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MeTopabl KOHTpPONA
reoMeTpu4yeckmx
napameTpos

U BHYTPEHHUX
Hanps>XeHUwn
u3aesinm aaaAnTUBHDbIX
TeXHOJ/IOrum

B.JI. MuHaes, I'. H. BuiHakos, A. [I. UsaHos, I'.T. JlesuH
OI'YII «BHUHU onmuko-(u3suueckux usmepeHui,
Mockaa, Poccus

Co3AaHUI0 U3MEpUTENIbHbIX CUCTEM AN
aAAVTUBHbBIX NPOLLECCOB NpensATCTByeT npobnema
OTCYTCTBUS CUCTEM ANATHOCTUKMN U KOHTPOJIS
M3roTaB/iMBaeMbiX Uspenuni. Kauecrtso getanen,
NoJly4eHHbIX MeTogamMu aAAUTUBHBIX TEXHONOMUNA,
CWNbHO BapbMpyeTCs U3-3a HeaieKBaTHbIX
JOMyCKOB pasMepoB, LIepOXOBaTOCTU NOBEPXHOCTH,
a Takxe fedeKTOB U HAJINYUS NOJIeN MeXaHUYeCKUX
Hanps>kKeHUn. 3To NPUBOAUT K TOMY, 4YTO MaJieMLume
OTK/IOHEHUS BHELUHUX YC/I0OBUIA, BO3HMKalOLWMe

B MpoLiecce U3rotoB/€HUs, MOryT Bbi3BaTb
HecooTBeTCTBME KOHEYHOr O u3genus no popme

WK cBoMCcTBaM. M3mepuTtenbHas cuctema

AOJDKHA UMETb NOTEeHLMaIbHYI0 BO3SMOXHOCTb
6bITb BCTPO@HHOW B € 4UHbIA NPOU3BOACTBEHHbIN
KOMMeKC. OTO CBA3aHO C TeM, YTO pesyabTar
M3MepeHui reoMeTpuYecKUx napameTpoB
KOHKPEeTHbIX U3[e/Iu He06XOANMO CPaBHUTD

C MaTeMaTU4eckon Mogesnbio, pa3paboTaHHOM

B CAD-cucteMme, a usmepeHus gedekTos, CKpbITbIX
HanpsXXeHUM, CTPYKTYpbl U3AE/IUNA [,O0/KHbI 6bITh
nepeaaHbl B CAE-cucTeMy A1 NPUHATUA pelleHuns
0 rOHOCTU U3AeNns U paspaboTku anropuTmMa

M TeXHO0rMu ero ganbHenwen o6paboTku. [ins
KOHTPO/S NapaMeTpoB U3fenvn agauTUBHbIX
TEeXHOJIOrni NpepaJsioXeHa cuctema Ha 6ase MeTo0B
CTPYKTYPMPOBAHHOIO CBETA U WWeporpaduu.

KntoyeBble c/10Ba: 3N TUBHbIE TEXHONOTUN,
KOHTPO/b MapameTpoB, LWeporpapus
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The creation of measuring systems for additive
processes is hindered by the lack of diagnostic
and control systems for manufactured
products. The quality of the parts obtained

by the methods of additive technologies
varies greatly due to inadequate dimensional
tolerances, surface roughness, as well as
defects and the presence of fields of mechanical
stresses. This leads to the fact that the slightest
deviation of external conditions arising in the
manufacturing process, can cause a mismatch
of the final product in shape or properties. The
measuring system should have the potential
to be integrated into a single production
complex. This is due to the fact that the result
of measuring the geometric parameters of
specific products must be compared with

the mathematical model developed in the

CAD system, and measurements of defects,
latent stresses, product structures must be
transferred to the CAE system to decide on

the suitability of the product or to develop

an algorithm and technologies for its further
processing. To control the parameters of
products of additive technologies, a system
based on the methods of structured light and
shearography is proposed.
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BBEAEHUE

LndpoBble TeXHOJIOTMH, Pa3BUTHe KOTOPBHIX OIIpele-
JsileT COBpeMeHHOe COCTOSHHe CTPaHbl, BKIOYaeT
B cebsi, KaK OTHO M3 OCHOBHBIX 3BEHBEB, A/UTHBHbIE
TEXHOJIOTUH, obecrieyrBaloNiye pa3BUTHE IIPOMBIII-
JIeHHBIX IIPOM3BOACTB HOBOIO IIOKOJIEHHS U MOJEepHHU-
3aLIMI0 TPaJAHLKOHHBIX OTpacjier MIPOMBIIIIEHHOCTH.
TexHOMOrUs «TpeXMepHOM Iedatu» (3D) Havaua pas-
BHBAaThC B KOHIIe 80-X rofoB ITPOLUIOrO BeKa. IInoHe-
POM B 3TOH 06/1acTH SIBsIeTCs KoMIaHus 3D Systems,
KOTopas paspaborasa B 1986 romy IepBBIM arrapatr -
Stereolithography Apparatus. IlepBble J1a3epHBIe
MaIlKMHBl - cTepeonuTorpaduyeckue (SLA) U 3aTeMm
IIOPOIIKOBBIE (SLS-MaIIKHBI) ~ OTIMYa/IHCh OYeHb BbICO-
KOHM CTOHMMOCTBIO, BBIOOP MaTepHaIoB 6bIT JOCTATOUHO
y3KHI, A0 cepefuHBl 90-X TOJOB OHH MCIIONb30Ba-
JIUCh IJIABHBIM 00pa3oM B HAyYHO-HCC/IeOBATEIbCKOM
U OIIBITHO-KOHCTPYKTOPCKOM [esITe/IbHOCTH, CBSI3aH-
HOM C 0O0POHHOM IIPOMBIIIIEHHOCTHIO. B maspHeIeM
I[I0C7Ie IIMPOKOrO PaclpOCTpaHeHHsl LIUPPOBBIX TeXHO-
JIOTMHA B 06/aCTH ITPOEKTHPOBAHMS, MOZIEIHPOBAHUS
1 MexaHoobpaboTKu 3D-TeXHOJIOIHMM Hadanu OypHO
Pa3BUBAThCH.

Js1st 3D-TeXHOIOTHI B HaCToslIee BpeMsl peKOMeH0-
BaHBI IBA OCHOBHBIX TEPMHHa CO CJIOBOM “aIUTHBHBIE» —
Additive Fabrication (AF) u Additive Manufacturing (AM),
IIpY 3TOM OOJIBIIMHCTBO CKJIOHSIETCSI K IIOCTIeSHEMY.
MHPOBOH PBIHOK aJAUTHBHBIX TeXHOJIOTHH ¢ 2010 1o
2015 rof, IIpHpacTasI B CpefHeM Ha 27% B TOJL M OCTHUT 06B-
eMa B 5,1 MJIpZ, O/IApOB, M3 KOTOPBIX IIpUMepHO 40%
IIPUXOAUTCS Ha 060pyI0BaHMe K MaTepHaibl, a 60% - Ha
WMHXUHUPHHIOBbIe yCIyTHd (pa3paboTka MaTeMaTHye-
CKHX MOJIeJIeH, TeXHOIOTUM U CUHTe3 JeTa/IeH).

IIpu pa3paboTKe TEeXHOIOTHH IIOCIIOMHOIO CHH-
Te3a MCIIONB3YIOTCS KOMIIBIOTepHBbIe TeXHOJIOTHH [
MOJETHPOBAHUS U IIPOM3BOACTBA U3MENIHUH — CUCTeMBL
CAD (Computer-Aided Design), CAM (Computer-Aided
Manufacturing). B mociegHue rogsl B aBTOMATH3HPO-
BaHHBIe CHCTeMbl BKIo4aloT u CAE (Computer-Aided
Engineering) - cucremsl, IpefHa3HaueHHBbIE /15 OLIEHKHU
[IOBefleHHS PeaIbHOIO0 H3Je/Hs B YCIOBHSIX 3KCIUIya-
TalMK MeTOJAMH MAaTeMaTH4eCKOI0 MOZeIHPOBaHHUS
IIpY IIOMOILIY PaCUeTHBIX MeTOHOB (MeTOH, KOHEUHBIX
37IeMeHTOB, MeTOf, KOHEUHBIX Pa3HOCTeH, MeTOfl KOHed-
HBIX 00BEMOB) MAJI TOro, YTOOBI OLIEHHTBH, KaK IIOBe-
IeT cebsl KOMITbIOTePHAsl MOJie/ib U3/e/Hs B PeabHbIX
YCTIOBUSIX 3KCIUTyaTauuu. TexHomorun CAD/CAM/CAE
KMeIoT Haubollee HMIMPOKOe U CYILIECTBEHHOE BIIHSHMUE
Ha yCKOpeHMe MHHOBAlLIMI, COKpallleHHe U CHIDKeHHe
CTOMMOCTH Pa3paboToOK HOBBIX IIPOAYKTOB, K, KaK C/Ief-
CTBHe, [OBBIIIEHHEe KOHKYPEHTOCIIOCOOHOCTH .

Bce m3pmenusi, co3jaBaeMble II0 aAJUTHBHBIM TeX-
HosorusiM, obs3arenpHo ucnone3yloT CAD/CAM/CAE

=

INTRODUCTION

Digital technologies, the development of which deter-
mines the current state of the country, includes, as one
of the main links, additive technologies that ensure the
development of new generation industrial production
and the modernization of traditional industries. The
technology of “three-dimensional printing” (3D) began
to develop in the late 80s of the last century. The pio-
neer in this area is 3D Systems, which developed the
first device, the Stereolithography Apparatus, in 1986.
The first laser machines - stereolithographic (SLA) and
then powder (SLS) machines - were very expensive, the
choice of materials was quite narrow, until the mid-90s
they were mainly used in research and development
activities related to defense industry. In the future,
after the widespread dissemination of digital technolo-
gies in the field of design, modeling and machining, 3D
technologies began to develop rapidly.

For 3D-technologies, two main terms with the word
additive” are currently recommended - Additive Fab-
rication (AF) and Additive Manufacturing (AM), while
most tend to the latter. From 2010 to 2015, the global
market for additive technologies grew by an average
of 27% per year and reached a volume of $5.1 billion, of
which approximately 40% are equipment and materials,
and 60% are engineering services (development of math-
ematical models, technology and synthesis of parts).

In developing the technology of layer-by-layer syn-
thesis, computer technologies are used for modeling
and manufacturing products - CAD (Computer-Aided
Design), CAM (Computer-Aided Manufacturing) sys-
tems. In recent years, computer-aided engineering
(CAE) systems have also been included in automated
systems - systems designed to assess the behavior of a
real product under operating conditions using math-
ematical modeling methods using calculation meth-
ods (finite element method, finite difference method,
finite volume method) in order to evaluate how the
computer model of the product will behave under real
operating conditions. CAD/CAM/CAE technologies
have the broadest and most significant impact on accel-
erating innovation, reducing and lowering the cost of
developing new products, and, as a result, increasing
competitiveness.

All products created using additive technologies must
use CAD/CAM/CAE systems. They include the synthesis
of parts of complex technical systems, including the
development of 3D models, construction of supports,
synthesis technologies (radiation power, scanning
strategy, scanning speed and step, etc.). At the same
time, the process of formation of the structural-phase
state of new-generation metal, ceramic and polymer
materials in the process of additive technologies with
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cucteMbl. OHM BK/IIOYAIOT B cebs CHHTe3 [eTasei
CTIO>KHBIX TeXHUYECKHX CHCTeM, BKIIOYasi pa3paboTky
3D-Mopenel, KOHCTPYHPOBaHHE IIOAJEP)KeK, TeXHO-
JIOTUM CHHTe3a (MOIIHOCTb H3JlydyeHHs, CTpaTerys
CKaHHPOBaHMUSI, CKOPOCTb U 1Al CKAHUPOBAHHUS U JIP.).
IIpy 3TOM Y4YHUTHIBAeTCSI IpolecC (pOPMUPOBAHUS
CTPYKTYpHO-$a30BOr0 COCTOSIHHSI MeTa/IM4ecKHX,
KepaMHYeCcKHX U IIOTHMMEPHBIX MaTepHa/IoB HOBOLO
[IOKOJIeHHS B Ipolecce aJAWUTHBHBIX TeXHOJOIHH
C IOC/eAyIolell TepMHYecKoM K OapoTepMHUeCcKOH
06paboTKOM feTasnel OTBETCTBEHHOIO Ha3HAYEHUS .

OCHOBHOH IIpob/IeMOM, KOTOpas IIpelsiTCTByeT
IIMPOKOMY BHEe[PeHHIO aINUTHBHBIX TEeXHOJIOTHUH,
SIBJISIETCS. OTCYTCTBHE CHCTeM [OHArHOCTHUKH M KOH-
TPOJ/IsL ©3TOTaB/IMBAaeMbIX H3/le/INK . KadecTBo JeTasneH,
IIOJIyYeHHBIX MeTOJaMM aAJUTHUBHBIX TEXHOJIOTHUH,
CWIBHO BapbHUPYyeTCs M3-3a HeaJeKBaTHBIX JOIyCKOB
pasMepoB, MIEpPOXOBATOCTH IIOBEPXHOCTH, a TaIoKe
nedeKTOB, TeM CaMBIM OTpaHHYHBasl IIHMPOKOe IIPH-
MeHeHHe 3THX TeXHOJOTHI. 3Ta HM3MeHYHBOCTb
MOKeT OBITh CBeleHa K MUHHMYMY 3a C4eT yIIpaBiie-
HHS IPOLIECCOM, HO HeT aieKBAaTHBIX H3MepHUTesb-
HBIX IIPOLIECCOB, JOCTYIIHBIX CETOAHS. ITO IIPUBOSUT
K TOMY, YTO MajlelllIHe OTKIOHEHHUs BHEUIHHUX YCJI0-
BHI, BO3HMKAIOIIMe B IIPOLlecce M3roTOBIeHUs, 0b6y-
C/IaBNHBAIOT HECOOTBETCTBHS KOHEUHOIO H3Je/Hs 110
dopme MK CBOLCTBaM.

Ype3BbIYaNHO BAXKHO TaKKe OCYIIeCTB/ISITh KOHTPOJIb
neTanen, GoOpMHUPYyeMBIX C HCIIONb30BaHHEM aAJUTUB-
HBIX TeXHOJIOTHI, Ha Halu4ue JedeKToB. B cumy oco-
beHHOCTell PU3MUECKUX IIPOLIECCOB, ITPOMCXOASIIHX
npyu GOPMUPOBAHUU TaKHUX H3OeNIHH, B HUX MOIYT
BO3HUKATbh He TOJIBKO 1epeKThl, 0ObIYHO CBOKICTBEHHbIE
IIpUMeHsIeMBIM MaTepHaiaM, HO H IIONS MexaHH4de-
CKUX HaIpsDKeHUH. YUHTBIBasi, YTO HCIIO/Ib30BaHHeE
aAJUTUBHBIX TEXHOJIOTHN Haubolsee LienecoobpasHo
IIpY M3TOTOBJIEHUH MOOPOTHX H3[elHU CI0KHOHU
bOopMBI U C 33aJaHHBIMH CBOMCTBAMH, KOHTPOJIb 3a TeX-
HOJIOTHYeCKMMH IIPOLleCCAMH M AHUArHOCTHKA KOHeY-
HBIX U3/Ie/IUH SIBJISIIOTCS OGHUM K3 KIIOUeBbIX 3BeHbEB
B LI POKOM PacIpOCTPaHEHUU ITHUX TeXHOJIOTUH.

[Ipu 3TOM HeobXOOHMO OTMETHUTb, YTO pe3y/bTaT
H3MepeHUI FeOMeTpPHYecKHX IapaMeTPOB KOHKpeT-
HBIX M37Ie/IMH HeobXOAMMO CPaBHHUTh C MaTeMaTH-
YecKOM Mopenbio, paspaboraHHor B CAD-cHcTeMe,
a H3MepeHHUsS AedeKTOB, CKPBITHIX HAIPSIKEHUH,
CTPYKTYpbl H3[eNHH [O/DKHBL OBITH IlepemaHbl
B CAE-cucTeMy [/1s1 IPUHSTUS pellleHHUsl 0 TOAHOCTH
W3[e/THsl WIN Pa3spaboTKU aITOPUTMA U TeXHOJIOTHH
ero AanpHeHIIer obpaborku. TakuM obpa3om, H3Me-
PpHUTeNbHAs CHUCTeMa JIO/DKHA MMeTh IIOTeHIIHa/IbHYIO
BO3MOSKHOCTb OBITh BCTPOEHHOH B €QUHBIN ITPOU3BOJ-
CTBEHHBIH KOMIIJIEKC.
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the subsequent thermal and barothermic processing of
critical parts is taken into account.

The main problem that prevents the widespread adop-
tion of additive technologies is the lack of diagnostic
systems and control of manufactured products. The
quality of parts obtained by additive technology var-
ies greatly due to inadequate dimensional tolerances,
surface roughness, as well as defects, thereby limiting
their widespread use. This variability can be minimized
by process control, but there are no adequate measure-
ment processes available today. This leads to the fact
that the slightest deviations of external conditions aris-
ing during the manufacturing process, cause the dis-
crepancy of the final product in shape or properties.

It is also extremely important to monitor parts
formed using additive technologies for defects. Due
to the peculiarities of the physical processes occurring
during the formation of such products, not only defects,
usually characteristic of the materials used, but also
fields of mechanical stresses can arise in them. Given
that the use of additive technologies is most appropriate
in the manufacture of expensive products of complex
shape and with desired properties, control of techno-
logical processes and diagnostics of final products is
one of the key links in the wide distribution of these
technologies.

It should be noted that the result of measuring
the geometric parameters of specific products must be
compared with the mathematical model developed in
the CAD system, and measurements of defects, latent
stresses, product structures must be transferred to the
CAE system to decide on the suitability of the product or
to develop an algorithm and technologies for its further
processing. Thus, the measuring system should have
the potential to be integrated with a single production
complex.

When creating measuring systems for additive tech-
nologies, a combination of various methods of reliable
non-destructive testing can be used, which in the gen-
eral case requires solving the following problems. First,
in each case, it is necessary to determine a list of char-
acteristics of products of additive production that need
measurements. Secondly, determine the most appropri-
ate measurement methods that allow you to create a
system for assessing the quality of products of additive
production. Analysis of modern industrial technologies
allows us to formulate the basic requirements for mea-
suring and diagnostic equipment that are used in their
implementation. These include: non-contact measure-
ments, high performance, on-site measurements, high
detectability of defects, measurement of characteristics
that form impacts on the material in real time. Thirdly,
to develop methods and equipment for non-destructive
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[Ipyu co3maHUM H3MEPUTeIbHBIX CHUCTeM IS afIu-
THUBHBIX TEXHOJIOTHI MOXKeT OBITb HCIIOTb30BaHa COBO-
KYIIHOCTb Pa3/IMYHBIX METONOB [JOCTOBEPHOIO Hepas-
pyIIAOIIero KOHTPO/sL, 4To B obmeM caydae Tpebyer
pellleHKs CIeAyIOIIMX 3aJay:. BO-TIEPBBIX, B KaXKIOM
KOHKPETHOM C/lydae HeoOXOAMMO OIIpefleIuTh Ilepe-
YeHb XapaKTepUCTHUK U3[eNHUH aJIUTUBHOIO IIPOK3BO/-
CTBa, KOTOpBIe HYKAAIOTCS B M3MEPEHHSX; BO-BTOPBIX,
OITpefieNINTh Hanuboslee afleKBaTHbIE METOAIbI 3MepeHHs,
KOTOpBIe II03BOJIAIOT CO3[aTh CHCTEMY OLEHKU Kade-
CTBAa IPOAYKUHH AJAUTHBHOIO IIPOM3BOACTBA. AHAJIU3
COBPeMEeHHBIX ITIPOMBIIIEHHBIX TeXHO/IOTHH [103BOJISIeT
cdopMyIHPOBATh OCHOBHBIE TPeOOBAHMUSI K H3MepUTeIb
HOMY U JHMarHOCTHYeCKOMY 00OpyZOBaHHIO, KOTOpbIe
MIPUMEHSIOTCS [IPY MX peayii3aluy. K HUM OTHOCATCA:
0eCKOHTAaKTHOCTh HM3MePeHHH, BBICOKAsl IMPOM3BOJM-
TeJIbHOCTh, IIPOBeICHHe M3MEPEeHHH Ha MecTe, BBICO-
Kasi obHapyKHUTeNlbHasi CIIOCOOHOCTh [edeKTOB, H3Me-
peHHe XapaKTepPHUCTHK, GOPMHUPYIOIINX BO3IEHCTBUM
Ha MaTepHa/ll B pea/ibHOM BPeMeHH; B-TPeTbHUX, Pas3-
paboTaTh MeTombl K 06OpyZOBaHHE HepaspyIIAoIIero
KOHTPOJIS. U3Je/IUH, I0/ydaeMBbIX C HCIIO/b30BaHHEM
a/IUTUBHBIX TEXHOJOTHM, C HeOOXOZUMBIM YPOBHEM
noctoBepHOCTH. CO37aTh COOTBETCTBYIOILIME CpencTBa
M3MepeHUM U pa3paboTaTbh CHUCTeMY HUX MeTpOJIOrHde-
ckoro obecriedeHHsi. Pa3paboTaTh METOAUKH METPOJIO-
THYeCKOro KOHTPO/SL M HCIBITAHHUL H3[e/NIHI, H3r0-
TOBJIeHHBIX IIOCJIOMHBIM CHHTE30M; HaKOHeI, YTO
MOXeT OBITb CaMoe BaKHOe, MaKCHMAaJIbHO BCTPOMTb
CO3ZlaHHBbIe M3MEPUTe/IbHbIe CUCTeMBbl B KOMIIJIEKCHYIO
crcTeMy LHGPOBOTO IIPOU3BOACTBA. ITo TpebyeT co3na-
HUS CIelIMa/IM3UPOBAaHHOIO IIPOrpaMMHOro obecrieve-
HMS, COIIpsDKeHHOro ¢ coBpeMeHHbIMU CAD/CAM/CAE
CHCTeMaMH.
B nacrosiee BpeMs Bo ®I'YII «BHHMHO®M» 1poso-
IATCsL paboThI II0 CO3IAHUIO METONOB U CPeJICTB H3Me-
PeHUIl IIapaMeTpOB H3MeNHUI afJUTHUBHOIO IIPOU3BOL-
CTBA, 2 KUMEHHO:
* U3MepeHHe TeOMeTpHUYeCKHX IIapaMeTpoB
B IIHMPOKOM JHaIla30He Pa3MepoB HU3Je/IMH MeTo-
JaMH CTPYKTYpPHPOBAaHHOIO CBETa;

* u3MepeHMe AePOpMALMI M HAIIPSDKEHHBIX COCTO-
SHUU MeTOLaMHU CIIeKI-UHTepepOMeTpHH.

Jlasnee rofpobHO pacCMOTPHM 3TH METOMBL.

®r3rYecKr MUP BOKPYT HaC SIB/IIETCS TPeXMepHBIM
(3D); Tem He MeHee OOBIYHBIE KAMEPBI CIIOCOOHBI ITOJTY-
YaTh TOJIBKO IByXMepHbIe H300paskeHus (2D), y KOTOPBIX
OTCYTCTBYeT MHPOpMalks o rinybuHe. 3To QyHIAMeH-
TaJIbHOe OrpaHHYeHHe 3HAUHTEIBHO Cy’KaeT CII0Cco0-
HOCTb BOCIIPUHHUMATD 1 [IOHUMATh CJIOKHOCTb 00BbEKTOB
peasbHOr0 MHpa. HeCcKOIbKO IIpOLIefIIMX AecsaTHIe-
THHM OTMeYeHbl OTPOMHBIM IIPOIPeccoM B HCC/IeOBa-
HHMM, Pa3sBUTHH M KOMMEPLIHUAIIM3ALHK TEeXHOJIOTHH

testing of products obtained using additive technologies
with the necessary level of reliability. Create appro-
priate measuring instruments and develop a system
of their metrological support. To develop methods of
metrological control and testing of products made by
layered synthesis. Finally, what may be most important,
integrate the created measuring systems into a compre-
hensive digital production system as much as possible.
This requires the creation of specialized software inter-
faced with modern CAD/CAM/CAE systems.

Currently, FSUE “All-Russian Research Institute of
Optical Physics Measurements” is working on the cre-
ation of methods and means for measuring the param-
eters of additive manufacturing products, namely:

« measurement of geometric parameters in a wide
range of product sizes using structured light
methods;

« measurement of strains and stresses by speckle
interferometry methods.

Next, we consider these methods in detail.

The physical world around us is three-dimensional
(3D); however, conventional cameras can only receive
two-dimensional (2D) images that do not have depth
information. This fundamental limitation significantly
narrows the ability to perceive and understand the com-
plexity of real-world objects. The past few decades have
been marked by tremendous progress in the research,
development and commercialization of imaging tech-
nologies, which has been stimulated by the needs of
applications in various market segments, progress in
the development of sensors for electronic processing of
images with high resolution and high speed, as well as
increasing computing power.

The task of obtaining three-dimensional images
relates to those methods that allow you to capture
genuine 3D data, i.e. the values of some parameters
of a three-dimensional object, such as a density distri-
bution, depending on three-dimensional coordinates
(x,y,2). Examples of obtaining images from the field of
medicine are computed tomography (CT), NMR imag-
ing, during which volume pixels (or voxels) of the
measured object are obtained, including its internal
structure.

In contrast, when acquiring an image, surfaces deal
with measuring the coordinates (x,y, z) of a point on an
object. Since in the general case the surface is not flat,
it is described in three-dimensional space, and there-
fore the measurement result can be considered as a map
of depth z depending on the position (x,y) in the Carte-
sian coordinate system, and represent it in the form of
a matrix {z(j=(xi,yj), i=1,2,...,L, j=1,2,...,M}. This pro-
cess also has many other names: 3D surface measure-
ment, distance determination, distance measurement,
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IIOyYeHHUs] N300paskeHHUsI, KOTOPBIM CTUMYJIKPOBAICS
IIOTPeOHOCTSIMY IIPUMEHEHHS B Pa3/IMYHBIX CerMeHTax
PBIHKA, IIpOrpeccoM B cdhepe CO3LAHMS AATUHKOB IS
37IeKTPOHHOM 06paboTKU M306pasKEHU C BEICOKHUM Pas-
pellleHHeM U BBICOKOHM CKOPOCTBIO, a TAK’Ke BCe YBelIu-
YHBAOIIEHCS BEIYMC/IUTE/IBHOM MOILHOCTBIO.

3aava Iony4yeHHUs TpeXMePHbIX U300paskeHUH OTHO-
CUTCSL K TeM MeTOaM, KOTOpble I103BOJISIIOT 3axXBaThl-
BaTh IOMIMHHBIE 3D-IaHHBIE, T.e. BeIHUYHHBI HEKO-
TOPBIX IIAPAMETPOB TPEXMEPHOIO 00BEKTa, TAKHUX KaK
paciipeseneHye IUIOTHOCTH B 3aBHCHMOCTH OT Tpex-
MEpHBIX KOOpPOMHAT (X,y,z). IIpuMmepaMu Ionyde-
HUSI M300paskeHUH M3 067aCTH MeIMIIHHBL SIBIISIOTCS
KRoMmIIbioTepHast ToMmorpadus (KT), SIMP-romorpadus,
B IIpoLlecce KOTOPBIX IIOYYaroTCsS 0ObeMHBIe ITHKCeTbI
(MM BOKCENBI) U3MepSieMOro 06beKTa, BRIIIOUAsl ero
BHYTPEHHIOIO CTPYKTYPY.

B oTnmume OT 3TOro, IpH MONTydeHHH H300paskeHUs
IIOBEPXHOCTH HUMEIOT eJI0 C U3MepeHHeM KOOPAMHAT
(x,y,z) Toukl Ha obbekTe. Tak KaK B obIeM cCilydae
[IOBEPXHOCTh He SIBJISETCS IVIOCKOK, OHA OIMCBIBAETCS
B TPeXMepPHOM IIPOCTPAaHCTBe, U II0O3TOMY pe3y/bTaT
M3MepeHHUsI MOKHO PACCMATPHUBATh KaK KapTy ITTyOHHBI
Z B 3aBUCHMOCTH OT IIOJIOKeHUS (X,y) B JeKapTOBOM
CHCTeMe KOOPAHHAT U IIPeACTABUTD ee B BUJIe MATPHIIbL
{zyz(xi,yj), i=1,2,...,L, j=1,2,...,M}. DTOT mpolecc
HMeeT TalkKe MHOTO APYTHX Ha3BaHUM: 3D-H3MepeHHe
IIOBePXHOCTH, OIIpefie/ieHHe PACCTOSHUM, H3MepeHUe
PacCTOSIHUM, IMybHHHOe KapTorpagupoBaHHe, CKaHU-
poBaHMe IOBEPXHOCTH U T.Z. DTH TepMUHBI MHCIIONb-
3YIOTCSL B PA3IMYHBIX chepax IIPUMeHEeHHS U 0OBIYHO
OTHOCSITCS. K Pa3IW4YHBIM MeTofaM IIONy4eHHs AaH-
HBIX, OTJIMYAIOIIKMXCS TOABKO HEeTAISIMH KOHCTPYK-
LIMM CHUCTeMBI, peanusalued HU/unu opmaraMu
JAHHBIX.

Boree obmirie CHCTeMBI ITOTyYeHHS] TPEXMEPHBIX K30~
OpasKeHHM I10BepXHOCTEH CIIOCOOHBI PErHCTPHPOBATH
CKISPHYIO BeJIMYHHY, TaKyI0 KaK Ko3QPHUIMeHT oTpa-
SKEeHUS, CBSI3aHHBIM C KaSKOOM TOUYKOM Ha HEIUIOCKOH
IIOBEPXHOCTH. Pe3ynpTaToM SBIsieTcs 061aKo Touek
{P=(x,V,2,f), i=1,2,...,N}, rme f; mpencraBnseTr cobor
K03QOUIIMEHT OTPasKeHUS B KKAOH i-0H TOUKe II0BepPX-
HOCTHM B MacCHBe JAHHBIX. AHAJIOTHYHO IIBETHOE H30-
OpaskeHHe IIOBEPXHOCTH IIPEACTAB/ISIETCS C ITOMOIIBIO
{P=(x;, vi, z, 17, g, b)), i=1,2,...,N}, rme BexTop (r;,g;,b)
IIPe/ICTABISIET COCTABJSIOIIME KPACHOrO, 3eJIeHOr'o
Y CUHero I[BeTa, CBS3aHHBIE C [(-OM TOUYKOM IIOBEPX-
HOCTU. CIIeKTpaJIbHBIE CBOKICTBA ITOBEPXHOCTH TaKKe
MOTYT OBITH OIMCAHBI C IIOMOIIBIO BEeKTOPOB 6OJIbIIEH
Be/IMUMHEIL.

OnuH 13 ITIAaBHBIX METO/IOB IIOTTy4YeHHUs TPeXMepPHBIX
M300pasKeHUN MTOBEPXHOCTH OCHOBBIBAETCSI HA KCIIONb-
30BaHHUM CTPYKTYPUPOBAHHOIO CBeTa», T.e. OCBelle-
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depth mapping, surface scanning, etc. These terms are
used in various fields of application and usually refer
to different methods of obtaining data that differ only
in the details of the system design, implementation
and/or data formats.

More general systems for obtaining three-
dimensional surface images are able to register a scalar
value, such as the reflection coefficient associated with
each point on a non-planar surface. The result is a point
cloud {P.=(x;, yi,z,f), i=1,2,...,N}, where f; is the reflec-
tion coefficient at each i-th point of the surface in the
data array. Similarly, a color image of the surface is
represented using {P,=(x;, y;, z, ;, g, by), i=1,2,...,N},
where vector (r;, g;, b,) represents the red, green and blue
components associated with the i-th point. surface. The
spectral properties of a surface can also be described
using larger vectors.

One of the main methods for obtaining three-
dimensional surface images is based on the use of

“structured light”, i.e. illumination of an object using

specially designed two-dimensional templates (banners)
with intensity varying in space and subsequent regis-
tration, and analysis of the images obtained. As shown
in Figure 1, a spatially changing two-dimensional struc-
tured illumination is generated using a special projec-
tor or a light source modulated with a spatial light
modulator. The intensity of each pixel in the structured
light pattern is represented by a digital signal {I;=(i, ),
i=1,2,...,1,j=1,2, ...,]J}, where (i) are the coordinates
(x,y) of the projected template. Typically projected struc-
tured light patterns are two-dimensional patterns.

To obtain a two-dimensional image of a scene illumi-
nated by structured light, a camera is used. The optical
axis of the projector and camera should form a certain
angle. If the scene is a flat surface without any spatial
variations of the surface, then the pattern displayed
on the image is similar to the projected pattern of
structured light. However, if the surface of the scene is
non-planar, then its irregularities distort the projected
pattern of structured light. The principle of the method
of obtaining a three-dimensional surface image using
structured light is to identify the three-dimensional
surface shape based on the distortion of the projected
structured light pattern. The accurate profiles of three-
dimensional surfaces of objects in a scene can be calcu-
lated using various principles and algorithms of struc-
tured light.

As shown in Fig. 1, the geometric relationship
between the camera, the structured light projector and
the point P on the surface of the object can be expressed
using the principle of triangulation, according to the
formula:
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HUs 00beKTa C HCIIO/Ib30BAaHHEM CIIeLIMJIbHO pa3pa-
OOTaHHBIX ABYXMEPHBIX IIA6IOHOB (TPaHCIIapaHTOB)
C M3MEeHSIOIIEHCS B MPOCTPAHCTBE HMHTEHCHBHOCTBIO
U IIOC/IefyIoIler perucTpaller M aHaJIHU30M IOy~
YeHHBIX H300paskeHMI. Kak IIOKa3aHO Ha PHUCYHKe 1,
M3MeHSsIollleecss B IIPOCTPAHCTBE IBYXMEPHOe CTPYK-
TYPHUPOBaHHOE OCBellleHHe T'eHEePHUPYeTCsl C IIOMOIIbIO
CIIeL[Ma/IbHOTO ITPOeKTOpa HM/IM HMCTOYHHKA CBeTa, I10f-
BEPrHYTOTO MOAY/ISILIMK C IIOMOIBIO ITPOCTPAHCTBEH-
HOTO MOAY/sITOpa cCBeTa. MHTEHCHBHOCTb KaskKAOIO
ITMKCeNa Ha IMab/ioHe CTPYKTYPUPOBAHHOIO CBETA IIpef-
CTaBJIsIeTCs. LMGPOBBIM CUTHATIOM {Iy:(i, J), i=1,2,...,1,
j=1,2, ...,J}, tme (i,)) IpenCcTaB/IsIOT COOOI KOOPAHHATEI
(x,y) mpoerLpyemoro ImabnoHa. O6BIYHO IIpoeLHpye-
Mble IMAGIOHBI CTPYKTYPHPOBAHHOIO CBeTa SIB/ISIOTCS
IBYXMEPHBIMH MIA0T0HAMH.

Jl71s TIony4eHus ABYXMEPHOTO HM300paskeHHs CLIEHBI,
OCBelllaeMOI CTPYKTYPUPOBAHHBIM CBETOM, HCIIONB3Y-
eTcsa KaMepa. ONTHYeckHe OCH IIPOeKTOpa M KaMepsl
TO/DKHBEL 00pa30BbIBaTh HEKOTOPBIK yron. ECIH clieHa
IIpefiCTaBsieT COBOM IUIOCKYIO IIOBEPXHOCTh 6e3
KaKUX-THOO ITPOCTPAHCTBEHHBIX BAapHALIMI IIOBEPX-
HOCTH, TO LIa610H, OTOOpaskaeMbIM Ha IOTyYeHHOM
13006pasKeHHH, aHAJIOTHYeH ITPOeLIIpPyeMoMY LIabIoHy
CTPYKTypHPOBAaHHOIO cBeTa. OAHAKO eClIH II0BepX-
HOCTb CLIeHBI HeIlJIOCKasi, TO ee HePOBHOCTH HCKaKAIOT
IIpOeLIpyeMbIl 1Ia67I0H CTPYKTYPUPOBAaHHOIO CBeTa.
[IpUHLIMII MeTOfa IIONy4YeHHUs TpexMepHoro m3obpa-
SKeHHS IIOBEPXHOCTH C ITOMOIIBIO CTPYKTYPHPOBAHHOIO
CBeTa 3aKIIOYAETCS B BBISIBIEHUH TPeXMePHOM GOPMEI
[IOBEPXHOCTH Ha OCHOBE MCKa’KEHHS ITPOeLIPyeMOro
mabnoHa CTPYKTYPHUPOBaHHOro cBeTa. TodHble IIPO-
GUIH TpexMepHBIX IIOBEPXHOCTeH OOBEKTOB B CLieHe
MOTYT OBITh PACCUUTAHBI IIOCPEICTBOM HCIIONB30BAHUS
PA3TUYHBIX IIPUHIUIIOB M AJTOPUTMOB CTPYKTYPHpPO-
BaHHOIO CBeTa.

Kak 1okasaHO Ha pHC. 1, reomeTpuyecKas CBsI3b
MeXAy KaMepoi, IIPOeKTOPOM CTPYKTYpHPOBaHHOIO
CBeTa M TOYKOM P Ha IIOBEPXHOCTH 06’beKTa MOKET OBITh
BbIP>KEHA C ITOMOIIBIO IIPHUHLIMIIA TPHAHTYIALMH 10

dopmyie:

sin®
=b—F—. 1.
sin(o.+6) W

KitoueBbIM MOMEHTOM TSI TIO/TyUeHHsI TPEXMEPHOTO
1300paskeHHsI Ha OCHOBAHHH TPHUAHTYJISLIUU SIBJISETCS
c110cob UAeHTHPUKALIUY OTAE/IbHOIO 37IeMeHTa ITPOeLH-
pyeMoro m1abroHa Ha I0y4eHHOM H300paskeHUH .

B 6Gonee obmeM cMmbicie OIabNOHBL CTPYKTYPHPO-
BaHHOTO CBeTa MOTIYT CO3/aBaTh IIPOCTPAHCTBEHHBIE
BapPHALIMH II0 BCeM HaIIpaBIeHMSM (X,Y,z), CTAHOBSCH,
TakUM 00pa3oM, MOAJHMHHBIMH 3D-CHCTeMaMH IIpO-
eIIMPOBaHHUS CTPYKTYPHUPOBAHHOIO CBeTa. Hampumep,

IIpoekTOp
CTPYKTYPHUPOBaHHOIO CBETA Kamepa
Structed Light Projector Camera

TpexMepHBIH 06bEKT B CLieHe
3D Object in the Scene

Puc. 1. iantocmpauusi Memoda usmepeHusl ¢ NOMOULbO
CmpyKkmypuposaHHo20 ceema: Structured Light Projector -
npoekmop cmpyKkmypupoeaHHo20 ceema, Camera — Kamepa,
3D Object in the Scene — mpexmepHeili 06v€KM 6 CueHe

Fig. 1. lllustration of a measurement method using struc-
tured light: Structured Light Projector; Camera, 3D Object in
the Scene

sin®
= (o8’ 1

The key to obtaining a three-dimensional image based
on triangulation is a method for identifying a single ele-
ment of a projected template in the resulting image.

In a more general sense, structured light patterns can
create spatial variations in all directions (x,y,z), thus
becoming genuine 3D structured light projection sys-
tems. For example, the intensity of the projected light
may vary along the optical path due to interference
of coherent light. However, most systems for obtain-
ing three-dimensional surface images using structured
light use two-dimensional patterns.

Fig. 2 presents a system for obtaining three-
dimensional images when illuminated with structured
light, demonstrating the principle of its operation.
An arbitrary three-dimensional surface of an object
is illuminated using a projected pattern of structured
light. In this particular case, the structured light pat-
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MHTEHCHUBHOCTb IIPOELIMPYEMOro
CBETA MOKET MEHSAThLCS BIOJIb OIITH-
YeCKOIo IIyTH BC/IeICTBHE KMHTEp-
depeHIIMM KOrepeHTHOro CBeTa.
OpHako 6OOJBIIMHCTBO CHCTEM
IIOJIy4eHUsI TpeXMepHOro H3obpa-
SKeHHS ITOBEPXHOCTH C IIOMOIIBIO
CTPYKTYPHPOBAHHOIO CBETA MCIIONb-
3YIOT IByXMePHBbIe M1a6I0HBI.

Ha puc. 2 mpeacrapieHa cucreMma
IIOJTy4eHHUsI TPeXMEepPHBIX H300pa-
SKeHHH IIPpHM OCBeLleHHHU CTPYyK-
TYPUPOBAaHHBIM CBETOM, [Ie€MOH-
CTpUpYIOILasi IPUHIIUII ee paboThl.
ITpousBonbHaA TpexmepHas
IIOBEPXHOCTh OOBEKTa OCBEIAeTCs
C KCII0/Ib30BaHHEM IIPOeLIPyeMOro
mabsoHa  CTPYKTypPHUPOBAHHOIO
CcBeTa. B 3TOM KOHKDPETHOM CJy-
yae IIA0JIOH CTPYKTypHPOBAHHOIO
CBeTa IIpefCTaB/seT CoboM Mpo-
CTPaHCTBEHHO IIOBTOPSIIOLIYIOCS Ha
[IPOTSPKEHU M MHOMKECTBA [1IepUOI0B
LBETHYIO K4pPTHHY, HAIIOMHHAIO-
IIYIO CIIeKTP H3/Iy4eHHs] BUAHMMOIO

TpexMepHas
TI0BEPXHOCTh

Kamepa
Camera

Puc. 2. Cucmema noayueHus mpexmepHbIX U306pakeHull npu 0ceeleHUU CmpyK-
MYypuUpOBAHHBIM C6emom 0eMOHCMpuUpyem NpuHuUn ee pabomei

Fig. 2. System for obtaining three-dimensional images when illuminated by struc-
tured light demonstrates the principle of its operation

<\ TIpoeKTOp CTPYKTYPUPOBAHHOIO CBETA
T Structed Light Projector
A

BocIIpHHSATOE H306pasKeHue

OIITHYeCKOoro AauarasoHa. Kamepa

3axBaTblBaeT M300paskeHHe TPeXMEepPHOI IOBEPXHOCTH
06BbeKTa ITPH OCBEILeHHUH CTPYKTYPHPOBAHHBIM CBETOM.
Ha oCHOBaHMH HCKasKeHMsI IIabI0Ha CTPYKTYPHPOBAH-
HOT'O CBeTa, BUIMMOIO Ha IIOTy4eHHOM H300paskKeHUH,
B CpPaBHEHHH C HeMCKaKeHHBIM IPOellMPOBAHHBIM
ab/I0HOM, MOXKeT OBITh TOYHO pacCUMTaHA TpexmMep-
Hasi FeOMeTpHYecKas [I0BEPXHOCTb 06beKTa.

B 0630pax [1, 2] u MoHOrpaduu [3] paccMoTpeHHI pas-
JTUYHBIEe MeTO[Bl ITPOeKLIMH II0JI0C, IpuYeM 0630p [2]
JesnaeT aKkleHT TO/IbKO Ha OJHOKaIPOBble METObI, KOTO-
PBle MO>KHO NIPHUMEeHSITb [/1s1 UCC/Ief0BaHUS JUHaMUUe-
CKUX 0OBEKTOB.

Bo O®IVII «BHHUMO®M» pa3paboTaH CKaHep-
IpoQHIOMeTp /ISl M3MepeHHsI GOPMBI IIOBEPXHOCTH
IUISL CTOMAaTONOTUH. B cToMartonorudeckux CAD/CAM
cucreMax nupoBsle 3D H306paskeHUs 3y00B HCIIONB3Y-
I0TCS1 [171s1 aBBTOMATH3HPOBAHHOIO H3TOTOB/IEHHU S 3yOHBIX
pecTaBpaluil (KOPOHOK, ITPOTE30B U T.II.). BHemHMI
BUJ, CKaHepa-TIpoduIoMeTpa IIpPHBe/ieH Ha puC. 3.

JlaHHOe YCTPOMCTBO peaji3yeT TPHUAHIY/ISALHOHHYIO
CXeMy H3MepeHHs. Pe3ynbTaThl paboThl CKaHepa I0Ka-
3a/IM JOCTaTOUHYI0 TOYHOCTDb /IS er0 KCIIO/Nb30BaHMUS
B 00/1aCTH CTOMATOJIOIMM, KOTOpasi COCTaBU/IA Jo 45,5
MKM. [Is1 omIpefeneHHs MeTPOJIOTHYECKHX XapaKTe-
PUCTHK CKaHepa 6pl1 pa3paboTaH KOMIUIEKT CIIelu-
aNbHBIX Mep. Kpome Toro, 6pUIM IpOBefeHbI 3KCIIe-
PHMeHTalIbHbIe HCCIeJOBAHHUS 110 U3MepeHHI0 GOPMBI
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tern is a color picture spatially repeated over many
periods that resembles the radiation spectrum of the
visible optical range. The camera captures an image
of the three-dimensional surface of an object when
illuminated by structured light. Based on the distor-
tion of the structured light pattern visible in the image,
compared with the undistorted projected pattern, the
three-dimensional geometric surface of the object can
be accurately calculated.

In the reviews [1, 2] and the monograph [3], vari-
ous strip projection methods are considered, and the
review [2] focuses only on single-frame methods that
can be used to study dynamic objects.

The team of scientists of FSUE “All-Russian Research
Institute of Optical Physics Measurements” developed
a scanner-profilometer to measure the surface shape
for dentistry. In dental CAD/CAM systems, digital 3D
images of teeth are used for the automated production
of dental restorations (crowns, prostheses, etc.). The
appearance of the scanner-profilometer is shown in Fig.
3.

This device implements a triangulation measurement
scheme. The results of the scanner showed sufficient
accuracy for its use in the field of dentistry, which
amounted to 45.5 microns. A set of special measures
was developed to determine the metrological character-
istics of the scanner. In addition, experimental studies
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[IOBEPXHOCTH Pa3/IMYHbIX 06beKTOB. K IIpHMepy, B 3KC-
IIepUMeHTe II0 OIlpeleleHHI0 GOPMBI KCIIONIb30BaJICs
TeCTOBBIN 0OBEKT B BHJIe yCeUeHHOro KOHyca. Pa3mepel
TeCTOBOTO 00BeKTa: ocHoBaHHe — 10x10 MM, BBICOTA
yCeueHHOTro KOHyca — 6 MM, yrol Mexziy obpasyiomiert
IIOBEPXHOCTBIO KOHYCa U ero BbICOTOM - 10°. Ha puc. 4
IIpUBeZIeHbl H300paskKeHHUsI, [10TyueHHBbIe IIPK ITIOMOIIK
ImpodrIoMeTpa.

dopma MOBEPXHOCTH, II0JIyYeHHAas [P U3MEPeHHH,
CpaBHHBAJIAach ¢ UcxogHOH CAD-mopensro. CKO u3Me-
PEHHOM II0BEPXHOCTH TeCTOBOro obbeKTa oT 6a30BOK
B 00/1aCTSIX COOTBETCTBYIOIIMX IIIOCKOCTEE COCTABIISIET
45,5 MKM, MaKCHUMaJIbHOE OTKJIOHeHHe — 74,5 MKM.

DneKTpoHHas crekI-uHTepdepomerpus (Elecrtonic
Speckle Pattern Interferometry ESPI) sBisiercs meTo-
JOM, IIOXOKMM Ha rojorpapuyeckyro HHTepdepome-
TPHUIO. OHAa IIpefAHa3’HayeHa I M3MepeHHs H3MeHe-
HMI OIITHYecKOro IyTH, BBI3BAHHOIO JedopMaliven
HeIpo3payHbIX TejJl MKW H3MeHeHHeM IIoKa3aTess
[Ipe/IOMJIEHHSI BHYTPH IPO3payHBIX cpef [4]. B MeTome
ESPI f/151 3alIMCH ONITHYeCKOM MHGOPMALIUU HCIIO/b3Y-
IOTCSI 37IeKTPOHHBIe ITpU60opeI, HarmpruMep [13C-Kamepsl.
Criexy-KapTHHA, KOTOpas 3aIlMChIBACTCS C IIOMOILBIO
ESPI cucTemMbl, MOMKET PacCMaTpPHUBAThCSd KaK IOJIO0-
rpamMa CcHOKYCHPOBAHHOIO H306paskeHUsT AUPDY3HO
oTpakarolero obbekTa (prc. 5). brarogaps LuUdpo-
BOM 3aITMcH U 06paboTke mMeTon ESPI Takke Ha3bIBAIOT
1poBon crext-uHTepdepomerpuert (Digital Speckle
Pattern Interferometry DSPI). [lpyroe Ha3BaHHe -
TB-ronorpagusa. OOHAKO, BMECTO PeKOHCTPYKLHUH K30~
6paskeHHsI C rolorpaMmMbl B MeTofe ESPI HCIIONB3YIOT
KOPPeJISLIMIO CIIeKI-KapTHH.

[IpuHIMIIHanbHAas cxema ESPI mpuBeneHa Ha puc. 5.
H3obpaskeHre obbekTa Ha I[I13C-MaTpHIle CTPOUTCS
CHCTeMOM JHH3. M3-3a KorepeHT-

Puc. 3. IlHmpaopanbHbil onmuyeckuti npoguaomemp
Fig. 3. Intraoral optical profiler

were conducted to measure the surface shape of various
objects. For example, in the experiment to determine
the shape, a test object in the form of a truncated cone
was used. The dimensions of the test object: the base is
10 x 10 mm, the height of the truncated cone is 6 mm,
the angle between the generatrix surface of the cone
and its height is 10°. In fig. Figure 4 shows the images
obtained using the profilometer.

The surface shape obtained during the measurement
was compared with the original CAD model. The stan-
dard deviation of the measured surface of the test object
from the base in the areas of the respective planes is
45.5 pm, the maximum deviation is 74.5 pm.

Electronic speckle interferometry (Elecrtonic Speckle
Pattern Interferometry ESPI) is a method similar to
holographic interferometry, it is designed to measure

HOCTH OCBeNIAOIEero M3/1y4eHHs
nsobpakeHHe obbeKkTa bymeT mpen-
CTaB/IATh COBOH CIIeKI-KapTHHY.

Pa3mMep OTHEIBHOIO CIeKIa
dsp=)\b/a, roe A - OJIMHa BOJIHBI
H3/Ty4deHUs, 4 ~AHaMeTp alepTyphl
JIMH3BI, b - pacCTOSIHUE OT JIMH3BI [0
IUIOCKOCTH H3006paskeHHUst (puc. 5).
PasMep crieKiIa A0/KeH ObITh COIJia-
COBaH C paspelleHHeM (pa3MepoM
IIMKCe/Ia) MAaTPUYHOIO IPHEeMHHUKA.
JTOro MOXKHO OOCTHYb YMEHbIIIe-
HHeM aIepTypsl oTobpaskaromler
CHCTeMBI.

Crek/-KapTHHa II0BEPXHOCTH
06BbeKTa Ha MATPUYHOM IIpHEM-
HUKe COBMeIIAeTcs Co cdepuye-

Puc. 4. V306paxkeHue mepbl 8 CmpykmypuposaHHom caeme (caesa) u eoccma-
HoBAeHHbI mpexmepHblii npodub mepbl (cnpasa)

Fig. 4. Image of the measure in structured light (left) and the restored three-
dimensional profile of the measure (right)

CKOH OIIOPHOI BOJHOM. TOYeUHBIH

PHoToONICs vOL. 14 N212020 49



=

HMCTOYHUK 3TOM OIIOPHOM BOJIHBI JOJKEH OBITH pac-
IIOJIO’KeH B LIEHTpe OToOpaskalollel JHH3bI. biaro-
Iapsi Tako# oceBo¥ (in-line) cxeme IpoCTpaHCTBEHHBII
neproz HHTepdepeHIIMOHHBIX I10710C bymeT 6onblue pas-
mepa mukcena I13C-matpuuel. Ha mpakTHKe cHcTeMa
bOpMHUPOBaHHUSI OIOPHOIO IIyuka COelHHEHa CO CBe-
TOHe/TUTE/NIbHBIM KyOHMKOM HJ/IH 3Ke depe3 OITHYecKoe
BOJIOKHO BMOHTHPOBAHO IIPSIMO B aIlepTypy oTobpaska-
IOIIIeH JIMH3EI.

MHTeHCHBHOCTh CBeTa Ha MAaTPHUYHOM ITPHEMHHKe
paBHa:

I,(xy) :|aR(x,y)exp(kpR)+ao(x,y)exp(iq>0)|2 =
=3 + 03 +20,0,COS(9, — Py ), @)

rae apexp(ipy) -~ KOMIUIeKCHAs aMIUIMTYAA OIOPHOH
BOJIHBI, a 4, eXP(i¢, ) - KOMIUIEKCHAsI aMIUTUTYAA 0OBeKT-
HOU BOJIHBI B IUIOCKOCTU H300paskeHMsi. BbIpakeHHe
(9o — @) ecTb pasHOCTb a3 MEXKAY OLOPHOH M OOBEKT-
HBIMK BOJIHAMH, KOTOpasi CIy4aiiHbIM 00pa3oM H3Me-
HSIETCSL OT TOYKH K TOYKe. JTa rosorpamMma chokycupo-
BAaHHOIO M300pakeHHUs! AUGPY3HO OTPAKAOLIETo
00BEKTa PErUCTPHUPYETCS MATPHUUYHBIM IIPHEMHHKOM
U 3aIIMCHIBAETCS B [IAMSTh KOMITBIOTEpA.

TakuM 06pasoM, BbIpaskeHUe (2) OIIHCHIBAET HU3KO-
YaCTOTHYIO TONIOrPaMMY CHOKYCHPOBAHHOIO H300paske-
HUsT 00beKTa, KOTOpasi IIPeACTABISIeT COBOM CIIEKIIBI,
ITPOMOAYTHPOBAHHBIE I/IHTepq)epeHL[I/IOHHBIMI/I I10J10~
camu. Takyr HH3KOYACTOTHYIO TOJIOIPAMMY MOSKHO
TaKCKe Ha3BaTh CIIEK/I-UHTePheporpaMMOL.

YCTpPOHCTBO, HM300paskeHHOe Ha PUC. 3, UYYBCTBU-
TeJIbHO K HOPMQIbHBIM II€pEMEILIeHUsSM B HallpaBiie-
HHUH, [EepIeHIUKYISIPHOM IUIOCKOCTH 0OBeKTa (out-
of-plane). CMmemmeHne Ha BeTHYMHY d, IIPUBOLUT
K $a30BOMY COBUIY:

_d=n

2 e ©)

Ag
ITocne ,ELQCI)OPMaLII/II/I 00beKTa 3aIMChIBAETCS BTOpas
ronorpacpuquKaﬂ CIIeK/I"KapTHHa:

2

I (X,y) =|aR (X,y)exp(i(PR)"' o (X,y)exp(i(Po + A(P)|
=0 + a5 + 20,0, COS (@, — g +AQ). (8)

Jlanee 3TH [OBe rosorpapuyeckye CIeKI-KapTHHbI
BBIYMTAIOTCS 110 GOpMYyIIe:

AL=|1, - I| =|2a,a, (cos (@, - 95 ) - COS(9y — 0 + Ap) | =

=244, sin(% - x +%)Sin%‘. (5)

Cne)lyeT IIOAYEPKHYTb, YTO BbIYMTAIOTCA HE€ BOJI-
HOBBIE II0/IA, 4 HHTEHCHBHOCTH [ABYX CII€K/I"KAPTHH
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-
_
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Object Ky6UK | BS

Puc. 5. 2nexmpoHHbIl cneka-uHmepgepomemp
Fig. 5. Electronic speckle interferometer

changes in the optical path caused by deformation of
opaque bodies or a change in the refractive index inside
transparent media [4]. The ESPI method uses electronic
devices, such as CCD cameras, to record optical infor-
mation. The speckle pattern, which is recorded using
the ESPI system, can be considered as a hologram of a
focused image of a diffusely reflecting object (Fig. 5).
Thanks to digital recording and processing, the ESPI
method is also called Digital Speckle Pattern Interfer-
ometry DSPI. Another name is TV holography. However,
instead of reconstructing the image from the hologram,
the ESPI method uses speckle pattern correlation.

The schematic diagram of ESPI is shown in Fig. 5. The
image of the object on the CCD matrix is constructed by
a lens system. Due to the coherence of the illuminat-
ing radiation, the image of the object will be a speckle
picture.

The size of an individual speckle is dg,=Ab/a, where A
is the radiation wavelength, a is the lens aperture diam-
eter, and b is the distance from the lens to the image
plane (Fig. 5). The speckle size should be consistent with
the resolution (pixel size) of the matrix receiver. This
can be achieved by reducing the aperture of the imaging
system.

The speckle pattern of the surface of the object on the
matrix receiver is combined with a spherical reference
wave. The point source of this reference wave should be
located in the center of the imaging lens. Thanks to this
axial (in-line) scheme, the spatial period of the interfer-
ence fringes will be larger than the pixel size of the CCD
matrix. In practice, the system for forming the refer-
ence beam is connected to a beam splitting cube or is
mounted directly into the aperture of the imaging lens
through an optical fiber.
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(romorpamm). M3 BelpakeHHs (5) BHUAHO, YTO HHTEH-
CHBHOCTb Pa3HOCTHOM CIIeKI-KapTUHBEI OyleT MHHH-
MaJlbHa B TeX TOUKaX, rae A@=0,2m, ... MHTeHCHUBHOCTb
Pa3sHOCTHOM KapTHHBI JOCTHIaeT MaKCHMYMa ISl TeX
Y9IaCTKOB ITOBEPXHOCTH 00BEKTA, IJI1 KOTOPBIX Aedop-
Manus (CMellleHHe) BefleT K COBUTY dasbl A@=T, 3, ...
PesynbTHpyOLias KapTHHA BRIYHMTAHMS BBIIIAOUT KaK
CHCTeMa TeMHBIX M CBET/IBIX II0JI0C, OYeHb ITOXOXKMX
Ha rojorpadpuyeckyo uHTepoeporpammy. OQHAKO eCTh
CyILleCTBeHHOE OTIHYHe OT Tolorpaduyeckor HHTEp-
depoMmeTprH, KOTOPOE 3aK/II0YAeTCS B IIOSIBJIEGHUU CIIe-
KIOB B I10JI0CaxX U IIOTepe 3-X MePHON HHGOPMAaLIUU [IpU
TaKOM KOPpeJIILIMOHHOM IIpoLiecce.

Kak yKaspIBajI0Ch BBHIIIE, CX€Ma Ha PHUC. 5 YYBCTBHU-
Te/IbHA TOJIBKO K HOPMAa/IbHBIM IlepeMelleHusaM. TaH-
reHIIMa/IbHBIE ITepeMemieHHs (in-plane) moryr 6bITH
M3MepeHBl C ITOMOIIBIO CXeMBI, H300paskeHHOM Ha
puc. 6. [IBe IIOCKHE BOJIHBI OCBEILAIOT OOBEKT CHM-
MeTPUYHO IIOf, yIaaMU +0 K ocH z. H3o0bpakeHue 06b-
eKTa cTpouTcsi TB-KaMepor. Kak M paHblle, pasmMep
CIIeKIOB JO/KeH OBITh COIVIACOBAH C Pa3MepoOM IIHK-
cela, HampHMep H3MeHeHHeM JHaMeTpa arlepTyphl
JnrH3bl. M3MeHeHHe a3pl, BbI3BAHHOE TaHIeHLIHAJIb-
HBIMH CMeIIeHHUSIMH, MOXeT OBbITh BbIBIEHO U3 IIpO-
CTBIX TeOMeTPUYeCKHUX COOTHOLIEHHIM, aHaJOTHMYHBIX
BBIYHC/IEHUSM CMeIleHHUH B ronorpaduyeckor HHTep-
depomerpuu. M3MeHeHHe ¢(a3bl BepXHEro Iy4ka Ha
pHC. 6 paBHO:

2n (7 -
A(P1=7 (b_51), (6)
rae L_i - BeKTOp CMellleHMs . E,ZLI/IHI/ILIHI)IE BeKTOpa B,§1,§2

ompeneneHsl Ha pyC. 3. COOTBETCTBYIOIUM COBUT da3bl
JUISL HYPKHETO [Ty4Ka paBeH:

A%:ZT“A(B_EZ). @)

I13C-kamepa
TV-camera

O6BeKT
Object

Puc. 6. Cxema cneka-uHmepgepomempa, 4yscmeumeAnbHasl
K MaH2eHuUanbHbIM nepemeLeHusIm

Fig. 6. Scheme of a speckle interferometer sensitive to tan-
gential displacements

=

The light intensity at the matrix receiver is equal to:

Ly(x,y)=|aq (x,y)exp(iog )+ a, (x,y)exp(io, ) =
=a§+aé+2anao COS(‘PO_(PR), )

where agexp(ipy)is the complex amplitude of the
reference wave, and a, exp(ip, ) is the complex amplitude
of the object wave in the image plane. The expression
(9o —9g) (is the phase difference between the reference
and object waves, which randomly varies from point to
point. This hologram of a focused image of a diffusely
reflecting object is recorded by a matrix receiver and
recorded in a computer memory.

Thus, expression (2) describes a low-frequency holo-
gram of a focused image of an object, which is a speckle
modulated by interference fringes. Such a low-frequency
hologram can also be called a speckle interferogram.

The device shown in fig. 3, sensitive to normal move-
ments, in a direction perpendicular to the plane of
the object (out-of-plane). A shift by d, leads to a phase
shift:

_dn

2 e 3)

A

After the deformation of the object, the second holo-
graphic speckle pattern is recorded:

I(x,y)= ’aR (x,y)exp(ioy )+a,(x,y)exp(io, + A(p)’z =
=0y + a5 + 20,0, COS (@, — g +AQ). (4)

Further, these two holographic speckle patterns are
subtracted by the formula:

Al=|I, - I, :IZaRaO(cos((p0 ~g)-COS((p, — Py + A(p))’ =

sin(cpo—(pR+&)sinﬂ’. (5)

=2a,4, > >

It should be emphasized that it is not the wave fields
that are subtracted, but the intensities of the two
speckle patterns (holograms). It can be seen from expres-
sion (5) that the intensity of the difference speckle pat-
tern will be minimal at those points where Ap=0, 2m, ...
The intensity of the difference pattern reaches its maxi-
mum for those parts of the surface of the object for
which deformation (displacement) leads to a phase shift
Ag=m,3m,... The resulting picture of the subtraction
looks like a system of dark and light bands, very simi-
lar to a holographic interferogram. However, there is a
significant difference from holographic interferometry,
which consists in the appearance of speckles in the
bands and the loss of 3D information in such a correla-
tion process.
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Puc. 7. O6bHapy>xeHue degpexma npu depopmauuu usdeaus
ao0dumueHbix mexHonozut. O6OpOMHAs CMOPOHA NAACMUHbI
(cnesa), pasHocmb d8yx pazosbix U306paXxKeHUl ppoHManb-
Hol nogepxHocmu naacmusl (cnpasa). Cmpeakoli yka3aHo
mecmo dedpexma

Fig. 7. Defect detection during deformation of an additive
technology product. The back side of the plate (left), the
difference between the two phase images of the front surface
of the plate (right). The arrow indicates the location of the
defect

Torga momHBIN $a30BbIM CABUT OyeT paBeH:

203> -
A(p:A(pl—A¢Z=7d(Sz—sl). (8)
BekTop (S, - S, ) MapauieneH ocu X, U €ro IJIMHA paBHA
2sin@. CrezmoBaTesbHO, MOMHBIM (A30BBIN CABUT, H3Me-
PsIeMBIH B TaKOH cxeMe, b6y/eT paBeH:

A(p=4—TE

d,sine.

Tak ke KaK B Trolorpapuieckor MHTepdepoMeTpHH,
da3a He MokeT OBITH OIlpefie/ieHa IO OJHOM CIIeKI-
KapruHe. ®asa M3 CHeKI-UHTePPeporpaMMmbl MOMKET
OBITH BOCCTAHOBJIEHA METOZOM ($a30BBIX IIAroB. B sTom
MeTozie $pa3oBbIX IIaroB s ESPI HeobxomuMmo 3apery-
CTpUPOBATh He MeHee 3-X CIeKI-UHTepdeporpamMm C B3a-
MMHBIM (a30BBIM CABUIOM B KXKAOM COCTOSIHUH (IO K
Ioc/ie Harpysku). JI:o6oK u3 HM3BeCTHBIX aJITOPUTMOB
$a30BBIX IArOB MOKET OBITH HCIIO/B30BAH.

B mepBoHaYa/JbHOM COCTOSHMH METOAOM (a30BBIX
IIaroB BBIYMC/IAETCS Pa3sHOCTh a3 MeKAY OIOPHBIM
U 0OBeKTHBIM IyYKaMU @,—¢, . Ilocne medopmanuu
obbeKTa OISITh >Ke MeTOIOM (a30BbIX ILIArOB BBIUKCIIS-
eTcsl Apyrast pasHocTb $a3 ¢, — @y +A@ . ICKOMBI COBHUT
da3 Ap, BBI3BAaHHBIM JedopMalirer obbeKTa, IONyda-
€TCA B pe3yJibTaTe BBIYHMTAHMA 3TUX ABYX CABHUIOB (1)3.3.
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As indicated above, the circuit in Fig. 5 is only sensi-
tive to normal movements. Tangential displacements
(in-plane) can be measured using the circuit shown
in Fig. 6. Two plane waves illuminate the object sym-
metrically at angles +0 to the z axis. The image of the
object is built by a TV camera. As before, the speckle size
should be consistent with the pixel size, for example,
by changing the diameter of the lens aperture. The
phase change caused by tangential displacements can
be inferred from simple geometric relationships similar
to calculations of displacements in holographic interfer-
ometry. The phase change of the upper beam in Fig. 6 is
equal to:

A(Plzz% (b_gl)y (6)
where d is the displacement vector. The unit vectors B,El
,S, are defined in Fig. 3. The corresponding phase shift
for the lower beam is:

A%:ZT“*(E_EZ). @)

Then the total phase shift will be equal to:

-

2 S o
A¢=A(P1_A(Pz=7nd(sz_51)o ®)
The vector (§2—§1) is parallel to the x axis and its
length is 2sin6. Therefore, the total phase shift, mea-
sured in such a scheme, will be equal to:

Ap= %dx sin®.

Just like in holographic interferometry, the phase
cannot be determined from a single speckle pattern.
The phase from the speckle interferogram can be recon-
structed by the method of phase steps. In this phase
step method for ESPI, it is necessary to register at least
3 speckle interferograms with mutual phase shift in
each state (before and after the load). Any of the known
phase-step algorithms can be used.

In the initial state, the phase difference between the
reference and object beams ¢, ¢, . is calculated by the
method of phase steps. After deformation of the object,
again, by the method of phase steps, another phase dit-
ference ¢,-¢;+A¢ is calculated. The desired phase
shift caused by the deformation of the object is obtained
by subtracting these two phase shifts.

It follows that in modern ESPI methods, the sought
phase shift A¢ is not restored from formula (5), i.e.
not from the difference of two speckle interferograms,
but from the speckle interferograms themselves by the
phase-step method. Therefore, the difference between
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OTcofga clenyer, 4YToO B COBPeMEHHBIX MeTOoHax
ESPI MCKOMBIM COBUT (a3 A BOCCTaHAB/IMBaeTCS He
13 ¢dopmyinel (5), T.e. He U3 PAa3sHOCTH [BYX CIIEKI-
MHTepdeporpaMM, a U3 CaMHX CIeKI-UHTepdeporpaMmm
MmeTofoM $asoBhIX IIaroB. Ilo3ToMy CTHpaeTcs
pasiuuMe MeXAy MeTofaMH LHUQPOBOK rojiorpa-
budeckor HHTepdepoMeTPUM U  3IeKTPOHHOM
CIIeKI-UHTepPepOMeTpHUH.

I 3KCIepUMeHTa II0 OIlpefeleHHIo Hgedopma-
LMK MCIOAb30Ba/ICA ILIeporpad, IpencTaBIeHHBIN
Ha pucyHKe 7(a), M ILIOCKasl IIaCTHHA pasMepaMH
55x45 MM, C OJHOI CTOPOHBI KOTOPOH HMeJach Sueu-
CTast CTPYKTypa, U3TOTOBJIEHHAs METOAOM aJLHUTHBHbIX
TeXHOJIOTUM. B S9eHCTONM CTPYKType IIPH IedaTy ObuI
CIILIMAJIBHO IIPOIYILIeH YYacTOK 3BeHBEB SgYeeK pa3sMe-
paMu 7x7 MM. [IaHHBIM Y4acCTOK MMHTHPOBaI JedeKT
OTC/I0eHHS IIOBEPXHOCTH OT SYEMCTOM IOAJIOKKH. [lis
[oy4yeHus AeGopMHUPOBAHHOIO COCTOSIHMS MCIIOIb30-
BaJICsL HarpeB IUIACTHHBI C IIOMOIIBIO TOPSYEro BO3AyXa.
KauecTBeHHOe OOHapy>KeHHe NAHHOro JedeKTa C IUIO-
CKOH CTOPOHBI IVIACTHHBI [T0Ka3aHO Ha pHC. 7.

TakuM o06pasoM, Ipe[CcTaBlIeHHble METOABl CTPYK-
TYPUPOBAHHOIO CBeTa M IIeporpaduu yIOBIETBOPSIOT
TpebOBaHUSIM HEMHBA3UBHOCTH U BBICOKOM TOYHOCTH
Y1 MOTYT GBITB HCIT0/Ib30BAHBI ISl KOHTPOJIS [IaPAMeTPOB
H3[e/IUH aJIUTUBHBIX TEXHONOTHH.

Pabora 6pUTa BBIIIONHEHA MU GUHAHCOBOM IOIJEPKKE
MuHwHCcTepcTBa 06pasoBaHMsI U Hayky Poccurickor Pemepa-
LIMK B paMKax BBIIIOJIHEHUS coraneHus N2 14.625.21.0041
0T 26.09.2017 roma (YHHUKaJIbHBIM HIEHTHQPHUKATOP IIPH-
KIaHBIX HayYHBIX UCCIeIOBAaHUL RFEMEFI62517X0041).
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the methods of digital holographic interferometry and
electron speckle interferometry is blurred.

For the experiment to determine the deformation,
we used a schearograph shown in Figure 7 (a) and a
flat plate 55x45 mm in size, on one side of which there
was a cellular structure made by the additive technol-
ogy method. In the cellular structure, when printing,
a section of cell links with dimensions of 7x7 mm was
specially omitted. This section imitated a defect of
delamination of the surface from the cellular substrate.
To obtain a deformed state, plate heating with hot air
was used. Qualitative detection of this defect on the flat
side of the plate is shown in Fig. 7.

Thus, the presented methods of structured light and
schearography satisfy the requirements of non-inva-
siveness and high accuracy and can be used to control
the parameters of products of additive technologies.

This work was financially supported by the Ministry of
Education and Science of the Russian Federation as part
of the implementation of agreement No. 14.625.21.0041
dated 26.09.2017 (unique identifier for applied research
RFMEFI62517X0041).
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