A similar increase in intensity is observed for EC
with SWCNT in the same region with respect to the spec-
trum of pure chitosan, however, the peak amplitudes are
harsher than in the spectrum of CS. It is assumed that the
penetration of SWCNTs into a more viscous gel-like
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structure of EC with a concentration of 2% was weaker
than in the more liquid CS sample.

Raman Spectra

As seen in fig. 1b and 2b, the spectrum of chitosan with
SWCNT is shifted relative to the initial chitosan spec-
trum, which indicates changes in the structure of amino
sugars and tubes. These shifts are responsible for connect-
ing the components of the dispersion to each other.

The bands of about 1603 c¢m™ correspond to the defor-
mation symmetric vibrations of the amino group. The
shape of the peaks in the spectrum of EC with SWCNT is
similar to that of the spectrum of CS with SWCNT, which
is mainly due to a stronger manifestation of the contribu-
tion of nanotubes to the Raman spectrum in comparison
with the spectra of organic substances.

Peaks with frequencies of about 1200 cm’1 and 1120 cm’™
are responsible for the stretching vibrations of C—O and
C—N, which were manifested in the spectra of EC and CS.
These peaks shifted from their original position when chi-
tosan was combined with the tubes, and their intensity in-
creased sharply, which can be explained by the SWNT D
mode that is strongly manifested in this region.

It should also be noted that SWCNTs exhibit semiconduc-
tor properties and do not have any structural damage, as
can be seen from fig. 3b: the ratio of the intensity of the
RBM mode (about 500 cm™), D and 2D modes (about
1200 cm™ and 2800 cm™) with the G mode intensity
(about 1594 cm™).
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Figure 2: IR (a) and Raman (b) spectra of pure chitosan
succinate and with addition of CNTs
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Discussion

For the study water dispersions of chitosan and dispersion
of chitosan with carbon nanotubes were made. To investi-
gate the properties of materials obtained from these dis-
persions, film samples were obtained by evaporating the
aqueous component under the influence of laser radiation.
Based on the results of the study using IR spectroscopy
and Raman spectroscopy, it was found that changes in the
structure of a sample based on chitosan and SWCNT oc-
curred due to the appearance of intermolecular bonds. It
was found that a higher degree of acetylation of CS leads
to its more homogeneous dissolution, while EC is prone
to gelling. The addition of carbon nanotubes is due to an
increase in the hardness of the resulting samples.

Conclusions

Thus, the conducted researches are useful for manufactur-
ing of three-dimensional cellular and tissue engineering
designs used for restoration of defects of cardiovascular
system.

The work was supported by the Ministry of Education and
Science of the Russian Federation (Agreement
14.578.21.0234 RFMEFI57817X0234).
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Introduction

Traumatic injuries and loss of functionality in peripheral
nerves often lead to life-long physical restrictions. Cur-
rently, the tension-free reconstruction of longer nerve de-
fects applying autologous nerve grafts is a gold standard
in nervous tissue repair. However, the main disadvantage
of this method - the complete loss of function of the donor
nerve — has encouraged the scientific community to de-
velop new tissue-engineered nerve conduits. Biosynthetic
nerve guides with innovative material properties could
offer alternatives to the available on the market tubular
implants with very variable regeneration success. Among
materials for designing of artificial nerve conduits, the
ones with inherent piezoelectric properties are of high in-
terest. Because of their proven biocompatibility, stimula-
tion of cell ingrowth and piezoelectric properties [1, 2],
polyvinylidinefluoride (PVDF) and trifluoroethylene
(PVDF-TrFE) are promising materials for designing ac-
tive implants for nerve regeneration. It is believed that the
regeneration of severed nerves could be accelerated by
these properties. The current work is based on our previ-
ous study [3] and aims to develop a measuring method to
describe the electro-mechanical coupling parameter, so-
called the piezoelectric module.

Materials and Methods

Preparation of materials for testing: The polyvinylidene
fluoride and its copolymer polyvinylidene fluoride-co-
trifluoroethylene were used as received without any puri-
fication. To prepare the polymer solutions, PVDF (Sigma-
Aldrich, MW ~ 530,000 Da) and PVDF-TrFE (Piezotech
Arkema, weight ratio 70/30, MW ~ 450,000 Da) were
dissolved in N.-Dimethylformamide (DMF) (Fluka Ana-
lytical) and acetone (AppliChem GmbH) in a weight ratio
of 6:4. For the identification of favorable conditions for
production of scaffolds, the solutions with PVDF concen-
trations of 10%, 15% and 20% as well as PVDF-TrFE of
10%, 15% and 20% were prepared at 50 °C and stored at
room temperature overnight prior to electrospinning.

Electrospinning of solutions: The indicated above solu-
tions were processed by means of electrospinning to form
scaffolds (fiber mats) [4, 5]. With this method, fiber mats
with different polymer mass contents were produced. The
focus of the selected manufacturing process was to attain
the most mechanically stable fiber mats possible. For this
purpose, a preliminary study of the manufacturing param-
eters was carried out (data not shown). In the electrospin-
ning process, a flow rate of 2 ml/h and voltages of 20-30
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kV were applied as optimal process parameters to produce
aligned fibers on a rotating aluminum cylindrical collector
(300 rpm). The electrospinning time for each sample was
2.5 hours.

FTIR analysis: The Fourier Transform Infrared Spectros-
copy (FTIR) was used to record the infrared spectra of the
electrospun scaffolds. The spectra were compared to those
of untreated/raw materials with respect to the presence of
the nonpolar a- and piezoelectric crystalline $-phase. The
FTIR spectra were recorded using a PerkinElmer 100
FTIR spectrometer (PerkinElmer, Norwalk, CT, USA)
equipped with a triglycine sulfate detector and an attenu-
ated total reflection accessory with a diamond/ZnSe crys-
tal. The acquisition parameters were the following: 4 cm™!
resolution, 8 co-added interferograms, and 4000-550
cm! wavenumber range. An automatic CO2/H,O vapor
correction algorithm was used during recording of the
spectra. Spectra analysis and display were carried out us-
ing PerkinElmer software.

Measurements using the impact press machine: The de-
veloped method is based on the direct piezoelectric effect.
For this, the fiber mats were mechanically stressed using
the modified impact stress machine (fig. 1) and their in-
duced electrical value was measured.

120mm _ 35mm

™

(1

(6)

(3)
(@)
(5)
()

Figure 1: Section of the structure of the impact press ma-
chine: (1) measuring cell, (2, 3) electrodes, (4) test sam-
ple, (5) clamping device, (6) pressure rod, (7) spring, (8)

applied weight, (9) shell, (10) lever

The measuring cell (1) is a closed shell of steel. Due to
the influence in the electrical conductor, this shields the
measurement against electromagnetic interference (Fara-
day cage). The lower electrode (2) is located in the meas-
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uring cell on a polymer base which is insulated from the
measuring chamber. The sample (4) is positioned in a
clamping device (5) between the lower and the upper
electrode (3). This consists of two rings between which
the sample is clamped. The clamping device together with
the sample is placed on the lower electrode, so that only
the sample is in contact with the electrode surface. Due to
the weight of the rings, the sample is evenly stretched
over the electrode surface (fig. 2).

Figure 2: Sample without (left) and with the clamping
device (right)

The upper electrode is connected to a rod (6), which pro-
jects from the measuring cell. The rod is held in position
by a spring (7). On the tip of the rod there is a ball, which
applies pressure uniformly to the rod and thus to the sam-
ple. The mechanical load is applied by means of a lever
(10) via a weight (8), which is positioned in a shell (9).
The electrodes from the measuring cell were connected to
the voltage meter (610C, Keithley Instruments) during
loading and unloading. The generated voltage measure-
ment signal was then passed on to the oscilloscope
(K8031, Velleman), digitized and graphically displayed
on a computer via software. For capacitance measure-
ment, the electrodes were connected to the capacitance
meter (E7-20, MNIPI) in the loaded state of the sample
after the voltage signal had been decayed.

The measuring principle is based on the direct piezoelec-
tric effect. During mechanical compression of the sample,
a voltage difference can be measured on the surfaces. For
the determination of the piezoelectric module, the capaci-
tance of the sample C, must be known. Afterwards, the
module d33 can be calculated with the following equation:

P _Q_W'U'Cp
BTFT W-.F

where Q: induced charge in C, F: impact force in N, U:
induced voltage in V, C: electric capacitance in F, w: area
of the mechanical load in cm?, W: area of the electrodes in
cm?.

Performing measurements: The samples were fixed in the
clamping device and placed on the lower electrode in the
measuring cell. The measuring cell was then closed and
the pressure rod adjusted so that the upper electrode did
not make contact with the sample during resting. A set of
weights mg,, of 48g, 99g, 170g and 363g was used to ap-
ply the pressure load on the sample. Considering the
weight of the pressure rod (m.a), the upper electrode
(Meiecirode), the pressure compensation by the tensioning
energy of the spring (mgpring), the conversion factor from
the arm ratio of the lever (1) and the gravitational accel-
eration (g), the actual acting force (Fy) applied on the
sample can be calculated as follows:

(1)

Fapp = (mapp — Myoq — Meiectrode T mspring) l-g=
120mm+35mm m
— 9,815 (2)
s

= (mgpp — 40g) - 35mm
Both the weight of the rod and the electrode as well as the
pressure compensation of the spring were approximated
with 40g since the contact between the upper electrode
and the sample is ensured only at a weight of 40g in the
shell. Tab. 1 shows the applied weights (M) in the
shell and the forces (Fg,),) acting on the sample.

Table 1: Applied weights in the shell and the correspond-
ing force on the sample

m 48 g 99g 170 g 363 g

app

F 0,3N 2,56 N 5,65N 14,02 N

app

For the determination of the piezo modulus ds3, the volt-
age potentials at the surfaces and the capacitance of the
samples were measured during the applied force on the
sample. Fig. 3 shows the equivalent circuit diagram for
the voltage measurement of the examined piezoelectric
samples.

Piezoelectric sample Measuring chamber Voltmeter

and cables
Figure 3: Electrical equivalent circuit diagram of the
voltage measurement of the piezoelectric sample

In measuring the capacitance, the total capacitance (Cio)
has been recorded in the connected component. This in-
cluded the capacitance of the sample (C,) and the parasit-
ic capacitance of the cables (C)) (fig. 3). The capacitances
were connected in parallel in this measurement setup.
Thus, the total capacitance (Cy) can be calculated using
the following equation:

Ceor = Cp + € (3)

Results

Effect of polymer concentration on the crystalline p-
phase: Preliminary experiments showed that 10% PVDF
solution resulted in generation of fiber mats with the pres-
ence of undesired beads. For this reason, this concentra-
tion of PVDF was not taken into consideration for further
investigations. The study investigated the influence of the
polymer concentration on the transformation process of
the crystals from o- to the piezoelectric B-phase during
electrospinning.

In fig. 4, the normalized FTIR absorption spectra of elec-
trospun fiber mats from 15% and 20% PVDF polymer
solution are compared with the spectrum of raw PVDF
pellet. The analysis of FTIR data demonstrates that the
spectra of both fiber mats from 15% and 20% PVDF solu-
tions do not contain peaks at 796 cm™', 976 cm™! and 1383
cm! of the a-phase, as compared to the raw pellet. The
characteristic peaks at 840 cm™ and 1275 cm! of the B-
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phase have approximately the same intensity for both fi-
ber mats.

a-phase f-phase aphase p-phase a-phase
1383cm-1 1275¢m-1 976¢m-1 840cm-1 796cm-1
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Figure 4: Normalized FTIR spectra of the raw PVDF pel-
let and PVDF fiber mat made of 15% and 20% polymer
concentration in a DMF/acetone (6/4 ratio) solvent

Fig. 5 shows the unprocessed PVDF-TrFE powder as well
as fiber mats made of 10%, 15% and 20% PVDF-TrFE
solutions by means of electrospinning. In contrast to the
PVDF, in which the crystals are converted into the pie-
zoelectric B crystal phase during the electrospinning pro-
cess, the PVDF-TrFE powder shows the characteristic
peaks of the piezoelectric B-phase at 850 cm™!, 1288 cm’!
und 1400 cm™! [7]. Thus, the PVDF-TIFE, theoretically,
does not require transformation processes for the conver-
sion of crystallites into the PB-phase. Furthermore, the
three PVDF-TrFE fiber mats show nearly identical peaks
at the B-phase-wavelengths.

B-phase B-phase B-phase
1400cm-1  1288cm-1 850cm-1

H i H
f
_/_/\__/—//\J\/\/: < PVDF-TrFE20%
H
:
{
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;
{
- !\ PVDF-TrFE10%
H
H
:\c
T H PVDF-TrFE-Powder

1380 1280 1180 1080 980 880 780

N

o«

Wavenumber in cm™

Figure 5: Normalized FTIR spectra of the raw PVDF-
TrFE powder and PVDF-TrFE fiber mats made of 10%,
15% and 20% polymer concentration in a DMF/acetone

(6/4 ratio) solvent

Effect of polymer concentration on the crystalline p-
phase: Five fiber mats per polymer concentration were
examined. Each fiber mat was manually loaded and un-
loaded six times, yielding 60 measuring points for each
concentration. The quasi-static frequency of the measur-
ing cycle was 0.2 Hz. Fig. 6 and 7 show measured voltag-
es and sample capacities, respectively. Taking into ac-
count the relationship d;; = (U - C)/F, fig. 8 represents
the equivalent piezo modulus d3; of the fiber mats pro-
duced.
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Figure 6: Measured voltages of PVDF and PVDF-TrFE
fiber mats (n=6)
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Figure 7: Measured capacities of PVDF and PVDF-TrFE
fiber mats (n=6)
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Figure 8: Piezoelectric module d3; of PVDF and PVDF-
TrFE fiber mats (n=6).

Discussion

The piezomodule represents a geometry-independent pa-
rameter of a material, which is constant under different
load profiles (by definition dz3 = Q/F). If the piezomod-
ule and the sample capacitance are known, the voltage
induced at the sample surfaces during a load can be calcu-
lated with the relationship U = (d35 - F)/C.

The structural transformation of a-phase into B-phase for
PVDF was confirmed using FTIR analysis. This effect
can be attributed to elongation of fibers during deposition
onto grounded collector and simultaneous evaporation of
DMF/acetone, which in turn affects orientation of dipole
moments in the final PVDF electrospun fiber mat materi-
al.

For the piezoelectric investigation of the electro-spun fi-
brous mats from PVDF and PVDF-TrFE, an impact press
machine was developed. In this method, the sample ca-
pacitance and the induced voltage were measured and
then the induced charge was calculated. In order to reduce
the measurement inaccuracies, the measuring charge was
processed by a measuring amplifier (self-developed), tak-
ing into account the time behavior of the signal. The



ey

Proceedings of the Russian German Conference
on Biomedical Engineering

measurement results showed a dependence of the piezoe-
lectric modulus on the load, load frequency and fiber mat
thickness. This behavior is due to the nonlinear viscoelas-
ticity of the fiber mats. Since the piezoelectric modulus of
the fiber mats did not behave uniformly under different
load profiles, it is not possible to predict the induced volt-
age at a certain load.

The electrical response to a specific load profile must
therefore be examined individually for different fiber mat
geometries. For error-free detection of the induced volt-
age, a surface-covering contact between the sample sur-
face and the measuring electrodes must be ensured. This
can be performed using spinning conducting electrodes
from the piezoelectric polymer and graphene oxide, as
indicated elsewhere [8]. In addition, for a reproducible
production of certain fiber mat geometries, a complete
control of the electrospinning process has to be consid-
ered.

Conclusions

The aim of this work was to develop a measuring method
to describe the electro-mechanical coupling parameter, so
called piezoelectric module. The developed method is
based on the direct piezoelectric effect. For this, the fiber
mats were mechanically stressed and their induced elec-
trical values were subsequently measured. In order to do
this, a purely mechanical test cell for static measuring
conditions was first constructed. However, the non-
conductive surface structure of the fiber mats as well as
the time response of the measuring signal were not con-
sidered. The measurement process on all fiber mats using
the piezo module showed the same influence of the load
and load frequency. As the load increased, the piezo
module was reduced. Additionally, the increase in the
load frequency led to an increase of the piezoelectric
module. This behavior is attributed to the non-linear vis-
coelastic compliance of the fiber mats.
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Introduction

Modern rehabilitation methods for patients with muscu-
loskeletal problems after stroke include the following:
therapeutic physical training methods, massage, physio-
therapy, high-tech methods, etc. [1] High-tech methods
include: the creation of supportive and "stimulating" ro-
botic devices, the use of virtual reality, transcranial mag-
netic stimulation and BCI is often used for rehabilitation
tasks based on movement presentation [2, 3]. Currently,
the use of BCI to control fingers movement based on the
cognitive evoked potential (EP) P300 has been studied
[4].

The purpose of this paper is to study the influence of spa-
tial and temporal stimulation parameters on P300 detec-
tion.

Materials and Methods

Two volunteers have participated in experiment, the first
one is a male at 23 years old and the second is a female at
22 years old. The volunteers had been placed in a com-
fortable armchair at a distance of 70 cm from square pho-
tic stimulation matrix (PSM). PSM consists of 9 LEDs
with a 574 nm wavelength. The task for the participants
was explained in detail, thus they had to follow certain
target stimuli (TS). The TS number corresponded to the
diode position in the PSM (Fig. 1).

The spatial interval was equal as:

X =arctg(Xf/D) (1)

Where Xf is the actual size between nearest LEDs in
PSM (for each matrix interval is 1 cm, 2 cm and 3 cm rel-
atively), D — distance between volunteers and PSM.

X

] ©)

—=® ® ©

@ ©

Figure 1: Scheme of PSM, «X» is spatial interval with
nearest LED in PSM. LED with number «9» was high-
lighted
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The experiment consisted of 6 experimental series (ES)
for the first volunteers and 3 for the second (Table 1).
Each experimental series consisted of 3 alternations of
stimulation and relaxation intervals (Figure 2).

Sile] s2 e ] s; S le] -

st £S Interval between £S | 2-nd ES

Figure 2: Time diagram of photic stimulation. S; — in-
terval stimulation in experimental series, i — serial
number of TS , p — pause between stimulation probes
Si+1 and Si

Photic stimulation was performed using the oddball para-
digm [5]. TS was given once in a 9 stimuli series, the rest
were non-target stimuli (NTS). Thus, in a 9 stimuli series,
each LED in the PSM was highlighted [6].

The volunteers should mentally count the number of TS
highlights during stimulation, the stimulation follows by a
20 second rest (Figure 2) in which the subject had report-
ed the TS counted number. Then the subject again count-
ed the number of TS, so the procedure was repeated 3
times (3 numbers were counted).

After that, the stimulation parameters such as stimulation
frequency, PSM size, and stimulation time were varied
and the following experimental series was performed (see
Table 1).

Table 1: Experimental procedures

Experimental procedure 1

Number of
stimulation 1A 1B 1C 1D 1E 1F
mode

Numbers of 91, | 9,1, | 9,1, | 9,1, | 9,1, | 9.1,
TS 1 1 1 1 1 1

Frequency,

Hy 1 5 3 5 1 5

Time, s 200 | 50 100 50 | 200 50

Spatial interval | | 016 1 16 | 16 | 08

in PSM, °
Experimental procedure 2
Number of
stimulation 2A 2B 2C
mode
Numbers of TS 1,1,2 1,12 1,12
Frequency, Hz 1 3 1
Time, s 200 100 200

Spatial interval

in PSM. © 24 24 1.6
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Electrodes are placed according to the international sys-
tem "10-20", ipsilateral ear electrodes were used as refer-
ence electrode; the earth electrode was installed on one
cm above the nazion.

The EEG recording was performed using "Neuron-
Spectrum-5". The sampling frequency is 500 Hz, the sig-
nal was filtered in the frequency band from 0.7 to 35 Hz.
The electrode-skin impedance was measured at the begin-
ning of the experiment and it was checked that electrode-
skin impedance did not exceed 20 kQ during the experi-
ment. Table 2 shows the detailed parameters of the exper-
iment.

Table 2: Parameters of experiment

Conditions for|Conditions for
1-st subject | 2-nd subject
Sound noise level, dB 50 45
[llumination of the 570 570
room, lux
Experimental procedure 1 2
Room temperature, °C 24 24

Matlab R2011b software was used for experimental data
processing. The coherent averaging method was used with
an analysis period of 500 ms. for obtaining the EP.

Results

Figure 3 shows the graphs of typical EP in stimulation
mode 1A. The signal 9 shows the EP response to TS. A
positive peak is observed with amplitude in the order of
12 pV in the 350 ms region. The signal amplitude in re-
sponse to the NTS in the region from 300 to 400 ms has
not exceeded the value of 7 pV.

15
10 ———-1
3 —;
z N
g0 © oo
N -
El -6
«
-10 7
‘ 8
-15 9
0 50 100 150 200 250 300 350 400 450
Time, ms

Figure 3: Tupical EPs in PzA1 lead of photic
sitimulation. 1,2,3,4,5,6,7,8 — EPs response of number
NTS, 9 — EP response of TS. Number of analyzed EEG
epoch is 21 for average

Figure 4 shows the EP in stimulation mode 1B. The
graphs have oscillations form. The EP on the TS is not
significantly different from the response to the NTS.
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Figure 4: EPs in PzA1 lead of photic stimulation with

5 Hz frequency. 2,3,4,5,6,7,8,9 — EPs response of num-

ber NTS, 1 — EP response of TS. Number of analyzed
EEG epoch is 27 for average

Based on the results of the experimental studies, the am-
plitudes and latencies of the EP P300, EP amplitudes in
response to NTS were obtained under different stimula-
tion modes (Table 3). The EP amplitude was defined as
the maximum value of signal in the region from 300 to
400 ms. The average difference between the amplitudes
of P300 and EP on the NTS is as follows:

AA -3 ()

where N is the number of stimulations in the experimental
series (N = 3), 1i— is the sequence number of the stimula-
tion in experimental series, Abzo, — is the amplitude of
P300 for the i-th stimulation, AL, — is the maximum am-
plitude of EP for the i-th stimulation in the time window
from 300 up to 400 ms, f(Abzpe, Abp) — is the amplitude
difference function, equal to:

f(a ) { 3)
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Table 3: Experimental results with two subjects

p‘l?::(_ie Latency | Ampli- | Stimu-
N P300 P300, tude lation v
’ ms EPs, uV | mode H
uv
Subject 1
1 12 354 7
2 17 370 10 1A 6,3
3 17 372 10
4 11 308 6
5 7 382 7 1B 3,7
6 10 378 4
7 8 348 2
8 11 372 5 1C 5,7
9 8 390 3
10 10 376 3
11 4 370 5 1D 2,3
12 4 368 5
13 15 338 8
14 15 374 10 1E 7,7
15 20 368 9
16 11 302 5
17 9 302 5 IF 43
18 8 304 5
Subject 2
1 9 372 4
2 7 362 4 2A 3,7
3 7 370 4
4 1 386 2
5 4 382 2 2B 0,7
6 2 282 4
7 5 356 4
8 2 390 5 2C 1
9 5 300 3

The P300 was detected if its amplitude was greater than
the EP amplitude on the NTS. Based on the values of Ta-
ble 3, P300 detection dependencies for different stimula-
tion modes were plotted (Figures 5 and 6).

& 9 120
8
5 i 100 ¢
tz s
i
325* — =]
59, | - 60 g
;.§4 0l2
& | 2
Eﬁ3‘ - 40 %.1
i - 20 2
s 17 %
< 0- -0 B
1A 1B 1C 1D 1E 1F ;
Stimulation mode

Figure 5: Evaluate of P300 detection with different
stimulation mode for subject 1. 1 — The accuracy of
P300 detection, 2 —The amplitude average difference
value in different stimulation mode
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Figure 6: Evaluate of P300 detection with different
stimulation mode for subject 2. 1 — The accuracy of
P300 detection, 2 — The amplitude average difference
value in different stimulation mode

Discussion

One of the most important stimulation parameters during
P300 registration is the photic stimulation frequency. Fig-
ure 3 shows the typical EP. The graph shows the main
peak, which corresponds to P300 presence in response to
TS. The visual EP (VEPs) P100 and N145 are also pre-
sented on the graph. This EP form is typical for a photic
stimulation with 1 Hz frequency. The P300 amplitude
varies from 12 to 20 pV and the latency is approximately
360-370 ms.

The photic stimulation frequency increasing to 3 Hz leads
the P300 amplitude to decrease and the latency variability
to increases. However, the accuracy of P300 determina-
tion was not decreased for the first volunteer (Figure 5).
The photic stimulation frequency increasing to 5 Hz leads
to the occurrence of oscillations with a 10 Hz frequency
and an amplitude in the order of 7 uV. These oscillations
are superimposed on the EP P300 and can mask it. The
reason of these oscillations is associated with the appear-
ance of steady-state VEPs with photic stimulation fre-
quency increasing, which corresponds to the results of
previous work [6]. Against the background of VEPs, the
amplitude of P300 decreases and varies in the range from
4 to 11 pV, which in turn affects the P300 detection.

As for the second volunteer, EP P300 had a slightly
smaller amplitude from 7 to 9 pV at a stimulation rate of
1 Hz. However, even a slight change in the stimulation
modes (an increase in the frequency to 3 Hz or a decrease
in spatial interval) significantly reduced the amplitude of
P300 (Table 3). As a result, the detection accuracy of
P300 decreased (Figure 6). Such a decrease in the P300
amplitude can be associated with fatigue and loss of atten-
tion concentration. Therefore, to take an objective account
of the involvement degree of patient during study, addi-
tional independent measurements must be carried out.
Spatial interval with photic stimulation frequencies of 1
and 3 Hz did not affect the accuracy of P300 determina-
tion. The amplitudes of VEPs and P300 were approxi-
mately in the same values range.
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In previous work [6] it was shown that the spatial interval
influence on the P300 detection in a 5 Hz photic stimula-
tion and it was assumed that a decrease in spatial interval
reduces the accuracy of P300 determination. However,
based on the results of current experimental studies, it was
found that at 5 Hz photic stimulation, the P300 recogni-
tion accuracy for spatial interval 2.4 °, 1.6 ° and 0.8 ° was
67%, 33% and 100%, respectively.

Thus, the spatial interval influence on the accuracy of
P300 detection is more complex.

Conclusions

It was shown that the accuracy of the EP P300 amplitude
decreases and the latency becomes more variable during a
5 Hz frequency photic stimulation. The most stable high-
amplitude P300 signals were allocated at 1 Hz photic
stimulation. At spatial interval in the PSM, on the one
hand, the amplitude of P300 increases, while the ampli-
tude of the VEPs that can mask the signal increases in the
other hand. During P300 registration, it is important to
monitor the concentration of patient's attention within the
limit of cognitive task performing.
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Introduction

Mobile phones increase the reachability of surgeons and
health care providers, thus facilitating decisions making
and improving patient care [1,2]. Accordingly, phones are
regularly taken into the operating room (OR).

On the other hand, any intraoperative interruption in-
creases the workload and may lead to a negative influence
on the outcome [3,4]. Incoming telephone calls are re-
sponsible for as much as 1/4 of all disturbing intraopera-
tive events [5]. To avoid this type of interruption, strict
interdiction of telephone calls could be a simple and ef-
fective means. However the majority of incoming calls is
not time-critical and not important, the lack of reachabil-
ity could be detrimental in some cases. Accordingly, a
complete elimination of mobile phones out of the OR is
not an option.

To solve this problem, a situational aware system could
be helpful which is able to discriminate between “im-
portant” calls and those which can easily be postponed.
This paper discusses if a cognitive OR system could be
used for a situation-adapted preselection of incoming tel-
ephone calls for the members of the surgical team.

Materials and Methods

Cognitive OR

In our “cognitive OR”, a central control and steering sys-
tem is established, which collects a wide range of incom-
ing information in real time [6]. Through “intelligent” in-
terpretation of these data, based upon highly grained pa-
tient and surgical workflow models, the system is always
aware of the actual situation and even capable to predict
forthcoming events including the time left to the end of
the surgery. In addition, it even classifies the actual state
of the surgery according to “normal”, “irregular” or “crit-
ical”. The system described here is a middle ware be-
tween the person on the telephone and the surgeon ad-
dressed.

Call routing

Incoming calls for the surgeon (in our case to a DECT
phone) are not directly forwarded to his phone. Instead
the calls are routed to a call handler (Fig. 1). The call
handler is provided by an Asterisk based VOIP server.
This VOIP server directly interacts with the cognitive OR
to get information about the current status of the surgery
including the remaining duration. In addition, the central
database is informed about incoming calls and is therefore
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able to display these calls on a central information unit or
create a list of missed calls after the operation is complet-
ed. The VOIP server is also able to distinguish between
calls from within the hospital network and calls from out-
side.

Cognitive OR

Caller

. Incoming call

Call blocked

Figure 1: Call routing model
Caller interaction module

The decision whether the surgeon should be encountered
with the call or not depends upon three different aspects:

I Significance of the request
1) Actual surgical situation

IIT) Time line

)] Significance of the request

Many calls are neither time critical nor really important,
but, of course, the system will be unable to classify the
urgency of the call. This has to be left to the caller. The
system, however, provides the necessary information to
enable the caller to weigh up whether it is justified to con-
tact the surgeon immediately or not.

1) Actual surgical situation

The workload during a surgical operation varies. If it is a
comparatively easy case and if everything is running
smoothly, the surgeon should be more open to respond to
a telephone call than under severe strain. The situational
aware system is able to classify the workflow as either
“normal” (green), “irregular” but not yet dangerous (yel-
low) or “critical” (red). Accordingly, answers A, B or C
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are selected. The type of answer may vary in the course of
the operation.

Accordingly, the caller will be informed as follows:

A) “Dr. NN is currently doing a surgery which will
probably be finished in ... minutes/hours. Nonethe-
less, you could be put through if required. In this
case, please dial “2”.

The threshold is, thus, comparatively low to contact the
surgeon right now.

The next step is to make the caller a bit more hesitating to
get connected:

B) “Dr. NN is at the OR table at the moment. The sur-
gery will last for another ... minutes/hours. Please,
do not disturb unnecessarily. However, if your mat-
ter is urgent and cannot wait, please dial “2”.

It is assumed that the caller rather refrains from being put
through to the surgeon.

If the situation in the OR is really critical and any unnec-
essary distraction has to be avoided, the reply has to be
very deliberate:

C) “Dr. NN is currently doing a surgery. A call can on-
ly be accepted in vital cases. Can your call wait for
another ... minutes/hours? Only if you are sure it
cannot wait dial “2”.

In this case, only really urgent calls should be connected.

1) Time line — estimated duration of the sur-
gery

At the beginning of an operation it has to be expected that
the surgeon will not be directly available on the phone for
a considerable period of time. Accordingly, a better ac-
cess should be granted to the caller as compared to later
phases of the operation. If not determined otherwise, the
system should routinely start with answer “A”. After 2/3
of the estimated duration, the answer is automatically
switched to “B”. In any case, the caller will be informed
about the expected duration of the operation.

Thus, the telephone management does not decide upon
whether a caller is connected or not but it just modulates
the threshold to contact the surgeon during the operation
or not. To find out whether this method is effective in re-
ducing the number of incoming calls without depriving
the caller of the ability to reach the surgeon in critical
cases, a study was conducted.

Survey

A list of different scenarios was presented to different
healthcare providers of a surgical unit comprehending
three different groups of matters of minor (class III), ma-
jor (class II) or vital (class I) importance. Each test person
was summoned up to call the respective doctor and got

either the answer A, B or C, each with 3 different time
estimations (60, 30 or 15 min till the end of surgery). It
was protocolled if he/she insisted about getting connected.

Class III scenarios:

1. A former patient visits the surgical floor and asks
whether he could briefly see the doctor who had success-
fully done his surgery 3 weeks in order to express his
thanks.

2. The administration calls and asks to transfer a message
to the doctor which is not urgent but important.

Class II scenarios:

1. The relatives of a patient are just paying her a visit.
Since the patient will be discharged within the next days,
they would like to ask for the doctor to get information
about the organization of the further care.

2. A patient waiting for her surgery which will take place
in about 2 — 3 hours is very thirsty. It should be adequate
to give her 500 or 1000 ml of saline

Class I scenarios

1. A patient with the signs of an acute secondary haemor-
rhage after a cholecystectomy

2. A patient with clear clinical signs of an acute pulmo-
nary embolism

In addition, every test person was asked to judge upon the
value of receiving the estimated time left till the end of
the operation by using a modified Likert Scale (negligi-
ble=1 to very helpful=5). To test the overall acceptance of
the system the same Likert Scale was used.

Results

A number of 46 different healthcare providers partici-
pated in the survey. The results show a clear correlation
between the significance of the request and the number of
calls passed through (Fig. 2). For a request of minor im-
portance (class III) 99% of all test persons dispense with a
connection of their call. Out of 414 calls only 4 calls were
forwarded. For the scenario with a request of major im-
portance (class II) 7% of all calls were forwarded to the
surgeon (29 out of 414 calls), mostly in a normal OR situ-
ation. In case of a request of vital importance (class I)
78% of all test persons decided to be connect to the sur-
geon (324 out of 414 calls). The results of the Likert scale
for the value of receiving the estimated time left till the
end of the operation were 4.0 for a request of vital im-
portance, 3.5 for major importance and 2.6 for minor im-
portance. The remaining operation time only showed an
influence to class I scenarios (Fig. 3). Most callers re-
frained from being put through for the case of 15 minutes
remaining operation time (63%, 57 out of 90 blocked
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calls). The overall acceptance of the system was resulted
in a value of 3.5.

| Request of vital | I

Request of major
importance (1)

Request of minor
importance (1)

importance (Il)

120 35 29 26

80
130 133 122 435 136 136
103 109 112

NUMBER OF CALLS

8 5 16 0 2 2
I-C I-B I-A I1-C -8 I1-A lil-C 111-8 IH1-A
Call forwarded Call blocked

Figure 2: Calls blocked/forwarded by importance of
the request and OR situation

OR situation: C=critical, B=irregular, A=normal

OR situation critical (C) OR situation irregular (B) OR situation normal (A)

va 4 3
9 4 10 6 6
35 21 19 w
2 a0
O3
2 25
8 20 42 42 40 43 40
2 * 29
2 - 25 27

o v

1C60 1C30 IC15 1B60 1B30 1B15 1A60 1A30 1A15

Call forwarded Call blocked

Figure 3: Calls blocked/forwarded in case of a vital re-
quest by OR situation and remaining time

Discussion

The result of the survey clearly shows the advantage of
the telephone management system. Unnecessary calls (re-
quest of minor importance) can be blocked and the sur-
geon is not constantly interrupted during the surgery. On
the other hand important calls are still forwarded into the
OR. The definition of the three different thresholds in
combination with the estimation of the time left till the
end of the surgery deliver the caller a clear impression of
the current situation in the OR. Not only the surgeon, but
also the caller benefits from the system. The time estima-
tion was considered very useful by the vast majority of
the test persons. The estimation is an important hint for
most callers to decide whether they want to be connect or
not, especially in class I scenarios. The prognosis also
avoids unnecessary further call attempts within the esti-
mated time period.

Conclusions

In this paper we presented a concept for telephone call
management within the OR. A survey under different
healthcare providers showed a broad acceptance and the
need for such a system. Telephone management in the OR
has to potential to reduce unwanted interruption during
surgeries as well as to reduce the workload of surgeons
and nurses without blocking urgent or important calls.
The next step is to adapt these findings and to evaluate the
call management system under real surgical conditions.
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Introduction

The core tenet in system fault diagnostics is that behavior
of the whole emerges from activity of functional compo-
nents and coordination of their interaction. This motivates
a drill-down approach in functional analysis of complex
systems [1,2].

Manned spacecraft, aircraft carriers, submarines, and the
socio-biological system of human body with person’s ac-
tions all impress by their complexity of interwoven detail
as soon as one can look behind their encasement, and full
comprehension of functional structures and of output in re-
sponse to stimuli input will often deem impossible. A sys-
tematic approach may then start from construction princi-
ples that let the apparatus fulfill its mission: for example,
components that allow the plane to fly (wings, propulsion),
to take off and to land (wheels), and to carry goods and
passengers (cabin). Next, the set of vital prerequisites, as
energy supply, wiring, cabin air, to mention a few. Fi-
nally, all equipment, including human operators, to pilot
the plane’s operations — have orientation, decide on direc-
tion, and interact with outside world. Apart from disrupted
material integrity of whole plane, review of these items
for clues is witnessed, for example whenever an Airbus or
Boeing disappears on a scheduled passenger flight over the
oceans. Speculating about malfunction of said productivity
sub-systems, vital functions sub-systems, operational func-
tions sub-systems illustrates a scaling understanding that is
equally seen in a doctor’s scrutinizing first view of a pa-
tient as totality of person ‘encased’ in body system before
deciding on an entry point for diagnostic work-up.
Definition 1 Highly complex systems intended by design
for purposeful action are called production systems.

Principle 1 Production systems share a tri-partite func-
tional decomposition of their ensemble, the Whole, into vi-
tal functions, productivity functions, and operational func-
tions, referred to as wirk-components, meaning compo-
nents for effectuation, in German more precisely Kompo-
nenten des Bewirkens.

Corollary 1 The tri-partite functional decomposition is
then canonical among all production systems.

The decomposition is exhaustive and non-overlapping. Its
components are referred to as canonical wirk-components.
Principle 2 Ar any moment, the behavioral activity of
the Whole is a complete translation of interaction between
its three canonical wirk-components and their functional
properties currently prevailing.

These principles are to apply throughout though systems
differ substantially in material realization and in designated
environment. The present exposition then describes an
equally canonical configuration of effectuation dynamics, a
wirkgefiige independent of its physical realization, that first
energizes the cooperation of canonical wirk-components -
the logical units at tri-partite “function-level no.1” - and
then translates this to whole-body “function-level 0” ag-
gregate dynamics.

The configuration of control couplings that permits the hu-
man body system to energize required action of its canon-
ical wirk-components in any situation and that is concep-
tually equally independent of its material realization, is re-
ferred to as schaltgefiige, which is considered as the mis-
sion of Wiener [3]-sense “kybernetik” in [4]. By their in-
dependence of material realization, axiomatic wirkgefiige
and kybernetik schaltgefiige then require each other, which
explains the level of abstraction in the present exposition.

Materials and Methods
Prerequisites

The design of axiomatic wirkgefiige exploits intuitive con-
cepts from electric direct-current circuits: tension (volt-
age), accumulated charge, capacity, resistance, supply and
consumer power (wattage) demand, that are basic — not to
suggest that physical electricity is actually involved.

Definition 2 The axiomatic wirkgefiige consists of a
ubiquitous source with potential difference (voltage) Uy,
and for every single logical unit, of a supply condenser
of capacity C for buffer storage of supply charge Qy(t) by
time t, a resistor with resistance Ry(t) for passage control
of supply current (amperage) I(t) to said condenser, and of
another condenser for charge consumption, conceived as a
mirror of the supply-part condenser, with current voltage
U, (t) generated by its current charge Q.(t) as source for
the demand part, another resistor with resistance Ry(t) for
passage control of demand current (amperage) I,(t) to an
end consumer with demand wattage P,(r).

Principle 3 (Sluggishness) The exposition focuses on al-
most instantaneous charge increments and decrements on
supply and demand part condensors, respectively, in any
incremental time interval [t,t 4+ dt[, t > 0; accumulated
charges Q are assumed continuous functions (Q(t))s>0
with derivative (I(t)),~0 everywhere. Voltages, resistances,
wattages, however are assumed to lag behind, shown in
their pre-t values, U(t—), R(t—), P(t—). They can then be
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assumed to have currently fixed values during an arbitrar-
ily small amount of time while accumulated charge on the
condensors changes.

Remark 1 The concept of a “mirror” condenser is intro-
duced for use in the postponed control regimen, in particu-
lar to control access to available supply charge.

Assumption1 Ohm’s law and Kirchhoff’s rules as
known for direct electric current circuits do apply in the
axiomatic wirkgefiige.

Remark 2 For human body system, source voltage may
be thought of being generated by the cellular system, the
body’s material base layer, while effectuation dynamics af-
fect only the activity on function levels above the cellular
system. That all functional activity is realized by ubiquitous
living cells may ‘close the loop’ for the circuit.

Generic Single Circuit

The axiomatic wirkgefiige of Def. 2 applies; see Fig. 1 for
illustration.

Single-circuit supply-part

Define the charge supply part through quadruple
[Uo, (Rs(t))e>0,C, (Os(t))r>0] To determine supply
current I(¢) explicitly, note that ohmic resistance
Ry(t) implies a voltage drop of U (tr) = Rs(t)L(t)
that leaves an effective supply voltage Us(r) at
the condenser of U(t) = Uy — Uf(¢t), that gen-
erates f-prevalent charge Q(f) on the condenser
through Qs(fr) = CUs(r).  While Us(t) = Uy when
Rs(t) = 0, Ry(t) > O permits re-arrangement such
that I(r) = Uy/Rs(t—) — QOs(2)/[CRs(t—)], and, by
dQs(t) = I(t)dt, a supply-charge increment during
[t,7+dt] of

soy - 4=

yields the first-order differential equation

dt 1

UpC = Qs(t)Rs(t_)C+Qs(t) 2

with Q,(0) = 0. For constant resistance Rs(f) =R} >0, a
solution of (2) is

0s(t) :U0C<1 —e_R%Ct). (3)

Single circuit demand-part

With Q. differentiable, the quadruple

[(Qc(t))r0,C, (Ra(t))r=0, (Pe(t))r>0] 4)

defines the charge demand part according to end-consumer
power demand P,(¢); demand-circuit current is I;(t) =
Q.(t), voltage drop at demand-control resistor of resis-
tance Ry(t) then is Uy(t—) = Ry(t—)Q.(t). With source
voltage U, (t) = Q(t)/C for consumption according to ¢-
prevalent condenser charge Q. (), effective voltage U, (1) at
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Figure 1: The motivation for the generic single-circuit ac-
cording to Def. 2 is illustrated as if it were a pair of electric
circuits.

the end consumer is then U, (1) = U,(t) — Uy (¢) with ohmic
resistance R,(t—) = U,(t—)/Q.(t) and power (wattage)
P,(t), P.(t—) = Up(t—)Q,(t), at any time ¢ > 0. While
U,(t) =U.(t) when R;(¢) =0, R;(¢) > 0 permits rearrange-
ment that gives a first-order quadratic differential equation

in QC’

Qc(t)
CRd (t—)

P.(t-)
Ry(t—)

which implies a decremental change in charge on the
demand-part condenser. that depends on f-prevalent
condenser charge Q.(f), end-consumer’s pre-f-power
(wattage) demand P,(r—), and pre- demand-current con-
trol resistance R, (t—), for a fixed capacity C.

When one absorbs the demand-control resistor’s and the
end-consumer’s ohmic resistances into one resistor accord-
ing to their serial connection, R.(f) = R;(t) + R.(t), one
obtains the linear first-order differential equation in Q.(¢),

0:()
CR.(t—)

02 (1) — 0c(r)

=0, ®)

O.(t) = . (6)

Results
A Triple Circuit

The triple-circuit wirkgefiige will have one copy of the
generic single-circuit in Sect. ”Generic Single Circuit*™ for
each Wirkkomponente, set in a parallel connection which
implies common source voltage Uy for each while total cur-
rent and moved charges split at the branching points into
the partial circuits, see Fig. 2.

For each replication identified by a subscript i, for i =
1,2,3, one has (1) now as

dQsi(t) = m (UOC;’—QS,'(Z‘—))dl. @)
and (5) as
ci d
dQ.i(t) C% (8)
Qi(1)Qei(t) = Rai(t—)CiQ%(t) + CiPei(t—) . (9)
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Figure 2: Schematic triple-circuit in parallel connection of
three replicates of generic circuit in Fig. 1.

Up-scaling: triple- to single-circuit

For clarity of exposition, it is helpful to use superscripts
FLO and FL1 in order distinguish the appropriate function
levels in notation, whenever both function levels are in-
volved in a statement.

Up-scaling supply-parts

Here, it has to be shown that the configuration permits to
re-obtain (2) from the triple in (7).

Capacities and z-prevalent charges on the three supply-
part condensors add up as much as currents according
to Kirchhoff’s rule, C. = C; + Cy + C3, Qy.(t) = Q41 (1) +
QsZ(t) + Qs?a(t) P I‘(I) = sl(t> +l¥2(t) +Is3(t) , while
for supply-control resistances ((Ry)™').(t) = R;'(r) +
R, (t) + R (¢) holds.

Theorem 1 The FL1 triple-circuit supply-parts defined

by
O ()R (Nimizzes0 (10)
translate into a FLO single-circuit supply-part
[CFLO, fLo(t),RfLO(t)]»o an

by summation of capacities, charges, and inverse resis-
tances,

CFL0 _ C.Fle (12)
o)y = O ().t >0, (13)
(RSO 1(r) (R (t),t > 0. (14)
Proof: Rewriting (7) for each i,
) Uo - Qsi(t)dt
40it) = R0 T Rati)G (15

and observing that Qy;(¢) = Uy(¢)C; for the supply-part
condensers and Uy;(1—)/Rsi(t—) = I;(t), for every i, sum-
mation of (7) over i = 1,2, 3 yields indeed

1

dQy.(t) = —(R)) " (1—) (UpC. — Qy.(1)) dt

ol (16)

Up-scaling demand-parts.

It now has to be shown that the configuration permits to
re-obtain (5) from the triple in (9), too.

Capacities C; and t-prevalent charges Q;(¢) on the three
demand-part (mirror) condensors, and end-consumers’
power demands (wattages) P,(t) are first added, C. =

CO+G+G, Qc-(t) = ch (t) + QcZ(t) + Qc3(t) , and
P..(t) = Py (t) + Poa(t) + Ps(t) .

One then has to construct a demand-part circuit at FLO with
the desired properties that arise from summations across
respective circuits at FL1. To organize the train of thought,
a general lemma is helpful.

Lemma 1 For any single circuit with condenser of capac-
ity C and t-prevalent charges Q(t),t > 0, and with a con-
sumer of power demand P(t),t > 0, there exists a resistor
of resistance R(t),t > 0, such that

o) _ P()

(0] (17)

foranyt, Q(t) >0, t>0.

Proof: On the condenser, ¢-prevalent charges Q(¢) imply
t-prevalent voltages U (¢) and U (¢) = Q(¢)/C for any t > 0.
Voltage drop Up(¢) at ¢ according to a z-prevalent power
demand P(t) is Up(t—) = P(t—)/Q(t), for any t > 0. For
any residual voltage U(¢) — Up(t) > 0, there is a resistor
in the circuit which implies a voltage drop Ug(t) = U (t) —
Up(t) att; its resistance R(t) is then R(t—) = Ug(t—)/O(t),
for any ¢ > 0. Together, these results prove the Lemma.

It remains to identify FLO capacity, charges, powers from
the FL1 triple-circuits summaries, first, and then to apply
the Lemma in order to finalize the up-scaling.

Theorem 2 The FLI1 triple-circuit demand-parts defined

by
[ QR (), G (1), P (D]im1 23050 (18)
translate into a FLO single-circuit demand-part
(€0, 0810 (1), Ry (1), P (1) 0 (19)

by summations of capacities, charges, and power demands,

cFo — Rl (20)
0ty = O (1), >0, 1)
P (1) P (1), > 0; (22)
and a derived resistance
Of0()  PFLOG—)
FLO HFLO
RELO(,_y— €7 °0) 23

for the demand-control resistor.

Proof: With C =C!, Q(t) = QFM (1), and P(t) =PI (1),
the assertion follows from Lemma 1.

Remark 3 Note that (23) is the quadratic first-order dif-

ferential equation (5).
Discussion
Methodology

An axiomatic wirkgefiige is described as a mathematical
framework for translation of dynamics from canonical tri-
partite “function-level no.1” to whole-body “function-level
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0” aggregate. It splits the aggregate’s functional activity
according to the number of the aggregate’s constituent log-
ical units and distributes its charge according to their re-
spective demands; but it also re-combines individual units’
dynamics into the dynamics of their aggregate whole. This
points to its use at other function levels: One may consider
the liver organ as an aggregate whole at “function-level no.
n” for some positive number 7, say, and involve its wirk-
components as logical units on “function-level no. (n+1)”,
taking care that the decomposition is exhaustive and non-
overlapping. In this way, one can start to work downwards
from any logical unit in a functional hierarchy; to work up-
wards, however, one has to take into account all logical-unit
“neighbors” on the same function level before one can up-
scale to upper level dynamics. Hence, drill-down appears
to be the preferable direction.

The mathematics of axiomatic wirkgefiige is deliberately
simple, and may seem too simplistic to be relevant, at
first sight. However, it rapidly builds up complexity when
decomposing functional aggregates into logical units way
down - long before one gets to the bottom of 10'* living
cells, each a burn chamber and base functional unit. It then
reminds one of the wheat-chessboard problem.

This exposition merely describes the “firing” in the sense
of energy transfer dynamics; specification of a control reg-
imen of dynamics in single and in triple circuits is post-
poned. The differential equations were hence left with-
out solutions, as the side conditions that are necessary to
obtain specific solutions depend on an adequate “wiring”
in the sense of a kybernetik schaltgefiige that permits the
human body system to energize required action of its ax-
iomatic wirkgefiige in any situation for preservation of its
integrity and survival. Their common independence of
physical realization is expected to permit to design both
configurations by analogy with better understood complex
engineered production systems.

Medical Perspective

Partition of whole-body’s power demand into its canonical
wirk-components - vital, productional, operational - marks
an entry point for investigation of partitional variation in
different stressing (by exposures or interventions) scenar-
ios and of any discrepancy in power-demand partitioning
from so-called “normal” population in various disorders;
disablement, impairment, somatic or psychic chronic dis-
ease can be expected to imply partition shifts in either pro-
ductivity (musculo-skeletal locomotor function, sexual re-
productivity), or operational ability (communication with
body’s outside world, self-steering one’s operations), or
vital-functions activity (e.g. respiration, circulation, im-
mune response, nervous control, hormonal regulation, food
intake, digestion, waste ejection), and possibly in more
than one. Detectable as deviations from “normal” when-
ever it manifests itself in person’s behavior, evidence of
persistent shifted partioning may also be of interest in a
context of unspecific screening for power-demand anomal-
ities in human body system.
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Specifically, among the first would be investigations in pa-
tients with manifest movement disorders and Parkinson’s
disease, as well as in patients in different stages of progres-
sive recovery, functional rehabilitation, work and social-
life re-integration, and life-balance restoration after an is-
chemic stroke with moderate to severe neurological deficits
[5]; for healthy-subject controls, athletes will be first choice
in these investigations.

The practical implementation poses challenging problems
regarding technology for taking specific measurements of
wirk-components power demands and methodology of its
application. Relative assessments will be in foreground.
Whole-body power demands when "sleeping”, "awake ly-
ing still" of 77 cal/h, "sitting at rest", "standing relaxed",
"walking slowly", and "running" of 65 cal/h, 77 cal/h, 100
cal/h, 105 cal/h, 200 cal/h, and 570 cal/h, respectively, [6],
give first clues, e.g. to net walking-power demand against
background upright posture, of 95 cal/h. (Note that an in-
terface for exchange with outside world in total energy bal-
ances is not included.)

Conclusions

The axiomatic construct suggests a path into multi-scale
modeling of human body system wirkgefiige, coherent by
design, and progress will be made from top to bottom. This
way, impact from health-compromising exogenous factors
can be integrated at any level, but applicability in clinical
context is still to be confirmed.
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Introduction

With the expansion of the digital functionalities in the OR
in the sense of "Surgery 4.0” facilitating important appli-
cations such as real-time person or asset track- and tracing
or tele-robotic surgery, the question of improved data
transmission quality becomes more and more urgent (1).
As the currently available technologies for data transmis-
sion in the OR (Ethernet/LAN, W-LAN, Bluetooth) are
limited in terms of transmission rate, latency and signal sta-
bility (2), the upcoming mobile data transmission technol-
ogy 5G seem to offer a high potential.

5G includes the following characteristics as compared to
the current mobile transmission standard 4G/LTE: a 100
times higher data transmission rate (up to 10 Gbps), an ex-
tremely low latency (1ms) and 1000 times higher capacity
(3). The possibility of transmitting a high data volume al-
most without delay with high precision and stability makes
the 5G technology interesting for different medical appli-
cations.

It is not yet known whether the promising 5G mobile tele-
communication performance is sufficient for the demand-
ing medical applications such as person or asset track- and
tracing, video data transmission for telemedicine and tele-
robotic surgical operations, where fast, secure and ubiqui-
tously available data transmission is essential.

The latter is the basic prerequisite for the emerging field of
cognitive surgery (4), in which the surgical team is exten-
sively supported in its work by the digitalized OR environ-
ment. It was the purpose of this research project to evaluate
possible fields of applications for 5G to enable Surgery 4.0.

The manuscript comprehends of two different sections:

a) A Delphi study evaluating the expectations and ac-
ceptance of 5G in the medical (surgical) field in general

b) The evaluation of 5G technology for a surgical
telepresence application (use-case tele-robotic surgery)

Materials and Methods

Delphi study

In order to first obtain an estimation of possible 5G appli-
cations in the medical field, necessary technical develop-
ments and comparison to currently available data transmis-
sion technologies (4G/LTE, WLAN), a Delphi study was
carried out. The Delphi method is a structured communi-
cation method, which relies on a panel of experts. It is
based on the principle that forecasts from a structured
group of individuals are more accurate than those from un-
structured groups (5).

In two rounds, a fixed panel of 12 experts (industry n=9,
small and medium size enterprises n= 2, academic institu-
tion n= 1) provided a written assessment of a list of 28 the-
ses/questions related to the potential future developments
of 5G, which was compiled as questionnaire by the authors.
The theses/questions were grouped in five different sec-
tions: experience, trend, impact, promoting and detaining
factors with/of 5G technology. For every thesis/question,
probability was explored and in a second round, the results
of the previous round were given as feedback. Subse-
quently, experts were asked to reassess the hypotheses and
either confirm or revise their own opinion, where it di-
verges from the majority opinion.

Surgical Telepresence

Telepresence in general refers to a set of technologies al-
lowing a person to feel as if they were present, to give the
appearance of being present, or to have an effect (via tel-
erobotics) at a place other than their true location (6).

The term teleconsultation in the medical field means an im-
age- or video-based consultation of a remote expert giving
verbal advice during an operation or procedure. Whereas
surgical telepresence reveals a (real) physical action at the
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distant point of care by a consultant. In this case, a mecha-
tronic support system (e.g. a surgical robot = slave) pro-
cesses the haptic commands of a consultant entered into an
interface (master) into precise manipulations at the remote
surgical site (7). As compared to teleconsultation, the re-
quirements of data transmission volume, rate and latency
are significantly higher for telepresence, since any delay or
interruption of the dataflow would be extremely hazardous.

To evaluate 5G performance for surgical telepresence, we
set up an ex-vivo use-case using the robotic camera control
arm SoloAssist® (AKTORmed, Barbing, Germany) as
slave system maneuvering a laparoscope inside the ab-
dominal cavity of the OR phantom ELITE (CLA Coburg,
Germany). Data transmission characteristics were meas-
ured. Control commands for the slave system (move up-
down-left-right, zoom-in and out) were manually entered
into a graphical user interface (GUI, Fig. 1) and data trans-
mission to the robotic camera control arm was conducted
with 5G. Normally, data transmission from the input inter-
face to the robot is tethered.

Communication with the SoloAssist® is bidirectional and
was realized through a CAN-interface. It allows to send
movement commands to and receive position information
from the robotic camera control arm. The unidirectional
(video) data exchange with the laparoscope unit (K. Storz,
Tuttlingen, Germany) was realized through a frame grab-
ber. It receives the analog signal from the laparoscope
through a coaxial connection and converts it to digital for-
mat. Key capabilities of the 5G testbed (5G NR V2V ori-
ented) are given in Table 1.

Latency <2ms

Uplink 6 Mbps (HD),

Data rate Downlink < 10kbps

Wireless range between
terminal / sensor and 5G
access point

Indoor <20 m

Interface 1 Gigabit Ethernet (cat6)

Ultra-reliable low latency com-

Transfer mode munication (URLLC)

Terminal speed 0 kmph

Duplex Mode (LTE) Time Division Duplex (TDD)

2.6 GHz / 20MHz

Frequency

Table 1. Characteristics of the Huawei 5G testbed (USRP X310).
Versatile data interface configurable to support different 5G ap-
plications using low-latency (<1ms) machine-type communica-
tion.
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Figure 1. Upper figure: Graphical user interface (GUI) on a tablet
computer. Touchscreen to enter the direction of movement for the
robotic camera arm SoloAssist® (move up-down-left-right,
zoom-in and out), display of the video image (gallbladder).
Lower figure: The robotic camera arm (*), maneuvering the lap-
aroscope inside the abdominal cavity of the operating phantom
ELITE (**, CLA Coburg), is controlled via GUI by means of 5G
data transmission.

Results
Delphi study

At time of abstract submission n= 10 experts (83 %) had
completed two survey rounds. Principal points are: 5G
technology is regarded as trend-setting for the future trans-
fer of information in the healthcare domain (85.7% agree /
14.3% agree fully). The current mobile standard 4G/LTE
is assessed not to be sufficiently suitable for the expected
future data transmission requirements (57.1% agree fully).
According to expert opinion, the financing of 5G-based
services should be actively supported by healthcare politics
(42.9% agree fully / 57.1% agree more likely) and potential
industry partners should be involved as early as possible in
the process of 5G integration in healthcare applications
(71.3% agree fully / 28.7% agree more likely).

Preliminary study results confirm our use-case hypotheses
that telepresence with 5G data transmission improves
medical care in remote regions by actively including spe-
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cialist knowledge and skill into patient diagnostic or treat-
ment (85.7% agree with operation of 5G technology).

Uncertain yet is the question, whether the experience
gained so far with mobile data technology (4G/LTE) al-
lows a good assessment of which problems, requirements
and opportunities arise with the implementation of the new
5G data technology or not (57.1% neutral / 28.6% hardly
agree / 14.3% tend to agree).

Telepresence

The active involvement of an expert over a distance in the
course of an operation was realized in the telepresence use-
case. By implementation of the 5G data transmission mod-
ule, the robotic camera-control arm SoloAssist® was suc-
cessfully maneuvered wireless without any data transmis-
sion interruptions or data transmission delay. A prototype
installation of the system was presented at the Mobile
Broad Band Forum (MBBF) in London in December 2017.

5G technology allows different settings of the transmission
parameters of the physical layer. Especially for the URLLC
mode that is used in our setup, a careful parameter selection
(e.g. subcarrier spacing and time transmission internal
(TTI) length) is important to achieve a minimum of latency
combined with a high robustness against transmission er-
rors (Fig. 2).

Delay

Figure 2. Latency of 5G data transmission can be reduced to <
Ims by carefully selecting the transmission parameters. The
measured signal delay of the deployed 5G module including en-
coding and decoding was 0.41ms.

The evaluation of the transmission properties in terms of
reliability is shown in Figure 3. Classic OFDM (Orthogo-
nal Frequency-Division Multiplexing, used in 4G) was
compared with a filtered variant (p/f- OFDM, used in 5G).
Two different radio channels were used. Measurements
showed that a minimum signal-to-noise ratio of 15dB is re-
quired to achieve a 99.999% reliability.

10°
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Figure 3. Reliability of radio transmission. OFDM (Orthogonal
Frequency Division Multiplexing, used io 4G). p/f- OFDM are
filtered variants used in 5G. Radio channels: V2V (Vehicle to ve-
hicle), NLOS (Non line of sight pass) and EVA70 (Extended ve-
hicular A). BLER = block error rate, SNR = signal to noise ratio.

Conclusion

Advanced mobile telecommunication technologies have
the potential to enable future applications of “Surgery 4.0”.
Preliminary results of the Delphi study reveal a positive
perspective of 5G implementation in a clinical environ-
ment. 5G data transmission creates a future-oriented possi-
bility of telepresence, which is not yet available in this
form. For upcoming research, special focus should be put
on medical real-time interaction applications, especially re-
mote robotic surgery, as the future 5G standard will not
only provide high data rates for the transmission of multi-
media content up to virtual reality, but also an extremely
reduced latency and simultaneously high reliability of data
transmission.

Acknowledgements

The author(s) declared no potential conflicts of interest
with respect to the research, authorship, and/or publication
of this article. This research project is funded by the Bavar-
ian Government (MED-1705-0003).

References

1. FeuBner H, Park A. Surgery 4.0: the natural
culmination of the industrial revolution? Innovative
Surgical Sciences.

2. Li QC, Niu H, Papathanassiou AT, Wu G. 5G
network capacity: Key elements and technologies. IEEE
Vehicular Technology Magazine. 2014;9(1):71-8.

49(163)



Proceedings of the Russian German Conference
on Biomedical Engineering

3. What is 5G? Characteristics and usages 2018.
Available from:
https://www.gemalto.com/mobile/inspired/5G.

4. Kranzfelder M, Schneider A, Fiolka A, Koller S,
Reiser S, Vogel T, et al. Reliability of sensor-based real-
time workflow recognition in laparoscopic
cholecystectomy. International journal of computer
assisted radiology and surgery. 2014;9(6):941-8.

5. Okoli C, Pawlowski SD. The Delphi method as a
research tool: an example, design considerations and
applications. Information & management. 2004;42(1):15-

29.

6. Draper JV, Kaber DB, Usher JM. Telepresence.
Human factors. 1998;40(3):354-75.
7. Kranzfelder M, Schneider A, Fiolka A, Koller S,

Wilhelm D, Reiser S, et al. What Do We Really Need?
Visions of an Ideal Human—Machine Interface for
NOTES Mechatronic Support Systems From the View of
Surgeons, Gastroenterologists, and Medical Engineers.
Surgical innovation. 2015;22(4):432-40.

50(164)



Proceedings of the Russian German Conferencee
on Biomedical Engineering

IVAP 2025 — Towards the collaborative operating room
D. Ostler', N. Marahrens', N. Kohn!, S. Koller', M. Kranzfelder!?, H. Feussner', D. Wilhelm'?

! Research Group MITI, Klinikum rechts der Isar, Technical University Munich,
Trogerstr. 26, 81675 Munich, Germany

2 Department of Surgery, Klinikum rechts der Isar, Technical University Munich,
Ismaninger Str. 22, 81675 Munich, Germany

Contact: daniel.ostler@tum.de

Introduction

The advances in digitalization and information pro-
cessing are influencing interventional medicine. Medical
devices include a growing number of functionalities, which
provide more operational flexibility while increasing com-
plexity of the OR environment [1]. Adapting to this devel-
opment provides an essential challenge and opportunity to
optimize modern surgery and therapy procedures. With the
advancements of digital assistance systems, it can be en-
sured that the surgeon concentrates on the essential,
namely the patient and the operation, rather than being dis-
tracted by the technical overflow of peripheral devices. In
this work we present our vision and first results of a col-
laborative operating room that actively supports context-
sensitive intra- and postoperative surgical therapy. To
achieve this goal we enhanced a new Operating Room
(OR) for comprehensive data acquisition, recognition of
the OR team and computational tools for workflow analy-
sis in order to achieve an understanding of the situational
sequence and semi-automatic assistance and ensure an in-
creased security level.

The functioning of the cognitive surgical environment is
demonstrated by a typical example: the laparoscopic resec-
tion of the gallbladder for symptomatic gallstones. Such an
operation is very common and is performed about 200,000
times a year in Germany. The procedure is highly stand-
ardized.

Materials and Methods

The basic idea of this concept relies on three pillars: First,
precise analysis and comprehensive acquisition of all
available information about the surgigal situation, second,
by the interpretation using comprehensive structured
knowledge and third, the derivation of the relevant
assistance functions and smart services. The system com-
ponents involved, continually feedback to the IVAP OR-
system and thereby verify the workflow, as illustrated in
Figure 1. These main components are described in more
detail in the following section.

Data acquisition

An important prerequisite for situational awareness of the
cognitive-technical system is the actual ability of "under-
standing" similar to a surgeon. A robust interpretation of

Main concept

Retrieval _ Services
P

Structured Knowledge

Figure 1: Main concept of the collaborative operating
room is based upon three pillars: analysis of captured data,
interpretation of comprehensive real-time information
based on structured knowledge and the prediction of fur-
ther activities and their execution (action) in the form of
smart services.

the current surgical context requires a centralized continu-
ous provision with real time data as shown in [2]. We im-
plemented a central data acquisition framework as illus-
trated schematically in Figure 2.

Electrosurgical unit
Dashboa i

Completely integrated OR

Figure 2: Schematic illustration of a centralized data ac-
quisition within the OR

This broad variety of data is heterogeneous by nature and
can be grouped as follows:

1. Device data: Status of installed and peripheral
surgical components. In particular, we collect in-
formation about the operating table, room-, surgi-
cal- and endoscopic light, insufflation pressure
and flow, aspiration and suction volume, usage of
the electrosurgical devices, and surgical instru-
ments in use.
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2. Data on the surgical team members: The OR is
equipped with four Bluetooth-Low-Energy (BLE)
antennas, which allow capturing the presence of
staff members and a coarse localization within in
theOR. Subject to their permission, the level of
experience of staff members is stored in a data-
base.

3. Pre- and intraoperative patient data: previous
diseases, laboratory values, anaesthesiological
data. The clinical information system (CIS) pro-
vides a wide range of patient-relevant data. Statis-
tical methods and machine learning are currently
being evaluated in order to estimate the preopera-
tive course of the operation.

4. Image and video data: pre- and intraoperative ra-
diological imaging, endoscopic video data, over-
view cameras. Especially the video data contains
a lot of information, which has to be extracted by
suitable algorithms.

This categorization naturally involves overlaps, e.g. re-
garding information, which can be derived from the differ-
ent video streams. For example, the overview camera can
be used to track staff movement or to detect the use of spe-
cial equipment (e.g. C-arm). The laparoscopic image is all
the visual information the surgeon has from the surgical
site inside the patient. Therefore, a lot of information about
the surgical procedure and usage of instruments can be de-
duced by means of computer vision methods. We have ap-
plied Deep Learning methods on the laparoscopic video
stream to perform an end-to-end surgical phase recognition
from the laparoscopic video frames, as shown in [3]. Addi-
tionally a convolutional neural network (CNN) was trained
to detect instruments in the laparoscopic image and auton-
omously controls a camera guidance robot [4].

All data — device, sensor and inferred from video frames -
is collected centrally in real time and stored for further pro-
cessing. Alongside the structured knowledge, this data
forms the input for the determination of the surgical work-
flow.

Structured knowledge

In order to recognize the actual surgical process, which can
deviate from the planned course, the system requires a de-
tailed OR-model. The OR-model consists a systematic,
finely granulated description of the course of action, in-
cluding all conceivable variants and the description of al-
ternative points. Regarding the case of laparoscopic Chol-
ecystectomy, the model consists of eight phases, each of
which is precisely modeled. The highly standardized pro-
cedure consists of 32 different surgical steps, about 1,600
actions and about 16,000 surgical manipulations.
The modelling was done using the Business Process Model
and Notation (BPMN) 2.0.

Based on these models, a rule-engine was designed, which
performs the actual interpretation of the data in the central
database and derives relevant actions and support func-
tions.
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Derived action: (semi-)autonomous support

The autonomous execution of actions by the IVAP OR-
system in a closed loop would be desirable and technically
feasible. However, this is currently prevented by regulatory
barriers. Therefore, only entirely uncritical actions are per-
formed automatically such as switching off the room lights
or closing the window blinds. More critical support func-
tions are implemented in a semi-autonomous i.e. human-
in-the-loop manner. Decisions and actions are prepared by
the system, but must always be acknowledged or carried
out by a person. Hence, specific human machine interfaces
were designed as part of the cognitive OR concept.

Human machine interaction

The communication between the system and the surgical
staff  is implemented in different ways.
Since speech is one of the most natural forms of communi-
cation, a voice output (based on Microsoft Speech API)
was integrated. Because this can easily lead to disturbance
of the team, speech synthesis of messages and warnings is
only used before the operation (greetings of the surgeons)
or when a staff member’s immediate attention is required.
The display of messages on the central dashboard or small
tablet screens close to the scrub nurse is much less disturb-
ing. Those messages can be status updates, non-urgent
messages or recommendations for actions. Additionally,
the touchscreens can be used as backchannels for user input
into the cognitive IVAP OR-system as shown in Figure 3.

Figure 3: User-input on sterilely packed tablet. The IVAP
OR-system asks, whether the next patient should be or-
dered and waits for approval by the user.

Results

Comprehensive networking of all OR components and the
installation of a few additional sensors enabled an ordinary
OR to be converted into a framework for surgical data ac-
quisition and layed the foundations for an intelligent sup-
port of the OR team.

Since cognitive support needs situational awareness, a sub-
stantial amount of effort was invested into the recognition
of surgical phases and actions. While the sensor driven
recognition was shown by [5] we implemented a CNN for
the detection of the surgical phase within the laparoscopic
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video. The CNN performed with an average precision of
65.9% and an average Recall of 74.7% [3].

Based on the surgical phase recognition and the sensor- and
device data driven rule-engine, we implemented a number
of assistive functions. These functions can be categorized
as follows:

1. Room control: control of window blinds and
room lights

2. Personalized setup: recognition and greeting of
the surgeon. Display of preferred settings (e.g.
height of surgical table)

3. Monitoring of device settings: device parameters
are cautiously monitored. In case of deviation
from the specifications, warnings are given as
visual display or voice output (e.g. insufficient
brightness of the endoscopic light source, exces-
sive patient pressure of the insufflator).

4. Optimization of associated processes: situational
reminders for Team-Time-Out, ordering of the
next patient and notification of cleaning staff at
the end of surgery.

Conclusions

The passive conglomerate of different high-tech modules
was transformed into an integrated collaborative assistance
system. The successful implementation of this project rep-
resents the first major step in the direction of Surgery 4.0
[6]. While in the case of laparoscopic cholecystectomy, a
manual “top-down” modelling was possible, methods for
automatic abstraction of surgical models using statistical
and machine learning approaches is the subject of our cur-
rent research.
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Introduction

Nowadays a high demand for bioconstructions used for
regeneration of tissue defects, including difficultly re-
paired osteochondral ones, is exist. One of the important
factors for successful developing of them is production of
three-dimensional biocompatible scaffolds that provide
replacement of a damaged tissue site and maintain prolif-
eration of the patient's cells. As a result of implantation, a
healthy tissue is formed in the site of a defect, and a scaf-
fold dissolves gradually as tissue grows.

Among current methods of scaffolds obtaining, an im-
portant place is given to methods of three-dimensional
prototyping. Their advantages are unquestionable in case
of preparation of scaffolds for regeneration of
osteochondral defects: high resolution, the ability to get a
scaffold with shape that exactly coincides with CT and
MRI imaging of defect, and the possibility of controlling
the internal structure of scaffold [1] However, not all ma-
terials suitable for using in 3D prototyping have required
characteristics [2]. Often they are either not completely
biocompatible, but also are not biodegradable, thus per-
forming a kind of substitution and remaining a foreign
material in the body.

In order to overcome the shortcomings of traditional
methods, the laser device for the fabrication of
nanocomposite bioconstructions by method of laser 3D
prototyping was developed. In the work we created sam-
ples of 3D nanocomposite bioconstructions and carried
out studies of their structural and biological properties.

Materials and Methods

Materials

Bovine serum albumin (BSA) and bovine collagen (BC)
were selected as components of the protein matrix. BSA
is one of the main proteins of blood performing a
transport function. This protein also has the ability to be
cross-linked under the action of laser radiation [3]. A ly-
ophilized BSA purity of more than 99% was used. BC is
one of the main proteins of the extracellular matrix. BC
was taken in the form of suspension in water (2% wt. of
pure collagen). The solvent for all components was water
for cellular studies.

Single-walled carbon nanotubes (SWCNTSs) of the types
of 90A (length 0.5-1.5 nm, diameter ~ 1,5 nm) and 95TA
(length - more than 5 microns, diameter -1-2 nm) were
used for the production of nanobioconstructions. Nano-
tubes were in form of black paste in deionized water with
a nanotube concentration of ~ 2.5% wt.
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Preparation of dispersion

The first step of the dispersion preparation was the disso-
lution of carbon nanotubes in water. The required amount
of SWCNTs in water was mixed with a magnetic stirrer
for 40 minutes. Then they were sonicated in a homoge-
nizer with amplitude of no more than 30 W for 45-60
minutes to reduce the number of aggregated CNTs. Then
BSA (25%) and collagen (1%) were added to the CNTs
with water, it was mixed with the stirrer and then in an
ultrasonic bath until the components were completely dis-
solved.

Device for making solid samples

The principle of the device operation is moving the fo-
cused laser beam along a planned trajectory above a con-
tainer with the water-protein dispersion of carbon nano-
tubes. Under the action of laser radiation, evaporation of
the water part occurs while laser radiation orients the
nanotubes. Thereby they form a strong, porous scaffold
that promotes the regeneration of bone and cartilage tissue
cells [4-6].

Configuration of the device is shown in fig. 1. The main
component of the device is the source of radiation (2) -
semiconductor laser with a wavelength of 810 nm, which
is controlled by the power supply (1). Radiation is trans-
ferred by means of optical fiber to a lens that is fixed to
moving system, based on stepper motors (4).

Figure 1: The device for making of samples using layer-
by-layer laser prototyping method: 1 - power supply unit,
2 - semiconductor laser, 3 - thermostabilization system,
4 - moving system, 5 - container with the dispersion

The device is equipped with an IR-sensor that measures
the temperature of the dispersion. The sensor is connected
to the thermostabilization system (3). The main purpose
of this system is to dynamically adjust the laser radiation
power to maintain the established dispersion temperature.
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The creation of bioconstructions takes place at a certain
temperature of 40-55 °C at the bottom of the container (5)
fixed on the preliminary heating table.

Focusing of laser radiation was carried out in a spot with
a diameter of ~ 0.1 pm. The travel distance of the focused
beam was also ~ 0.1 pm. The thin layer of water-protein
dispersion of nanotubes was distributed at the bottom of
the container using a syringe connected to the dosing sys-
tem. Then the dispersion was irradiated by laser along a
given trajectory. After the dispersion layer was cured, the
amount of dispersion necessary to form the next layer was
added to the container.

Analysis of samples surfaces

The surface structure of the experimental samples was
studied using confocal microscopy. When scanning with
this method, a focused laser beam was moved along the
sample area. A laser confocal microscope Lasertech VL
2000 DX with a high numerical aperture (up to 0.95) and
a short wavelength of laser radiation was used.

An atomic force microscope (AFM) was used for more
detailed analysis of the morphology of the sample surface.
In the PeakForce QNM mode, the power curve was taken
at each point of the sample and immediately was ana-
lyzed. The study was conducted in a semi-contact mode in
air. A probe with a tip diameter of 5 nm was used. The
scanning was performed on an area of 10 pm? and 30
um’,

Study of the internal structure of samples

The internal volume structure of the samples was studied
with the x-ray microtomograph. The maximum possible
spatial resolution was selected. Using the intensity func-
tion, the voltage and current at the cathode (no more than
30 kV) were adjusted to obtain an average intensity value
of 30-50%. The scan parameters were selected in accord-
ance with the density and geometric dimensions of the
sample.

Investigation of biocompatibility

To study the biocompatibility, experiments related to the
proliferation of cells (osteoblasts and chondroblasts) were
carried out on samples in culture plates in a CO, thermo-
stat at 37 ° C for 48 hours. After that, the number of cells
was evaluated and their morphology was analyzed. The
restoration of osteochondral defects was carried out on
laboratory animals (rabbits).

Results and Discussion

Characterization of surface of samples

Samples obtained using the described method are shown
in fig. 2. The power at which the dispersions solidify de-
pended on the concentration of nanotubes and the trajec-
tory which the laser beam moved along. Dispersions with
a low concentration of nanotubes cured more slowly be-
cause of the high transparency of the layer. To form the
next layers, a lower beam power was required compared
to one for the first layers. Due to the varying of power and
the number of passes of the trajectory to form one layer, it

is possible to achieve a structure of different hardness -
from soft rubberlike to completely solid. It is successfully
possible to obtain samples with grid structure that pro-
motes cell growth on the surface by mimicking the struc-
ture of the natural extracellular matrix.

& <

a b
Figure 2: 3D nanocomposite bioconstructions obtained
from a grid trajectory with a distance of 0.5 mm (a) and
1.5 mm (b) between parallel lines

To obtain the experimental samples, the distance to the
container with dispersion was preliminarily chosen with
the smallest diameter of the beam. The selected speed of
the radiation source was 2.5 mm/s. The parameters of
making of samples are given in tab. 1.

Table 1: Parameters of making

Sample Type and Current | Number of
concentration| intensity | trajectory
of SWCNTs passes
I 90A, 0,01 % 3.0-4.8 1-4
11 90A, 0,1 % 2.3-33 2-4
11 95TA, 0,01 % 3.34.8 1-4
1\Y 95TA, 0,1 % 2,5-3,0 1-2

Images of a top view of sample II obtained by laser con-
focal microscopy are shown on fig. 3. Dark and light
bands correspond to the low and high areas of the sample.
The average value of the band width for this sample was
~ 20 um and it depended on the focusing of the laser
beam on the sample. Each of the bands contained basical-
ly perpendicular convexes in the form of "folds", whose
size was ~ 1 um and depended on the laser radiation pow-
er.

Figure 3: Surface topography of samples obtained by
confocal microscopy (a - microimage, b - reconstructed
image)

Figure 3 b shows the reconstructed three-dimensional im-
age. It is clearly seen from the figure that the "folds" im-
part a relief surface to the sample, which subsequently
establishes an interconnection between the structure of the
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samples and their biological properties - an increased ad-
hesion of the cells to the samples, because the size of the
chondroblasts and osteoblasts is about 50 um.

Analysis of surface using AFM

Fig. 4a shows the AFM topogram of sample I. It is a typi-
cal picture of the surface layer of protein material. The
main characteristic of this image is the presence of pores
on the surface. A network of shallow channels is visible,
which apparently are fractures on the surface of the mate-
rial, formed as a result of thermal effects on the protein
component. The width of the channels is 30-70 nm.
Several types of pores with a diameter of 100-200 and
400-700 nm are observed on the AFM images of sample
II (fig.4b). In this sample, the pores were uniformly dis-
tributed and had a small dispersion in size, in comparison
with sample I. In sample II, formation of shallow cracks
with a width of 200-500 nm and the absence of a network
of channels were observed, as in sample 1.

Sample III (fig.4c) also had a porous structure, with dif-
ferent pore sizes. The sample had a homogeneous struc-
ture and no large fractures on the surface of the material.
Sample IV (fig. 4d) had a large number of pores uniform-
ly distributed over the entire surface of the sample with a
diameter of 70-100 nm and 10-30 nm. In this sample there
were no fractures, and there was also no network of chan-
nels.

1: Height Sensor

a ” b

00un 0o 1: Height Sensor 100
c d
Figure 4: AFM images of the samples surface

1: Heiaht Sensor

The following was established as a result of studies of the
structure of experimental samples by the AFM method.
The surface of all samples is homogeneous porous mate-
rial, the structure of which is typical for products based on
proteins. Nanotubes on the surface could not be detected,
which is due to the fact that all SWCNTs was under the
layer of the protein matrix inside the material. The exper-
imental samples had pores of various sizes. In samples I,
111, IV there were large pores with a diameter of 500-5000
nm. These pores were distributed irregularly and were the
result of air bubbles occurred during the formation of
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samples. Because sample I had pores of smaller diameter
than sample II and the pore diameter in sample III ex-
ceeded the pore diameter in sample IV, the porosity is di-
rectly dependent on the SWCNTSs concentration for sam-
ples I and II based on SWCNTs 90A, and is on the in-
verse relationship for samples III and IV on the basis of
SWCNTs 95TA. The concentration of CNTs affected the
appearance of a network of shallow channels on the sur-
face of samples I and III. When the concentration of
CNTs increased from 0.01 to 0.1%, the channel network
was not observed (samples III, IV). This may be due to
the reinforcing effect of carbon nanotubes in the protein
matrix, which prevents the formation of fractures on the
surface of the material.

X-ray microtomography

The obtained images of the internal structure of large
samples by the X-ray microtomography method are
shown in fig. 5. Based on the results of studies of the
structure of sample I, it was found that cavities occupying
50-70% of the sample area were observed in the upper
and lower layers of the sample, but the central part of the
sample had a homogeneous structure. In the structure of
the sample there was a pore space with a radius of 0.2 mm
and a crack of a size of 0.25 mm. The presence of indi-
vidual large pores in the sample is due to the presence of
air bubbles in the initial nanocomposite dispersion, which
creates cavities in the structure of the material during la-
ser prototyping. This problem can be solved by using ad-
ditional ultrasonic treatment of the nanocomposite disper-
sion.

Two-dimensional visualization of sample II is shown in
fig. 5b. Cavities with a diameter of 0.1-1.0 mm were ob-
served in the structure of the sample. The number of
micropores in this sample exceeds the amount of pores
found in sample I, while the pores are uniformly distribut-
ed throughout the sample volume and have similar dimen-
sions.

In sample II (fig. 5c), according to the results of
microthomography, cavities with a diameter of 0.4 to 2.7
mm were found predominantly distributed around the
central part of the sample. Such an inhomogeneous struc-
ture can be a consequence of some irregularity distribu-
tion of SWCNT in the volume of the initial dispersion and
a large number of air bubbles and protein clots.

c
Figure 5: The internal structure of large samples, ob-
tained with X-ray microtomography
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In the case of sample IV, a series of cavities measuring
from 0.2 mm to 0.9 mm were observed throughout the
investigated section. The structure of the material looks
more homogeneous. In general, the cavities are distribut-
ed evenly, with the exception of some sample areas. A
much larger number of pores were observed than in sam-
ple III with a lower concentration of nanotubes.

The formation of a porous internal structure is most likely
determined by laser heating of the nanocomposite disper-
sion. Carbon scaffold has high thermal conductivity, con-
tribute to a strong heating of the areas nearby and result-
ing in the boiling of the water-protein solution and the
formation of pores and cavities.

Biocompatibility studies
Seeding of cells on the obtained samples showed that the

samples promoted the proliferation of osteoblasts and
chondroblasts, maintaining a normal morphology.

Conclusions

A method for obtaining of 3D nanocomposite
bioconstructions from water-protein dispersion of carbon
nanotubes is described. The device for layer-by-layer la-
ser prototyping was developed. The surface and internal
structure of the created samples was characterized. The
folded relief surface of the samples and the porous inter-
nal structure corresponds to the parameters of the natural
extracellular ~ matrix  for  supporting of cells.
Bioconstructions demonstrated proliferation of cells (os-
teoblasts and chondroblasts). The osteochondral defects in
the joints of laboratory animals were restored with the use
of samples. Thus, the developed method can be used to
restore defects of osteochondral joints with a various ge-
ometric shape.
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Introduction

In a difficult and demanding environment such as the op-
erating room, the individual effect of workload on sur-
geons is of particular importance. The increased stress
and workload during an operation can lead to an impair-
ment of technical skills and vigilance that causes an im-
pact on memory and other cognitive processes. These
facts can significantly influence our decisions and have an
important effect on patient safety. (1)

Apart from the personal stress level of the surgeon, new
technologies like robotic or robotic-assisted systems are
increasingly finding the way into our operating theatres
and will lead to an additional load of stress. Robots do not
yet have the cognitive skills and experience of human as-
sistants who can easily recognize, analyze and adapt to
changing situations or even stress factors. For a safe hu-
man-robot interaction, and therefor a maximum of pa-
tients safety in intraoperative stress situations we must
fulfill certain requirements. In order to reduce the arising
workload of the human-machine interaction we should
acquire knowledge of the surgical workflow. Critical situ-
ations during an operation should be identified and
adapted by the robotic-assisted systems.

The first aim of this study was to examine the specific ef-
fects of intraoperative stress on the cardiovascular system
at surgeons with different levels of training by measuring
the respiratory rate (RR) and heart rate (HR). The second
goal of our work was to examine a possible integration of
our data into a workflow recognition system to recognize
more complex and non- linear correlations by machine
learning.

Materials and Methods

In a cross- sectional study during laparoscopic gallbladder
resections (n=9) at the University Hospital Rechts der
Isar, Munich, Germany the effect of intraoperative stress
on autonomic balance, measured by the determination of
heart rate (HR) and respiratory rate (RR) was studied.

The subject of the examination was a laparoscopic
cholecystectomy performed by an experienced surgeon
as wgell as an intern with less training on that operation.
Difficult steps in this operation, that requires a high
degree of concentration, are usually the preparation of the
Calot triangle, the clipping of the vessels as well as the
removal of the cystic duct.

The HRV was quantified by the analysis of the variation of
beat-to-beat intervals in the electrocardiogram (ECG).

R-R Ioterval

Figure 1: Standard figure of a QRS- Complex of the ECG.
HRYV can be calculated by the signal.

During the laparoscopic cholecystectomy we measured
the respiratory rate, pulse and position of the upper body
by using a specially designed chest belt with sensors that
recorded the pulse rate and movement of the thorax during
in- and expiration. Two experienced and three less
experienced surgeons were enrolled as voluntary
participants after given their written informed consent.
Neither acute nor chronic illnesses within our test persons
were present. Each participant was monitored over the
course of a laparoscopic cholecystectomy. Data were
analyzed with the statistical software SPSS Version 15.0
(SPSS, Inc., Chicago, IL, USA). Results are expressed as
percent, median and total range.

Results

The median age of the participating surgeons was 39
years; the body mass index (calculated as weight in kilo-
grams divided by height in meters squared) was in median
22.3 and all participants were in good physical conditions.
The surgeons had 11.4 years of practice in middle and
worked 49.2 h per week (Table. 1). No participant re-
ceived any medication or had cardiovascular disease.
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Characteristics Median (range)
Age (years) 39 (28-62)
Height (m) 1.78 (1,73-1,85)
Weight (kg) 70.6 (58-84)
Physical activity rate 6.0 (3,0-9,0)
Years of experience (year) 11.4 (1-35)
Working hours per week (h) 49.2 (40-60)

Table 1: Characteristic of the study sample (n=5);
Physical activity rate: evaluation on a scale from O(no activity)
to 10 (activity more than 8 h per week)

Heardrate
(bpm)

Respiratory rate
/min

Duration of the Operation (min)

Figure 2: Median measure of the HR (dark blue line) and the
respiratory rate RR (dark red line) of the experienced surgeons.

Heardrate
(bpm)

Respiratory rate
/min

Duration of the operation (min)

Figure 3: Median measure of the HR (dark blue line) and the
respiratory rate RR (dark red line) of the non-experienced
surgeons.

The two graphs above show the mean heart rate HR (dark
blue line) and respiratory rate RR (dark red line) of the
two experienced surgeons measured over the nine trials
(Figure 2) and the three less experienced interns (Figure
3). To better display the variance in pulse and respiratory
rate, the curves have been smoothed. The numbers in the
graphs refer to the individual steps during the laparascopic
cholecystectomy. 1: prearrangement; 2: insertion of the
individual trocars; 3: preparation of the Calot triangle; 4:
clipping of the vessels and Ductus cysticus; 5: triggering
the stacker; 6: gallbladder retrieval; 7: hemostasis.

The measured values of the experienced surgeons in Fig-
ure 2 show a slightly higher pulse but there is no great
variance between the individual steps of the operation.
Whereas the measurements on the interns with less
experience (Figure 3) indicated that starting with a lower
HR level, the different surgical steps produced a greater
HR variance.

Discussion

In the present study we were able to show that there is an
association of perceived stress at work and the cardiac au-
tonomic control in surgeons. Regarding the outcome vari-
ables, the two groups of surgeons, divided according to
their perceived stress levels, showed differences in the
variation intraoperative HR and respiratory rate (RR).
Other research groups confirm to our findings that the
analysis of the heart rate and the respiratory rate are very
important marker of physical and mental stress as well as
workload. (2,3) We postulate that the stress level, meas-
ured by HR and respiratory rate and the variation of both
parameters, of a surgeon is reciprocally proportional to the
level of education and training. Moreover, in general,
young physicians are thought to experience more stress
than veteran surgeons who are used to differ to different
working conditions and follow their daily routine. (4) As
we were able to show in our study, the experienced
surgeons started with a bit higher HR level but the
different steps of the operation with their different degrees
of severity caused no big variance in HR or RR. In
contrast, the less experienced surgeons showed a lower
overall pulse level, but the individual surgical steps led to
a greater variance in pulse (HR) and respiratory rate (RR).
Therefor we claim that the analysis of the variance of HR
shows a correlation on the occurrence of critical events
during surgical procedure. However, this knowledge must
be adapted to the surgeon's level of training. Moreover the
integration of this data and knowledge into a workflow
recognition system in order to recognize more complex,
non-linear interrelationships by machine learning can lead
to a safe human- robot interaction in intraoperative stress
situations. This brings us closer to our goal of enabling
robots or robotic-assisted systems to recognize problems
and react to them independently.

There remain some potential biases of our study. Momen-
tarily we have a small amount of participants in the study
and just a few repetitions of the experiment. There are
more different ways to gather and analyze physiological
data of the participants. Beside the examined heart and
respiratory rate, some groups postulate the use of bio-
chemical indicators or eye tracking as well as EEG or
EMG. Especially measuring the blink rate, the saccades,
the pupil diameters and the duration of fixation with eye
tracking seems to be another line leading approach. (5)

Conclusions

In our opinion the analysis of the workload of a surgeon
and its effects are very important. According to the
Yerkes Dodson law, performance increases with physical
and mental stress, but only to a point. When the stress
level become too high our performance decreases. But if
we link our knowledge with technology in the future, we
may be able to minimize the dangers arising from exces-
sive workload and stress with the help of machines.
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Introduction

The nature and characteristics of ECG signals have been
the subject of research for more than 100 years. This is
because ECG signals contain a valuable diagnostic infor-
mation about the functioning of the heart and, indirectly,
about some other organs. Now, despite the impressive track
record of the diagnostics and recommendations already de-
veloped [1], ECG signals continue to be the subject of in-
tensive study both in the field of cardiology and biomed-
ical engineering. Cardiologists search for new diagnostic
properties of ECG signals, while engineers are interested
in new approaches and methods for such signals process-
ing and analysing. New methods imply, in particular, new
techniques of noise suppression, efficient signal represen-
tation and feature extraction.

Feature extraction is an essential step in ECG processing.
It consists in formation of some feature patterns — a set of
descriptors most adequately describing the signal. Among
these features / descriptors the most important are those
with diagnostic properties. As a rule, they represent time
domain parameters, though sometimes they can be defined
in the frequency domain. Basing on ECG patterns, one can
make some initial diagnosis [1]. For example, an “irregu-
lar” QRS complex without P wave is the hallmark of atrial
fibrillation, the shape of the QRS with a left bundle branch
block indicates a risk of cardiomyopathy, etc.

ECG patterns, especially P-QRS-T complexes, are also the
basis for the subsequent heart rate analysis. Usually it is a
more complex phase of ECG signal processing. However,
now there are many methods and approaches related, for
example, to the heart rate variability (HRV) analysis [2].
Quantitative evaluation of the HRV is usually based on the
calculation of some indices connected with the variability
of sequential NN intervals (normal—to—normal intervals be-
tween adjacent QRS complexes). Some of these indices
are determined in the time domain — SDNN, CV, RMSSD,
PNNS5O, etc. Others — in the frequency domain — VLF, LF,
HF spectral power components, IC index, etc. It should
be noted that, due to the complexity of the EEG signal, its
fractal-like nature, the values of almost all indices can es-
sentially diverge for different lengths of time intervals anal-
ysed, even for the same record. Therefore, the European
Society of Cardiology suggests differentiating the diagnos-
tic methodologies based on HRV indices obtained from the
short—term recordings (of 2 to 5 min) and from the long—
term recordings (of entire 24-h period) [3].

The above discussion is illustrated in Figure 1 by cardioin-

N (sec) A
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0.7] M%
0.6 §
t(h)
0. L .l
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t(h)

0.6 ]
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Figure 1: The interbeat interval NN after low-pass filtering
for (A) a healthy subject and (B) a patient with severe car-
diac disease (dilated cardiomyopathy). The healthy CIG
shows more complex fiuctuations compared to the more
"smoother" diseased heart rate fiuctuation pattern. Draw-
ing is adapted from [4].

tervalograms (CIG, the NN interval dependences on time)
for a healthy person (A) and a heart disease person (B). It
is clear from the figure that both CIGs are qualitatively dif-
ferent. For example, at a small temporal scale, the variabil-
ity (spread) of NN intervals in a healthy person is greater,
which is a well known fact [5] — but on large scales the vari-
ability becomes equal in both cases. This observation sug-
gests that the diagnosis based on HRV is adequte, but di-
agnostic procedures (automatic in particular) may be non-
trivial. This circumstance gives high relevance to the de-
velopment of new ECG processing methods based on long
records — more than 10 minutes, for example, Holter.

Geometric Method of HRV Estimation

As it is mentioned above, variations in heart rate may be
evaluated by a number of indices, which can be calculated
by a number of methods. Perhaps the most popular and
at the same time the simplest to perform are the so-called
geometric methods [2], [3].
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Geometric Methods

Geometrical methods include, as a rule, some geometric
pattern formed by the sequence of NN intervals, such as the
sample density distribution, sample density distribution of
differences between adjacent intervals, Lorenz plot of NN
or RR intervals, etc., and a simple formula, which judges
the variability based on the geometric and/or graphic prop-
erties of the formed pattern. A number of popular geomet-
ric methods can be found in [3], [6].

The main advantage of geometric methods is their rela-
tive insensitivity to the accuracy of NN intervals measur-
ing. The main drawback is the need for a large amount of
NN intervals for constructing a geometric pattern. In prac-
tice, it takes at least 20 minutes (but preferably 24 hours)
to ensure correct operation of geometric methods, that is,
the measurements of not less than ~ 1500 NN intervals are
necessary. In addition to the fact that this is hard routine
work (which, however, with certain precautions can be as-
signed to a computer), it makes known geometric methods
inappropriate to assess short-term changes in HRV.

MCA based Method

In order to avoid the limitations of classical geometric
methods (but to inherit their attractive properties), we de-
veloped a new estimating HRV method based on the multi-
scale correlation analysis (MCA) representations [7]. The
idea of this method springs in connection with the study
of statistical characteristics of point processes and was first
announced in [8].

Let’s note from the beginning, that the main instrument of
multiscale correlation analysis — the MCA representation
(pattern) — is formed not on the basis of NN intervals, as
in the classical methods, but on the basis of some special
estimation of autocorrelation function (ACF) calculated di-
rectly by the ECG record. The basic definitions of MCA
representations for analyzing the rhythm of the ECG in the
general form can be found in [7].

Further, let’s accept for ECG the special model z(t') of a
pulse process:

() =Y A —1) (1

k=—oco

where sequence —oo < ... <ty <t <t} < ... < oo is the ran-
dom time moments of pulse occurrences, specially num-
bered with respect to some fixed time ¢ (the point of the
current analysis), ...,Aq,Ag, ... are the random amplitudes
of the pulses, which we assume to be a stationary sequence
of independent random variables with mean A, and g(¢') is
a non-random waveform, like the P-QRS-T complex, the
same for all pulses. The statistics of the sequence {#} is
given by some point process (PP), whose model is speci-
fied below.

Within the model (1) framework, the general definition of
MCA representation [7] takes the following special form:
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where 7 is the scale parameter of MCA representation and
G(f) is the Fourie spectrum of g(¢'). The equation (2) ex-
presses the MCA representation in terms of random vari-
ables {r;}, {A¢} and thereby fully determines the R(z,)
as a random value. However, even with the simplifications
made (independence of the amplitudes and pulse intervals,
stationarity, etc.), it is completely unrealistic to obtain a
complete statistical description of ﬁ(t, 7) in the form, for
example, of its probability distribution. Therefore, it is nec-
essary to confine the description of MCA representation to
some simple characteristics, namely, to mathematical ex-
pectation of MCA <1§(z‘7 ’L')> without taking into account
possible random fluctuations around it. The corresponding
formula for the mean MCA representation can be obtained
by averaging (2) (over all random variables and under all
assumptions made) and has the form announced in [8]:

(R(t,7)) = f‘cz |16 Pexp(2myse x

—o0

0 oo
X Z Z (exp{2mif (tr —tp)}) > df 3)
k=—oo k=1
Model Specification

As follows from (3), in order to obtain the final, suitable for
analysis mean MCA representation, it is necessary to know
the averages yui(f) = (exp{—27ifsy}), where sy =
(tp — 1) are the intervals between ECG pulses (P-QRS-T
complexes) occurring in # and #. Let us note in this con-
nection that y(f) also represents the characteristic func-
tion of sy, which, in turn, is the sum sy, = s+ ... + S _1,
where s; = (t;1 —1;) are the intervals between consecutive
time moments. So, recalling that the characteristic function
of the sum of independent random variables is the product
of the characteristic functions of the terms, we arrive at the
idea of choosing the cyclic renewal process — point process
with independent intervals [9] — as associated with (1) PP.

As the concept of cyclic renewal process does not have
widespread usage let’s give here its exact definition with
reference to [9]. Namely, consider a stochastic process (')
that cycles in some time moments 0 =7y < ... <t; <... <o
through states0 -1 — ... = K—1—0— ... inthator-
der, again and again. The time intervals s; = (t;4.1 — ;)
with which the process remains in the states j are called
sojourn times of these states. If all these sojourn times are
independent, distributed with their own probability densi-
ties pj(s), then y(¢') is called the cyclic renewal process.
It is clear that the process obtained by decimating y(¢') in
such a way that the result contains only the moments of the
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state O arrivals, then the resulting process will be the usual
renewal process.

If we re-index the process time moments {z;} with respect
to the current analysis time moment ¢ in the same way as in
the definition (1), then, it can be shown, that when ¢ unlim-
itedly increases, any set of intervals s,...,sp_1; becomes
stationary, it is a well-known fact in the theory of (usual) re-
newal processes. Moreover, in this asymptotically station-
ary case the probability distribution density of the intervals
is greatly simplified and its explicit expression becomes the
following:

K—-1 k-1
P (ks Spr—1) = Z 4] H P+ jymod (k) (57)
=0  j=k
k<0<k, B = 5/S, S=50+..+5x1 4

where 5; are the mean values of sojourn time intervals in
the states / , i.e. mathematical expectations of p; (s). In this
context S is the duration of the mean overall cycle or the
mean period of the cyclic renewal process considered.

It follows from (4) that stationary joint distribution of in-
tervals sg,...,sp_1 does not decompose into a product of
individual interval distributions. So, formally, stationary
cyclic process ceases to be a renewal process (except for
the case K = 1). At the same time, since (4) can be
considered as a formula of total probability for alterna-
tives/ =0,1,...,K — 1, conditional (provided that sg is dis-
tributed in accordance with the distribution p; (s) of the
[’th alternative) distributions of intervals will continue to be
represented by products. Thus, a process considered would
be more correctly treated as a conditionally renewal cycli-
cal process. Incidentally, we note that the probabilities of
the alternatives P; are determined by the relative sojourn
times in the consequent states /.

Having a complete statistical description (4) of any set of
intervals sg,...,Sp_1, it is possible, in the frames of the
model accepted, to find all necessary for calculating (3)
characteristic functions ) (f) = (exp{—2mifsp}):

K1
2ee(f) = (exp{—2mf Y s;}) =
j=k
K=1 K-1
= Z P, H X(lJrj)mod(K) (f) %)
=0 j=k
where x;(f) = (exp{—2mifs;}) are the characteristic func-

tions of sojourn time interval distributions in the states j —
distribution densities p; (s).

For one important case, which is implied in the cardiac
NN intervals modeling, expression (5) can be essentially
simplified. This is the case of a narrow enough densities
p;(s), where the narrowness is understood as the small
Q; = 0;/5; values — standard deviation to the mean value
ratios. Since in this case x;(f) = (exp{—2mifs;}) are well
approximated by Gaussian characteristic functions

Xi(f) = exp{=2mfsj}exp{~A2nf 0))’} ,

then formula (5) can be approximated by the expression:
X f) =

LS K1 1 1+ -1
=) Pexp{-2mfS; }CXP{*E (2”f21+k ) }
=0

(6)
where:
<4k —1 —
Sl +k = Z l + ] m()d
(7N
it

Geometric Pattern of mean MCA representation

To obtain the main instrument of the geometric method
based on MCA, it only remains for us to substitute ex-
pression (6) in mean MCA representation (3), calculate the
sums of internal series and take the corresponding integral.
The series in (3) can be calculated exactly:

0 o

Y Y (expl2mfu—)) = Y B (f)  ®

k=—ocok/=1 n=1

where:

Z—Hn 1
el ()Y O

The integral in (3) can not be calculated exactly, since we
do not know the exact form of the spectrum |G(f)|?. Nev-
ertheless, it can be found approximately if we take into
account the characteristic properties of ECG signals, that
are prototypes of model (1) process. As HRV manifests
itself in a noticeable change of NN intervals duration, the
width of the distributions p; (s) is greater than the duration
of the characteristic fragments of P-QRS-T complex. But
this implies that in the frequency domain, on the contrary,
H,, (f) is much narrower than the spectrum |G(f)|? . There-
fore, taking |G(f)|> from the integral (3) as the constant
|G(0)|? and calculating the remaining Gaussian integrals,

we finally obtain:
(T7§;+n—1>2
(10)

€
Z Z
=150\ Jag (1)

C/JH

X exp{—megl

<§(r,r)> 25 |G

With regard to formula (10), let us make an almost obvious
observation — although in the left-hand site of the MCA
representation denotation there remains a formal depen-
dence on ¢, it is absent on the right-hand side. This is a
natural consequence of the assumption of model stationar-

ity.
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lllustrations

In order to illustrate the important characteristics of a syn-
thesized instrument that can be used in ECG diagnostics,
we calculated the mean MCA representation <§(t, T)> (10)
for the model case in which the sojourn time intervals are
given by a simple sinusoidal formula:

51 =— (1+8sin(2nl/K)), 0<I<K 11)

where the value S/K determines the average level of all so-
journ time intervals s5;, and the dimensionless "modulation
index" O determines the degree of their variability. Figure
2 shows two graphs of <§(t, T)> (10) — one (A) for the con-
siderable variability index 6 = 0.3 and the other (B) for its
small value 6 = 0.03. It is not difficult to see that in the
first case (A) the noticeable "beats" of the { R(z,T) ) oscu-
lations are clearly manifested, but in the second case (B)
the dependence on 7 of the mean representation envelope
is practically monotonic. Thus, extracting the envelope of
the mean representation and estimating its oscillations, one
can detect the presence of rhythm variability, and even find
the related to it parameters, for example, the process cycle.
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Figure 2: The graphics of mean MCA representa-
tion <§(t,r)> (10) with the same parameters S/K = 1,

A|G(0)|/S = 1, but different heart variability parameter &
(A) 6 =0.3 and (B) 6 =0.03.

To illustrate how the discussed features of the synthesized
instrument manifest themselves in the processing of real
data, Figure 3 shows two graphs of the <ﬁ(t, r)> (10) cal-
culated and averaged over the ECG records from the Phys-
ionet portal databases NSRDB and SHAREE [10]. In both
cases, with a time step A = 2 sec a set of N = 1000 ACFs

R(t,7) (2) were calculated along each record and resulting

representation I?(t, 7)) was obtained as their arithmetic
mean.
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Figure 3: The graphics of mean MCA representation cal-
culated and averaged over the real ECG records: (A) record
of a healthy subject from NSRDB and (B) record of a pa-
tient with myocardial infarction from SHAREE [10].

The first graph (A) in Figure 3 is obtained from NSRDB
ECG record and corresponds to the healthy person case.
The second (B) is formed with the help of SHAREE data
and shows the features of the disease person (myocardial
infarction) representation. With the naked eye, we can
see that the features of representations noted above for the
model case also occur in the processing of real data. In par-
ticular, the shape of the envelope of representations allows
us to accurately discriminate the case of a healthy patient
from a patient with severe cardiac disease.

Conclusions

The synthesized instrument (10) showed very promising
results on real records processed. Two types of ECG
records from NSRDB and SHAREE databases [10] of a
PhysioBank — the largest and growing archive of well-
characterized digital recordings of physiologic signals were
used. The proposed method made it possible to reliably
discriminate the records from NSRDB, where no signifi-
cant arrhythmias or any other HR disturbances were found
from SHAREE records of hypertensive subjects at higher
risk to develop vascular events.

Although there is still a lot of work to bring the method
to the status of a useful and reliable tool for the analysis
and diagnosis of heart disease, the first encouraging results
suggest the optimistic prospects associated with it.
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Introduction

To date, the problem of bionic hand prostheses control is
connected with the complexity of using such devices with
small and fragile objects. One of the important element for
precise control of prostheses is the feedback, which is
either absent in the such devices on the market or does not
transmit information to the user.

The lack of feedback in prosthetic devices creates
inconvenience, similar to tactile sensitivity violations [1].
With such disorders people have difficulties in many types
of daily activities due to a lack of information about the
mechanical states of contact during various objects
manipulation [2].

In this paper, aspects are considered to solve the problem

of missing tactile information replenishment in bioelectri-
cal prosthesis using. Kinematical and mathematical mod-

els of the prosthesis for feedback input parameters calcu-

lation is presented. Also, the realization of the unit for ef-
fort registration, which is developed by the prosthesis.

The task of feedback implementation

Using the reception for feedback

Contact events between the fingers and objects provide
sensorimotor control points for the motion phase
controller. Behavioral studies show that this information is
important for accuracy of motion commands controlling

(2].

In addition, the perception of the object shape and relief is
carried out by touch, in which the skin and motor analyzers
participate [3]. On the basis of these features of touch as
feedback parameters, it is necessary for the user to transmit
precisely the amount of fingers pressure and their position.

Various kinds of stimulation are used for transmitting
information to the patient and creating feedback: electro-
tactile sensory stimulation, vibration-tactile sensory
stimulation, and information transfer using acoustic signals
perceived by hearing [4].

The most common practice is vibration-tactile stimulation,
which is realized by pressure and vibration on the patient's
skin. This type of feedback is compatible with a one-time
electromyogram recording (in contrast to electro-tactile
stimulation) and does not depend on the background sound.
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Biophysical feedback model

To ensure the feedback system functioning it is necessary
to consider the following patterns [5]:

S=a-log(l) +b 3)

(3): S - the amount of sensation; I - intensity of stimulation;
a and b - constants that are different for stimulus modali-
ties.

According to this formula, the sensation increases in pro-
portion to the logarithm of the stimulus intensity. For dif-
ferent sensory systems, this ratio is different. For skin
mechanoreception is characteristic [5]:

Z=m (4

(4): Al - the change in intensity of stimulation recognized
by a person; m - the ratio of the change in the intensity of
stimulation recognized by a person to the intensity of stim-
ulation;.

For the informative nature of the system, each of the fol-
lowing impacts should look like this:

I=Ilom+1) (5

(5): m - the ratio of the change in the intensity of stimula-
tion recognized by a person to the intensity of stimulation;
Io - initial intensity of stimulation.

It follows that the informative effects are multiples of m
values of the minimum perceived value. Consequently:

I'=Lpp(m+ 1" (6)

(6): Imin - the minimum noticeable intensity of stimulation;
n - the number of the difference threshold.

I
n = logpq'min  (7)

In fact, n is the number of distinguished exposure levels
within the dynamic range. Providing the greatest value of
n means distinguishing effort with the greatest accuracy
within the dynamic range of impact. This result can be
achieved by varying the area and amplitude of the effect on
the skin.
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The finger position registration and force detection unit has
a minimum resolution, which is taken as the minimally dif-
ferent exposure threshold Iminb. Then the number of the dif-
ference threshold ny:

Ip
My = L0Gy, 41" mint

®)

(8): np - the number of the difference threshold; Imin - the
minimum block resolution; Iy, - the current value of the sig-
nal; my, - the ratio of the change in the intensity of stimula-
tion recognized by a person to the intensity of stimulation.

The numbers of the difference thresholds in the feedback
signal recording unit and in the tactile stimulation unit must
coincide:

ny =n (9)

From equations 7 and 8:

1 Ip
Imin = Imi
logm+1 min = logmb+1 min b

)

Materials and methods

Measurement of the parameters of the opening width and
the resulting effort for the feedback system in prosthetic
tasks is preferably done indirectly by the signals from
sensors inside the kinematic scheme. It is also preferable
not to place pressure sensors directly on the tip of the
finger, since the sensors themselves have a limited area,
and points are located on the surface of the finger, the
mechanical pressure of which will not be recorded by the
sensor. For indirect force measurements at the tip of the
finger, it is necessary to take into account the transfer
functions of the mechanism parts. This will eliminate the
misinterpretation of the received data, since the function
may not be linear.

Figure 1: Prosthesis with an external power source manu-
factured by "Metallist"

The special stand was assembled to implement feedback in

upper limb prostheses, thanks to which the test signals for

feedback realization were recorded. In stand a functional-

cosmetic prosthesis manufactured by “Metallist” was used

(Fig. 1). The actuator is built into the mechanism of the

prosthesis and drives the prosthesis fingers and is movable
relative to the body of the brush. One point of fixing the
actuator is on the body of the brush, the second point is on
the lever, which is the extension of the thumb. This fixing
is used to save space inside the prosthesis and the weight
of the product.

In the proposed prosthesis design, the position of the
fingers is determined by counting the revolutions at the
output of the prosthesis drive gear reducer using a digital
monopolar Hall sensor. The measurement of the grasping
motion developed by the prosthesis is carried out inside the
kinematic chain (Figure 2), using a piezoelectric sensor
built into the drive connection with moving parts of the
prosthesis, and similarly recalculated at the fingertip
through the transfer function.

Figure 2: Kinematic scheme of the prosthesis: 1 - Pros-

thesis motor, 2 - Screw-nut transmission, 3 - Hall sensor

and magnet on shaft, 4 - Sensor body, 5 - Spring, 6 - Sili-
con-sensitive resistor FSR400, 7 - Lever, 8 - II-V Fingers,

9 - I Finger
Y,mm e ®)
H1
|16 H2
15~ 5 '
/// L7 Ll 1 C' 2
. o v
7 AN
8 L4 1 H3 H4

Fugure 3: Mathematical model of prosthesis

For the proposed construction of the prosthesis in the
Matlab a mathematical model of the kinematics of
movement of the prosthesis mechanism details in the
process of grasping-opening was created. In the model
(Figure 3), the articulated connections are numbered with
numbers, under the letter L the lengths of the arms are
indicated, H - the dimensions of the prosthesis body for
which the parts should not protrude, L5 and L4 - the
prosthesis fingers, L1 - the current length of the actuator, ¢
- the distance from the point hinged connection of the
actuator with the body to the axis of the translational
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motion of the actuator, L2, L6, L7 - the lever mechanism
of the prosthesis which is transmitting the movement Al;
from the actuator of the prosthesis to the fingers. Points 1,
2, 6 - cylindrical joints of parts with the body of the
prosthesis, points 3,4,5 - hinged cylindrical connections of
the details of the linkage, and points 7 and 8 - the distance
between the tips of the fingers. The blue rectangles indicate
the dimensions of the actuator.

In the model, the distance between the fingertips (points 7
and 8), designated h, is calculated, which depends on the
position of the actuator Alj, and the force acting on the
sensor Fgq, also depending on the position of the actuator
Al; and the force at the tip finger F.

h = fi(Aly)
Fq = fo(F,Aly)

Both functions are nonlinear. It is noteworthy that the
sensitivity of the sensor to the force at the tip of the finger
F increases due to its conversion by the function f>. The
results of the simulation are shown in Figure 4.

Y,mm

100}
80t
60 -
40t

20 -

-20 -

-40

-60 [

-80

-100 - - : : !
-100 -50 0 50 100

X,mm

Figure 4: The motion of details of the prosthesis mecha-
nism during the movement of the actuator with a step of 1
mm to the maximum extended

The design of transmission of traction from the drive to
the fingers is spring-loaded - this is a necessary element
of feedback. Upon contact with a solid surface, the force
of interaction between the prosthesis fingers grows not
spasmodically, but gradually, allowing the user to realize
the touch and have time to react to it before the prosthesis
develops maximum force.

To determine the position of the fingers, the speed at the
output of the gear reducer of the prosthesis drive is calcu-
lated using a digital monopolar Hall sensor (Figure 5). To
eliminate high-frequency noise after the Hall sensor, a
passive low-pass filter was used.
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Experimental part

Force signal at the end of the finger registration

As an example of a test signal, a signal was recorded in the
process of chicken egg crushing by prosthesis. The chicken
egg is fragile enough, so it is well suited to illustrate the
operation of the feedback system. In the course of the
experiment, the egg and prosthesis were placed on special
supports.

The values of the voltage drop across the strain gage were
calibrated using a set of laboratory weights of 20 g, 100 g,
200 g and 500 g, which made it possible to translate the
values of the ADC readings into the values of the acting
force. The data were recorded with a sampling frequency
of 1000 Hz. To remove high-frequency noise, digital signal
filtering was performed.

During the egg compression experiments, four series of
measurements were made, resulting in a plot of the average
strength of the egg shell destruction resistance with
standard deviation (Figure 6). The signals recorded for
each series of measurements were synchronized at the
moment of breakage of the shell (at maximum force).

Figure 5: Location of the force-sensitive sensor (A) and
the Hall sensor (B)

FORCE, N

0 T T T T T T T 1
00 05 10 15 20 25 30 35

TIME, S
Figure 6: Average signal of chicken eggs breaking
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Registration of the fingers opening width

The data were obtained using a Hall sensor that registered
the speed of the output shaft of the actuator reducer when
passing a magnet attached to the shaft next to the sensor. A
passive filter was used to filter the Hall sensor signal. The
obtained signal can be used by digital devices for
calculating the speed and calculating the width of the
prosthesis opening. In the current version of the model with
a single Hall sensor, it was possible to achieve the accuracy
of determining finger position of 5 mm.

Conclusions

In this paper, we considered aspects of the realization of
unit of signal recording for tactile feedback system. We
also proposed a location option for the sensors in the struc-
ture of prosthesis, which increases the area of the recording
surface. A mathematical model for the correct interpreta-
tion of the information from the sensors is compiled. The
main features of biophysical reception processes, that for-
mulate requirements for the tactile stimulation unit, are
considered, and the relationship of the output parameters
of the tactile stimulation unit and the input parameters of
the sensors of the tactile signal recording unit is described.

The developed model of the prosthesis with the blocks of
registration of the position of the fingers and of the effort
allows for further experiments on the use of various tactile
stimulation options.
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Introduction

Cochlear Implant (CI) surgery is an established treatment
to restore severe hearing loss and deafness caused by inner
ear dysfunction. To gain access to the cochlea for insertion
of the implants electrode carrier mastoidectomy (partial
removal of the cranial bone) is performed . This process
is sophisticated and time consuming. Minimally invasive
CI surgery has the potential to reduce operating time,
trauma, hospitalization time, amount of needed anesthetics
and costs and additionally improve ergonomics for the
surgeon. The concept of this approach is to replace the
mastoidectomy by a single drill hole from the surface of
the skull to the cochlea. The complexity of this lies in
the accuracy requirements resulting from the vicinity of
the drill trajectory to the facial nerve. The drill (typical
diameter 1.8 mm) has to pass through the approximately
2.5 mm wide facial recess in a depth of about 3 cm. Marker
based navigation can not be effectively applied for this
intervention. One method to achieve the required accuracy
is by using a patient specific template to hold a linear guide
for a drill.

The first clinical results of this approach are presented
with the microtable system [1]. Beside the risk of physical
damaging the facial nerve or thermal necrosis from heat
induced by the drilling process [2] (both not further dis-
cussed in this paper) manufacturing of the template is still
an issue. Operation planning is done in reference to the
frame mounted on the patients skull at the beginning of the
surgery. Since this reference can only be determined after
fixation, the manufacturing of the template has to be done
intraoperative. Manufacturing of the microtable is done
none sterile by CNC machining a ULTEM (polyetherim-
ide, PEI) block. In a shortened autoclaving process the
finished template is sterilized and then cooled down. The
shortened autoclaving of the microtable is neither certified
in Europe nor in Russia. The Robolig system (Figure 1),
relying on the same working principle, was developed with
a sterile manufacturing system to solve this problem. This
paper is centered around the manufacturing unit of the
Robolig.

For sterile manufacturing of the jig different approaches
have been developed. The technical requirements include,
that the process can be done fast enough to avoid surgical
downtime during anesthesia of the patient. This is the rea-
son why 3D printing is currently not an option. Further it
has to be guaranteed, that the chain of errors does not lead
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Figure 1: Left: linear guided surgical drill (A) connected
to an intraoperativ milled jig (B) during initial cadaver ex-
periment. Right: CNC milled jig prototype with connector
holes (C-E).

to deviations larger than 0.5 mm in 30 mm depth during
the drilling process. The jig should not hide the view of the
situs for the surgeon.

template milling

In the current research setup the template is pre-formed and
sterilized ahead of the surgery. The customization is done
with a passive hexapod (Schick X1 med 3D, Schick-Dental
GmbH, Germany) which positions the template relative to
the axis of a drill unit on a linear guide. The struds of
the hexapod are based on micrometer screws and adjusted
manually. Their length is calculated based on the planned
trajectory, which is transformed into the frame coordinates.
The adapter on the hexapod platform uses a dowel pin con-
nection dimensional similar to the one on the frame in Fig-
ure 1. Based on the planning data a stepped hole is drilled
as interface for the surgical drill guide (Figure 1 part A and
E). The forces generated during this customization process,
as well as the angle of impact of the drill, raise the need for
a stiff and highly accurate linear guide. Also a preformed
and sterile template is needed for every surgery. Setup of
the system and milling took 15 min in an initial cadaver
trial. No deviation between drillhole and plan was visible
in a postoperative CBCT scan (resolution 0.3 mm). The
milling system of the RobolJig was described recently [3].

bone cement fixation

To reduce process forces and complexity an alternative
manufacturing approach was developed. Its concept is to
adjust a linear guide with the hexapod similar to the tem-
plate milling approach. After orientation the guide is fixed
to a mounting adapter using bone cement [4, 5]. This has
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the advantage of low hardware costs and lower effort for
certification.

polymer molding

In this paper a novel intraoperative manufacturing ap-
proach is presented. Our hypothesis is that a molding
process results in lower process forces than in the template
milling and therefor leads to a higher manufacturing
accuracy and lower manufacturing time at lower costs.
Injection molding is well established for processing
thermoplastics. The melted material is extruded under
high pressure into the mold. This typically leads to sterile
parts depending on the environment [6]. For this process
a mold has to be created for every new part. This is not
feasible for the RobolJig since the part is different for every
patient. An adjustable mold is not possible for injection
molding because it has to be closed and leakproof. We
experimentally investigated two low pressure process with
an open mold. Pre sterilized granular material was used in
combination with the inductively heated mold as well as a
photopolymer cured under UV light.

Materials and Methods

The design of the jig is shown in Figure 1. It contains two
holes for the dowel pin connection (Figure 1 part D) on the
titanium frame of the system, two holes for the connection
screws (Figure 1 part C) and one guiding hole for attaching
a surgical drill unit (Figure 1 part A) trough a locking ring
(Figure 1 part E). Critical structures regarding accuracy, are
the dowel pin connectors, the guiding hole and the lower
surface of the jig attaching to the frame. The shown manu-
facturing concept is based on the adjustment of the guiding
hole by a sterile hexapod. The endeffector of this hexapod
is a 14 mm pin that is held in place in the fluid polymer
during curing to create the guiding surface (not applied in
initial tests). The shape of the jig is definded by the open
mold shown in Figure 3.

material choice

In the current template milling aproach ULTEM 1000 (PEI)
is used as material. Its benefits lie in its high young’s mod-
ulus and medical certification. Due to its high transition
temperature it is not suitable for the molding approach. For
an alternative material a low transition temperature is fa-
vorable to reduce risk and cooling time. Still the material
should withstand the autoclaving process without loosing
form stability. A high melt flow rate (low viscosity) en-
sures that small structures in the mold get modeled. This
is important for building the dowel pin connection. The
chosen material should not inhibit medical certification of
the system. Table 1 summarizes the properties of alterna-
tive materials. For an initial selection material probes were
heated and cured in a miniature mold. The resulting probes
are shown in Figure 2. From this initial experiment CAL-
IBRE and TOPAS were chosen for further work because

of their material properties, melting behavior (little to no
blistering) and transparency (enables view on the situs).

Emerge

ULTEM

VALOX

CALIBRE

LEXAN

TOPAS

Figure 2: Materials after initial mold test in which the
granulate was heated to its transition temperature

Table 1: comparison of material properties of suitable
polymers from corresponding material data-sheets

ULTEM CALIBRE |LEXAN
1000 2081 HP1REU
. poly- poly- poly-
Material type etherimid |carbonate |carbonate
Young’s
modulus [MPd] 3500 2400 2400
Density [Z];—%] 1270 1200 1200
Transition
temperature [°C] 195 142 126
Mold
shrinkage [%] 0.5-0.7 - 0.7
Melt flow rate 337°C 330°C 300°C
[‘]’(_g] 9 [6.6kg] 22 1.2kg] 35] 1.2kg]
Melt volume o 0
360°C 300°C
flow rate [2—5] 13] Skg I 33 1‘2kg]
ISO 10993-1 yes yes yes
Emerge VALOX TOPAS
9500CR HX312C 8007
. poly- polybutylene| cycloolefin-
Material type carbonate |terephthalate|copolymere
Young’s
modulus [MPa] 2270 2500 2600
Density [5] 1290 1310 1020
Transition
temperature [°C] 109 >4 &
Mold
shrinkage [%] 1.6 0.1-0.5
Melt flow rate 260°C 250°C
[°_C] 10 Skg I 1351 1‘2kg] B
kg
Melt volume 250°C 360°C
flow rate [2—5] i 31 [Tkl |32 [376%]
ISO 10993-1 yes yes yes
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mold design

Main task of the mold is providing an accurate negative
volume for the jig. Figure 3 shows the design concept. The
mold is build from three detachable parts for releasing the
final jig. All structures relevant for the system accuracy
(pins for the connection interface of the later part) are on a
single part to avoid inaccuracy resulting from assembly.

Figure 3: Design of the mold

system setup

The sterile hexapod uses magnetic ball joints to attach on
a grid of base points on both connecting platforms. Since
the micrometer screws allow for an adjustment in six de-
grees of freedom this coupling options leads to redundancy
for most endeffector positions. This redundancy enables
optimization regarding the systems accuracy. More infor-
mation about the used hexapod can be found in [7, 8]. For
a clinical implementation of either the granular melting or
the photopolymer approach a lid has to be added to shield
the system from its environment.

melt on and curing

To melt on the granular polymer it has to be heated to its
transition temperature. The heating process should be fast
and uniform while avoiding overheating and thus carboni-
sation of the melt. The system should be reasonably small
to fit in the OR environment and pose a minimal risk to
the clinicians. Inductive heating of the mold was chosen as
compromise of those requirements.

experimental evaluation

To evaluate the feasibility of the manufacturing process two
experiments were conducted. Aim was the production of
an accurate jig comparable to a milled version. The pin
for the guiding hole was not used in both initial exper-
iments. In the first experiment the mold was filled with
granular CALIBRE or TOPAS and then inductively heated
until uniformly melted (Figure 5). After curing the jig was
removed and measured with a coordinate measuring arm
(FARO GAGE, Faro Technologies Inc., Lake Mary, FL,
USA). Four specimen were produced for CALIBRE and
ten from TOPAS (showed better initial results regarding ac-
curacy). In a second experiment the medical photopolymer
Med610 (Stratasys, Minnesota, USA) was used and cured
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under UV light exposure. Typically this polymer is used
for printing of patient specific templates for dental surgery.

Results

The described melt on process was successfully applied.
Figure 4 shows two finished templates. The standard de-
viation of the measured distances of the dowel pin holes
was 0,058 mm (n=10) for the TOPAS and 0,149 (n=4) for
the CALIBRE specimen. The photopolymer approach was
discarded due to blistering of the material (Figure 6C).

Figure 4: Cured jig made from TOPAS granulate (left) and
CALIBRE granulate (right)

500°C

400
! C 200

20°C
231.4°C

200
E FI R

11°C

Figure 5: Exemplary heating and curing process taken
from an infrared camera. A - C show the temperature dis-
tribution of the melt after 5 min, 25 min and 45 min respec-
tively. D - F show the cooling process after 5 min, 15 min
and 25 min. Please note the different color scale for A - C
andD-F.

Discussion

The complete process currently takes 70 min plus the time
for the system setup (5 - 10 min). Increasing the power
output of the induction heater is not an option because it
leads to carbonization of the edges of the jig while the in-
ner parts are still granular (Figure 6A). The heating process
can be started before surgery to avoid a bottleneck during
the intervention. Curing can be speed up by emerging the
mold in sterile water, however this has not been tested yet.
An overview over the planned workflow is shown in Figure
7. The top surface of the jig might become uneven due to



Proceedings of the Russian German Conference
on Biomedical Engineering

ey

shrinkage in the curing process (Figure 6B). This is not rel-
evant for the system accuracy. Only the guiding holes (Fig-
ure 1 parts D and E) and the bottom surface (Figure 4) are
relevant reference structures. UV curing did not meet the
requirements. During the process gas development leads
to hollow volumes. Blistering is avoidable by successively
adding layers of < 1 mm thickness but this increases the
process time and therefor eliminates its advantages over
conventional 3D printing.

Figure 6: Three failure modes during molding. Uneven
and fast heating (A), uneven surface from uneven heating
and melt shrinkage during curing (B) and gas formation
when UV curing thick layers of Med610 (C).

RobolJig
1 pre-operative ’7 1 fill mold with
preparation * sterile granulate
o DPrepare surgical 1 activate heating
area X process
3 mount frame on
patient skull
CT scan and
4 .
segmentation
trajectory calculate
5 . — 6.1 .
planning hexapod config.
6 sterile finishing 6.2 manually setup
of the template " hexapod
mount template fast curing with
7 — 6.3 .
on frame sterile water
connect drill remove cured
8 . — 6.4 ..
guide to frame jig
. - manually remove]
ded drill — 6.
9 guided drilling 6.5 bottom layer
10 remove drill
and guide
1 falectr(')de
insertion
surgical
12 follow up

Figure 7: Proposed surgical workflow for the RoboJig sys-
tem.

Conclusions

The concept of low pressure molding granular thermoplas-
tics was successfully proven. Relevant structures were re-
produced sufficiently accurate in the initial experiments.
Still the surface quality can be improved by parameter op-
timization. For a clinical implementation further work is
needed. Accuracy has to be evaluated in a next step by us-
ing multiple molded jigs to drill into artificial bone. Also
the system needs to be optimized regarding usability, safety
and process time. Currently the milling approach is ben-
eficial due to shorter processing time. Implementing the
workflow shown in Figure 7 could change this.
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	Неинвазивная оценка вариаций инкрементного модуля упругости артерии,  определяемого в течение сердечного цикла Рай К., Набель П.М., Джайарай Дж., Моханасанкар С.
	Индийский технологический институт Мадраса
	Ключевые слова: инкрементный модуль упругости артерии, ультразвуковой преобразователь, тонометрия, зонд для неинвазивных измерений.
	Структурирование биоконструкций с углеродным нанокаркасом в белковой матрице Герасименко А.Ю.1,2, Глухова О.Е.3, Слепченков М.М.3, Журбина Н.Н.1, Савельев М.С.1,2,  Ичкитидзе Л.П.1,2, Подгаецкий В.М.1, Селищев С.В.1, Кицюк Е.П.4, Павлов А.А.5
	Ключевые слова: структурирование, биоструктуры, биоматериалы, углеродные нанотрубки, белковая матрица, импульсное лазерное излучение.
	Приложения смешанной реальности для коллаборативного операционного блока – прототипное исследование Мараренс Н., Остлер Д., Вейнцирл Дж., Кон Н., Фогель Т., Вильгельм Д., Коллер С., Фесснер Х.
	Ключевые слова: смешанная реальность, дополненная реальность, коллаборативный операционный блок, хирургические вспомогательные технологии, распознавание объектов.
	Длительная манометрия высокого разрешения: сложности и недостатки автоматизированного анализа моторики пищевода Елл А.1, Хюссер Н.1, Хе С.1, Остлер Д.1, Телышев Д.2, Селишев С.2, Фесснер Х.1
	Ключевые слова: эзофагоманометрия, манометрия высокого разрешения, пищевод.
	Исследование спектральных свойств сред на основе хитозана и карбоновых нанототрубок Федорова Ю.О.1, Полохин А.А.1, Мурашко Д.Т.1, Савельев М.С.1, Герасименко А.Ю.1,2
	Ключевые слова: хитозан, нанототрубки, спектральные характеристики, кардиохирургия, тканевая инженерия.
	Пьезоэлектрические свойства материалов PVDF и PVDF-TrFE, изготавливаемых электропрядением,  для восстановления нервов Халаби Ф. Аль1, Гришков О.1, Кун А.И.1, Капралова В.М.2, Гласмахер Б.1
	Ключевые слова: пьезоэффект, восстановление нервов, электромеханическая связь.
	Оценка параметров P300 при фотостимуляции Дмитриев А.Н., Щукин С.И.
	Ключевые слова: P300, ИМК, фотостимуляция, ЗВП, пространственный интервал.
	Управление телефонными звонками в когнитивной операционной комнате Кон Н., Остлер Д., Коллер С., Мараренс Н., Замм Н., Кранцфелдер М., Фогель Т.,  Вильгельм Д., Фесснер Х.
	Ключевые слова: когнитивная операционная комната, управление звонками, классификация важности звонков.
	Трансляционная динамика в комплексном анализе работы организма человека Мау И.1,2
	Ключевые слова: математическое моделирование, системный подход, динамика.
	Возможности «Хирургии 4.0»: передача данных 5G при минимально-инвазивной хирургии Фогель Т.1,2, Мараренс Н.1, Коллер С.1, Йелл А.1,2, Остлер Д.1, Вайгель В.3,  Айшингер Дж.3, Фесснер Х.1,2, Кранцфелдер М.1,2
	Ключевые слова: минимально-инвазивная хирургия, передача данных, 5G.
	IVAP 2025 – По направлению к коллаборативной операционной комнате Остлер Д., Мараренс Н., Кон Н., Коллер С., Кранцфелдер М., Фесснер Х., Вильгельм Д.
	Ключевые слова: коллаборативная комната, анализ данных, резекция, желчный пузырь.
	Создание трехмерных нанокомпозитных биоконструкций  с использованием послойного лазерного устройства прототипирования Курилова У.Е.1, Журбина Н.Н.1, Игнатов Д.А.1, Рябкин Д.А.1, Полохин А.А.1, Пьянков Е.С.1, Герасименко А.Ю.1,2
	Ключевые слова: нанокомпозиты, трехмерное лазерное прототипирование, тканевая инженерия.
	Анализ физиологических показателей для количественной оценки стресса и нагрузки хирургов  с различным уровнем подготовки во время лапароскопической холецистэктомии Самм Н., Остлер Д., Фогель Т., Мараренс Н., Вильгельм Д., Фесснер Х., Штаудер Р.
	Мюнхенский Технический Университет
	Ключевые слова: робот-ассистивные технологии, показатели уровня стресса, лапароскопическая хирургия, сердечный и дыхательный ритм, машинное обучение.
	Новый, основанный на представлениях многомасштабного корреляционного анализа,  метод оценивания вариабельности сердечного ритма Анциперов В.Е.
	Ключевые слова: анализ биомедицинских сигналов, обработка длительных записей ЭКГ, многомасштабный корреляционный анализ, вариабельность сердечного ритма, корреляционная ритмография, геометрические методы анализа ВСР, оценивание параметров медленных ...
	Анализ тактильной информации для реализации обратной связи в протезах предплечья Букин В.Ю., Брико А.Н.
	Ключевые слова: обратная связь, биоэлектрический протез предплечья, тактильная информация.
	Интраоперационное стерильное формование индивидуальных слепков пациента  для минимально инвазивной кохлеарной имплантации Мюллер С., Янка С., Карс Л.А., Ортмэйер Т.
	Ключевые слова: гранулированные термопласты низкого давления, минимально инвазивная хирургия, кохлеарная имплантация.
	Программный комплекс для восстановления мимической активности при афазии Полищук А.А., Аполлонова И.А.
	Алгоритм определения ЧСС для спортсменов  Кузякина И.А.
	Клинические признаки различных типов пигментных новообразований кожи  в ранней диагностике с целью выявления предраковых изменений кожи
	Римская Е.Н.1, Аполлонова И.А.1, Николаев А.П.1, Кудрин К.Г. 2, Черномырдин Н.В.1,  Решетов И.В.2, Зайцев К.И.3
	Влияние температуры на электрическую проводимость эритроцитов человека Судсири Ч.Дж., Ритчи З.Дж.
	Университет Принца Сонгкла, Тайланд
	Разработка алгоритма автоматического обнаружения ранней стадии воспаления  мягких тканей пародонта на инфракрасных изображениях Акуленко Л.О., Колпаков А.В.
	Алгоритм определения и ориентации одноосного приемника системы магнитного позиционирования Геркен Е.А., Гречихин В.В.
	Ключевые слова: системы магнитного позиционирования, одноосный приемник, магнитный поток.
	Математическое моделирование потоков электроаэрозолей при лечении ожогов Карпухин В.А., Мустафина К.С., Климиашвили Г.С.
	Ключевые слова: аэрозоль, электроаэрозоль, ожоги, моделирование.
	Экспериментальное исследование механических свойств материалов для физического моделирования тканей Хайдукова И.В., Беликов Н.В., Резванова А.М., Саврасов Г.В.
	Ключевые слова: физическая модель, механические свойства, фантом, одноосное растяжение, силикон, желатин.
	Подход к индивидуальному моделированию гемодинамики у пациента  с учетом биомеханических свойств церебральной артерии Фролов С.В.1, Синдеев С.В.1, Потлов А.Ю.1, Липш Д.2
	Ключевые слова: индивидуальное моделирование гемодинамики, церебральная артерия, эластография.
	Нейросетевой подход к сегментации клеток на изображениях иммуноцитохимических препаратов Парпулов Д.А.1, Самородов А.В.1, Игловиков В.И.2
	1 МГТУ имени Н.Э. Баумана, Москва, Россия 2 Lyft Inc., San Francisco, CA 94107, USA
	Ключевые слова: сегментация клеток, глубокие сверточные нейронные сети, анализ изображений.
	Интерфейсы дисплея блока управления имплантируемого кардиомонитора Родионов И.Н., Нестеренко И.В., Телышев Д.В, Сапожков И.А.
	Ключевые слова: графический дисплей, шина данных, кардиомонитор, параллельные и последовательные интерфейсы, RGB интерфейс, передача данных.
	Система с обратной связью для контроля уровня концентрации глюкозы в крови Литинская Е.Л., Пожар К.В., Базаев Н.А., Руденко П.А., Гринвальд В.М., Чекасин А.И.
	Национальный исследовательский университет «Московский институт электронной техники» (НИУ «МИЭТ»),  Зеленоград, Россия
	Ключевые слова: сахарный диабет, замкнутая система с обратной связью, контроль уровня глюкозы в крови, инсулинотерапия, неинвазивный глюкометр, краткосрочное прогнозирование.
	Влияние тромбообразования на теплогенерацию роторного насоса крови «Спутник» Порфирьев А.О., Телышев Д.В., Пуговкин А.А., Селищев С.В.
	Ключевые слова: теплогенерация, роторный, тромбообразование насоса.
	Хирургия в 2030 году: Хирургия 4.0 Фесснер Г., Вильгельм Д.
	Ключевые слова: хирургия, медицинская робототехника, интеллектуализация хирургии.
	«Внутриротовая» микрофокусная рентгенография в ветеринарии Потрахов Н.Н., Потрахов Ю.Н.
	Ключевые слова: микрофокусная рентгенография, ветеринария, стоматология, панорамная рентгеновская трубка.
	Специализированный рентгеновский аппарат для неонатологии Клонов В.В. Ларионов И.А., Потрахов Н.Н.
	Ключевые слова: рентгеновское излучение, неонатология, диагностика, конструкция аппарата.
	Компьютерная программа для настройки медицинского рентгеновского аппарата Ларионов И.А, Клонов В.В., Бессонов В.Б.
	Ключевые слова: рентгеновское излучение, программное обеспечение, неонатология, резонансная схема.
	Цифровая обработка рентгеновских изображений с использованием адаптивной эквализации гистограммы  и адаптивной коррекции фона Староверов Н.Е., Грязнов А.Ю., Холопова Е.Д.
	Ключевые слова: микрофокусная рентгенография, эквализация гистограммы, цифровая обработка изображений.
	Методика исследования параметров плазмы лазеров тлеющего разряда Киселев А.С., Смирнов Е.А.
	Ключевые слова: лазеры тлеющего разряда, плазма, электронная температура, импеданс плазмы.
	Исследование влияния угла установки винта в модуль биомодели на его сопротивление осевому вытяжению Саврасов Г.В.1, Сайфутдинова М.С.1, Макиров С.К.2, Макиров Т.Р.2
	Ключевые слова: винт транспедикулярный, фиксация позвоночника, сопротивление осевому вытягиванию, биомеханические исследования.
	Изучение влияния ультразвука на биомеханические характеристики венозной стенки Борде А.С.1, Саврасов Г.В.1, Гавриленко А.В.2, Иванова А.Г.2
	Ключевые слова: варикозная болезнь вен нижних конечностей, ультразвуковая хирургия, биомеханические испытания.
	Геометрическое ослабление в однофотонной эмиссионной томографии Лысенко А.Ю., Терещенко С.А.
	Ключевые слова: эмиссионная томография, реконструкция, интегрально-итерационный алгоритм, геометрическое ослабление.
	Испытания носимого аппарата перитонеального диализа на животных Базаев Н.А., Дорофеева Н.И., Гринвальд В.М., Путря Б.М., Жило Н.М.
	Ключевые слова: регенерация диализата, носимый аппарат искусственного очищения крови, перитонеальный диализ, медико-биологические испытания.
	Контроль установки периферических венозных катетеров с помощью измерения силы, действующей на иглу Кудашов И.А., Щукин С.И.
	МГТУ имени Н.Э. Баумана, Москва, Россия
	Ключевые слова: венепункция, датчик силы, катетер, автоматизированная система.
	Алмазные и платиновые электроды для электрохимического окисления мочевины Базаев Н.А.1, Путря Б.М.1, Стрельцов Е.В.1
	Ключевые слова: регенерация диализата, электролиз, носимый аппарат искусственного очищения крови.
	Оценка влияния размера реверсивного шахматного паттерна и параметров биологического объекта  на выделение зрительных вызванных потенциалов Кувшинова И.С.1, Дмитриев А.Н.1
	Ключевые слова: зрительные вызванные потенциалы (ЗВП), реверсивный шахматный паттерн (РШП), режим стимуляции, светодиодная матрица, амплитуда диполя, толщина черепа.
	Алгоритм выбора физической активности по данным акселерометра  имплантируемого кардиостимулятора с функцией частотной адаптации Кречетова А.В.1, Комлева Л.С.1, Тихомиров А.Н.1
	Ключевые слова: частотная адаптация, кардиостимулятор, акселерометр.
	Мультидиагностическое исследование послеоперационных когнитивных расстройств Истомина Т.В.1, Сафронов А.И.2, Кривоногов Л.Ю.3, Карпицкая С.А.2, Крамм М.Н.4,  Косенок Н.Ю.1, Шачнева Е.А.3
	Ключевые слова: стабилография, электрокардиография, послеоперационная когнитивная дисфункция.
	Оценка влияния силы прижатия электродной системы на сигналы нейромышечной активности Брико А.Н., Чванова Ю.А., Кобелев А.В., Щукин С.И.
	Ключевые слова: сигналы нейромышечной активности, электромиография, биоимпеданс, миотонический метод, сила прижатия электродов, изометрический схват, стенд схвата.
	База видеоизображений лиц пациентов с расстройствами шизофренического спектра и контрольной группы Латышева Е.Ю.1, Пилипенко М.Н.1, Бойко А.А.1, Самородов А.В.1, Омельченко М.А.2,  Румянцев А.О.2, Иванова А.М.2, Воловик Д.Д.2
	Ключевые слова: изображение, лицо, база данных, шизофрения.
	Искусственные мышцы с возможностью применения в медицинской практике Ичкитидзе Л.П., Селищев С.В., Герасименко А.Ю., Демиденко Н.А.
	Ключевые слова: приводы, искусственные мышцы, удельная мощность, наноматериалы, углеродные нанотрубки, биосовместимость.
	Оптимизация профилактики критической ишемии нижних конечностей на основе нечетких моделей  оценки динамики заболевания Быков А.В.1, Кореневский Н.А.2, Пархоменко С.А.3, Хрипина И.И.2
	Ключевые слова: гибридные нечеткие модели, модель принятия решения, критическая ишемия нижних конечностей.
	Исследование аритмии на ЭКГ, зарегистрированной бесконтактными емкостными электродами,  с использованием сверточных нейронных сетей Помпрапа А., Ахмед В., Штолленверк А., Ковалевски С., Леонард С.
	Ключевые слова: анализ электрокардиограммы, бесконтактная электрокардиография, емкостные электроды, сверточная нейронная сеть, сердечная аритмия.
	Обнаружение апноэ бесконтактной мультисенсорной системой  с использованием алгоритмов глубинного обучения Помпрапа А.1, Саянти М.С.1, Анвар Т.2, Штолленверк А.3, Ковалевски С.3, Леонард С.1
	Ключевые слова: сверточная нейронная сеть, рекуррентная нейронная сеть, лямбда-архитектура, синдром обструктивного апноэ во сне, индекс апноэ-гипопноэ, индекс дыхательной недостаточности.
	Неинвазивная оценка уровня глюкозы, основанная на спектроскопии  в ближней инфракрасной области и эхо-импульсном ультразвуке Нанди С., Жан И., Зиа Дж., Синг Т., Мастрандреа Л.
	Университет Баффало, Баффало, США
	Ключевые слова: оценка уровня глюкозы, спектроскопия в ближней инфракрасной области, эхо-импульсный ультразвук, линейная регрессия, гауссов процесс.
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