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NAS RK is pleased to announce that News of NAS RK. Series of geology and technical
sciences scientific journal has been accepted for indexing in the Emerging Sources Citation
Index, a new edition of Web of Science. Content in this index is under consideration by
Clarivate Analytics to be accepted in the Science Citation Index Expanded, the Social
Sciences Citation Index, and the Arts & Humanities Citation Index. The quality and depth
of content Web of Science offers to researchers, authors, publishers, and institutions sets it
apart from other research databases. The inclusion of News of NAS RK. Series of geology
and technical sciences in the Emerging Sources Citation Index demonstrates our dedication
to providing the most relevant and influential content of geology and engineering sciences
to our community.

Kaszaxcman Pecnybnukacer ¥immuolx 2oiivim akademuscol « KP YA Xabapnapwr. ['eonocus
JICOHE MEXHUKANBIK RbLILIMOAD CepUsiColy &blibiMu dicypHanviubly Web of Science-min
arcayananean nycxacol Emerging Sources Citation Index-me unoexcmenyee KabulioanHeanwin
xabapaaiiovl. Byn unoexcmeny oapvicoinda Clarivate Analytics komnanuscol JHcypHAIOb
o0an api the Science Citation Index Expanded, the Social Sciences Citation Index scane the
Arts & Humanities Citation Index-xe kabuvinioay macenecin xapacmoipyoa. Webof Science
sepmmeywinep, agmopiap, 6acnawibliap MeH MeKemenepze KOHmeHnm mepenoici MeH
canacwin yeoinaowvl. KP YFA Xabapnapel. eonoeust scane mexHUKAIbIK 2bLIbIMOAP CEpUsicol
Emerging Sources Citation Index-xe enyi 0i30iy Koamoacmulx ywin ey 03eKmi dcone
6edendi eeonocus JHcoHe MEXHUKATIBIK bLILIMOAP OOUbIHULA KOHMEHMKe A0an0blebiMbI30bl

6in0ipeoi.

HAH PK coobwaem, umo nayunvii scypuan «Mseecmuss HAH PK. Cepusa ceonozuu u
MeXHUYecKux Hayk» ol npunsm 015 unoexcuposanusi 6 Emerging Sources Citation Index,
obnosnennol sepcuu Web of Science. Codeporcanue 6 3mom uHOEKCUPOBAHUL HAXOOUMCS
6 cmaouu paccmompenusi komnanuei Clarivate Analytics 0as Oanvbheuue2o npuHAmMUs
acypnana 6 the Science Citation Index Expanded, the Social Sciences Citation Index u
the Arts & Humanities Citation Index. Web of Science npednacaem xauecmeo u enyoumy
KOHmeHma O ucciedogamenell, asmopos, uzoameneii u yupedxcoeHull. Brmouenue
Uszeecmua HAH PK. Cepus ceonocuu u mexuuueckux Hayk ¢ Emerging Sources Citation
Index demoncmpupyem nauty npusepiceHHOCHb K Hauboiee akmyaibHOMY U GIUAMETbHOMY
KOHMEHMY NO 2e0102UU U MEeXHUYeCKUM HAYKAM 0I5l Haule2o coooujecmad.



BAC PEJJAKTOP

YKYPBIHOB Mypar JKypbIHy./IbI, XUMHUS FBUIBIMIAPEIHBIH TOKTOPSL, mpodeccop, KP YFA akanemuri, PKB
«Kazakcran Pecriyonukacel YTtk FouibiM akagemusicbinbiay npesuaenti, AK «/1.B. Cokonbekuii aTbIHIaFbI
OTBIH, KaTaJli3 JKOHE MICKTPOXUMHS HHCTUTYTHIHBIH» 0ac IupekTopsl (AnMarsl, Kazakcran), https://www.scopus.
com/authid/detail.uri?authorld=6602177960, https://www.webofscience.com/wos/author/record/2017489

BAC PEJAKTOP/IbIH OPBIHEACAPBI:

ABCAIBIKOB BakbiT Hopik6aiiyiabl, TexHHKa FbUIBIMIAAPBIHBIH JOKTOpBI, mpodeccop, KP YFA
akazemuri, K.M. Corbaes arbiHiarel Kasak yITTBIK TEXHHKANIBIK 3epTTey yHUBepcuteTi (Anmarsl, Kaszakcran),
https://www.scopus.com/authid/detail.uri?authorld=6504694468,  https://www.webofscience.com/wos/author/
record/2411827

PEJAKLUS AJIKACHI:

OBCOMETOB Momic Kyasicyabl (6ac  pemakTopAblH — OpbIHOAcapbl), I€OJOTUs-MHUHEPAIOTUst
FBUIBIMIAPBIHBIH JTOKTOPBI, mpodeccop, KP YFA akagemuri, Y.M. Axmencadun arteiHmarst I'naporeonorus
JKOHE TEO0DKOJIOTUSI MHCTUTYTHIHBIH THUpPEKTOpsl, (AnmMarsl, Ka3zakcran), https://www.scopus.com/authid/detail.
uri?authorld=56955769200, https://www.webofscience.com/wos/author/record/1937883

YKOJITAEB I'epoii XKoaraiiyiibl, reonorus-MHHEPAIOT sl FEUTBIMAAPBIHBIH TOKTOPHL, podeccop, KP YFA
KypMetTi akazgemuri, (Anmarsl, Kasakcran), https://www.scopus.com/authid/detail.uri?authorld=57112610200,
https://www.webofscience.com/wos/author/record/1939201

CHOY JIpumen, PhD, xaysimpacteipeutirad mnpodeccop, Hebpacka yuuBepcuretiniy Cy FbUIBIMIAphI
3epTXaHACBIHBIH ~ JHPEKTOPHI, (HeOpacka  mrarer,  AKII),  https://www.scopus.com/authid/detail.
uri?authorld=7103259215, https://www.webofscience.com/wos/author/record/1429613

3EJIBTMAHH Paiimap, PhD, Xep Typans! reuisiMaap OemiMiHIH NETPOIOTHs JKOHE Maiansl Kazdamap
KCH OPBIHIApPBI CAIACBIHIAFDI 3epTTeyIepiHiH xerekurici, Taburu Tapux mypaxaiisl, (JIoH10H, ¥IbI0pUTaHNS),
https://www.scopus.com/authid/detail.uri?authorld=55883084800,  https://www.webofscience.com/wos/author/
record/1048681

MNAH®WJIOB Muxaua BopucoBuy, TexHHMKa FHUIBIMIAPHIHBIH JOKTOPHL, HaHCH yHUBepCHTETiHIH
npodeccopsl, (Hancn, ®panims), https://www.scopus.com/authid/detail.uri?authorld=7003436752, https://www.
webofscience.com/wos/author/record/1230499

HIEH Ilun, PhD, Kpitail reoforusiblk KOFaMbIHBIH Tay-KEH ICONOTHICHl KOMHTETI JHPEKTOPHIHBIH
opbiHOacapsl, AMEpPHKAaH/bIK JKOHOMHKAJIBIK TEOJOrTap KaybIMIAacThIFbIHBIH Mymreci, (Beibkin, Kerrait),
https://www.scopus.com/authid/detail.uri?authorld=57202873965,  https://www.webofscience.com/wos/author/
record/1753209

OUIIEP Akceub, KaybIMaacTeIpbuIFad npodeccop, PhD, Jlpesnen texHukanslK yHusepcureri, (JpesieH,
bepmun),  https://www.scopus.com/authid/detail.uri?authorld=35738572100, https://www.webofscience.com/
wos/author/record/2085986

ATABEKOB Baagumup EHokoBHY, XMMUsI FBUIBIMIAPBIHBIH TOKTOPBI, benapycs ¥FA akanemuri, XKana
Marepuaiaap XUMHAChI WHCTUTYTBIHBIH KypMeTTi aupektopsl, (Munck, Bemapycs), https:/www.scopus.com/
authid/detail.uri?authorld=7004624845

KATAJIUH Credan, PhD, xaysimpacteipsutran mnpodeccop, Texuukambsik yHuBepcuteTi ([pesnew,
I'epmanus), https://www.scopus.com/authid/detail.uri?authorld=35203904500, https://www.webofscience.com/
wos/author/record/1309251

CAFBIHTAEB “Kanaii, PhD, xaysimaactsipsurran npodeccop, HasapGaeB yHuBepcureri (AcrtaHa,
Kasakctan), https:/www.scopus.com/authid/detail.uri?authorld=57204467637, https://www.webofscience.com/
wos/author/record/907886

®PATTUHHU IMaoso, PhD, xaysimpacteipbuiran npodeccop, bukokk Mmuman ynusepcuteti, (Munas,
Wrtamus), https://www.scopus.com/authid/detail.uri?authorld=56538922400

HYPIHEUICOBA Map:kan Baiicankbi3bl — TexHrKka FbUTbIMAAPBIHBIH JOKTOPBI, K. CaTbaes aTbiHIaFbl
Ka3akyITTEIK3epTTey TeXHHKAIBIKyHIBEpCUTETiHIHITPpodeccopsl, (Anmarsl, Kasakcran), https:/www.scopus.com/
authid/detail.uri?authorld=57202218883,  https://www.webofscience.com/wos/author/record/AAD-1173-2019

ParoB bopanéaii ToB6acapoBH4, TeXHHKa FHUIBIMIAPBIHBIH JOKTOPHI, mpodeccop, «leopms3nka sxoHe
ceiicmonorns» KadenapackinbiH MeHrepyiici, KM, CorbaeB arbinmarbl Kazak yITTHIK 3epTTey TEXHHKAJBIK
yHuBepcurerti, (Anmarsl, Kazaxcran), https://www.scopus.com/authid/detail.uri?authorld=55927684100, https://
www.webofscience.com/wos/author/record/1993614

POHHU Bepuarccon, Jlynn ynuepcurerinif Tasyy IIBIFBICTHI HEePCIEKTUBANIBI 3€PTTEY OPTAIBIFHIHBIH
npodeccopsl, JIyHI yHHBEPCUTETIHIH TONBIK KypcThl mpodeccopst, (LLBerms), https://www.scopus.com/authid/
detail.uri?authorld=7005388716, https://www.webofscience.com/wos/author/record/1324908

MMUPJIAC Baagumup, Apuaib YHHBEPCUTETiHIH X UMUSIIBIK HHKeHepHs GaKkyabTeTi skoHe LLIBIFbIC FUTBIMU-
3eprrey opranbiFbl, (M3pauns), https:/www.scopus.com/authid/detail.uri?authorld=8610969300, https://www.
webofscience.com/wos/author/record/53680261

«KP ¥FA» PKB Xa6apaapsl. I'eo10rus #dHe TeXHHKAJBIK FBLIBIMAAP CEPHSACHD».
ISSN 2518-170X (Online),
ISSN 2224-5278 (Print)
Menikreyi: «Kazakcran PecriyonukachiHbIH YIITTBIK FBUIBIM akaemusicb» PKB (AnMarsl K. ).
Kaszakctan PecrmyOnukachiHbIH AKmnapar J>koHE KOFAMIBIK JaMy MHHHCTDPIIMHIH AKmapar KOMHTETiHIEe
29.07.2020 x. 6epinren Ne KZ39VPY 00025420 mep3iMaik 6acbuibiM TipKeyiHe KOWbUTY Typallbl KyalliK.
TakKbIPBINTBIK OAFBITHI: [ €on02us, 2udpoceonousl, 2eocpagus, may-KeH ici, MYHat, a3 JcaHe Memanioapobly
XUMUATIIK MEXHON0UANAPbL
Mep3iMaiiri: )KbUIbIHA 6 PET.
http://www.geolog-technical kz/index.php/en/
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IJTABHBIA PEJAKTOP

JKYPUHOB Mypar ’KypuHoBHY, JOKTOp XUMHYECKHX HayK, npodeccop, akanemuk HAH PK, npesunent
POO HauunonanbHoii akagemun Hayk Pecriyonuku Kaszaxcran, renepanbhbiii tupekrop AO «MHCTUTYT TOTUINBA,
karanmsa u snekrpoxumun uM. J[.B. Coxonbsckoro» (Anmarsl, Kazaxcran), https://www.scopus.com/authid/detail.
uri?authorld=6602177960, https://www.webofscience.com/wos/author/record/2017489

3AMECTHUTEJIb INTABHOT'O PEJAKTOPA

ABCAJIBIKOB Baxpit Hapuk6aeBu4, JOKTOp TEXHMYECKHX Hayk, npodeccop, akagemuk HAH PK,
Ka3zaxckuil HaIMOHAIBHBIN HCCIENOBATEIbCKHN TexHmueckuil ynusepcurer M. K.M. CarmaeBa (AimMarsl,
Kasaxcran), https://www.scopus.com/authid/detail.uri?authorld=6504694468, https://www.webofscience.com/
wos/author/record/2411827

PEJAKIHIMOHHASI KOJUIET' ASI:

ABCAMETOB Mauuc KyabicoBu4, (3amMecTHTeNlb [JIABHOTO  PEOAaKTOpa), JOKTOp  TI'e0JIoro-
MHUHEpPAJIOTHYeCKUX Hayk, podeccop, akanemuk HAH PK, nupexrop MHCTUTYTA rHApOre0I0ruu U re03KOJIOT U
nM. Y.M. Axmencaduna (Anmatsl, Kasaxcran), https://www.scopus.com/authid/detail.uri?authorld=56955769200,
https://www.webofscience.com/wos/author/record/1937883

YKOJITAEB I'epoii KosTaeBn4, 10KTOp re0JIOTOMHHEPAIIOTHYSCKUX HayK, Ipodeccop, IIOUYSTHBIH akaJIeMIK
HAH PK (Anwmarsi, Kazaxcran), https://www.scopus.com/authid/detail.uri?authorld=57112610200, https:/www.
webofscience.com/wos/author/record/1939201

CHOY [pumne, PhD, accounnposanusiii mpodeccop, aupexrop Jlabopatopruu BOTHBIX HAyK YHUBEPCHTETA
Heb6packu (mrar HeGpacka, CIIIA), https://www.scopus.com/authid/detail.uri?authorld=7103259215, https:/
www.webofscience.com/wos/author/record/1429613

3EJIBTMAHH Paiimap, PhD, pykoBoauTens ucciieoBaHuil B 001aCTH HETPOJIOTUH M MECTOPOXKICHUI
MoJIe3HBIX McKomaeMbix B Otaerne Hayk o 3emie Mysest ectectBenHoit uctopun (Jlonmon, Anrmus), https:/www.
scopus.com/authid/detail.uri?authorld=55883084800, https://www.webofscience.com/wos/author/record/104868 1

MNAH®UJIOB Muxani BopucoBuy, 10KTop TeXHHUECKUX Hayk, mpodeccop Yuusepcurera Hancu (Hamcn,
Opannust), https://www.scopus.com/authid/detail.uri?authorld=7003436752, https://www.webofscience.com/
wos/author/record/1230499

HIEH Iun, PhD, 3amecrurens aupexropa Komurera mo ropHoii reoxornn Kuraiickoro reonorndeckoro
obmiecTBa, 4ieH AMEPHKaHCKON acconmaiuu skoHomuyeckux reosoros (Ilexun, Kurait), https://www.scopus.
com/authid/detail.uri?authorld=57202873965, https://www.webofscience.com/wos/author/record/1753209

@OUUIEP Akceab, accormupoBannbiii npodeccop, PhD, texuuueckuii yuusepcurer dpesnen ([pesnew,
Bbepmun),  https://www.scopus.com/authid/detail.uri?authorld=35738572100,  https://www.webofscience.com/
wos/author/record/2085986

ATABEKOB Baagumup EHokoBUY, JOKTOp XMMHYecKuX Hayk, akagemuk HAH Benapycu, noderHslii
nmupekTop MHcTuTyTa XMMHH HOBBIX MarepuanoB (Mumck, Bemapycs), https://www.scopus.com/authid/detail.
uri?authorld=7004624845

KATAJIUH Credan, PhD, accoumuposanusiii npodeccop, Texumueckuii ynusepcuter ([pesnew,
I'epmanus), https://www.scopus.com/authid/detail.uri?authorld=35203904500, https://www.webofscience.com/
wos/author/record/1309251

CATUHTAEB Kanaii, PhD, acconunpoBannstii npogeccop, Hazapbaes yausepcuret (Actana, Kazaxcran),
https://www.scopus.com/authid/detail.uri?authorld=57204467637 , https://www.webofscience.com/wos/author/
record/907886

®PATTUHMU Iaoao, PhD, accoummupoBanubiii npodeccop, Munanckuii yausepcurer bukokk (Munan,
Uramus),  https://www.scopus.com/authid/detail.uri?authorld=56538922400 HYPIIEMCOBA  Map:kan
BaiicaHoBHa — 10KTOp TeXHMuYeCKMX Hayk, npodeccop Kazaxckoro HalmoHaabHOrO HCCIIENI0BATENIBCKOTO
TexHudeckoro ynusepcutera uMm. K.M. Carnaesa, (Anmarsl, Kazaxcran), https://www.scopus.com/authid/detail.
uri?authorld=57202218883, https://www.webofscience.com/wos/author/record/AAD-1173-2019

PATOB Bopan6aii ToBdacapoBu4, IOKTOp TEXHHYECKHX HayK, mpodeccop, 3aBelyroluii Kapeapoi
«leodusuka u ceiicmornorusy, Kasaxckuit HarmoHa bHbINA HCCIIECIOBATEIBCKUH TEXHHYECKUI YHUBEPCUTET HM.
K. Carnaesa, (Anmarsl, Kasaxcran), https://www.scopus.com/authid/detail.uri?authorld=55927684100, https://
www.webofscience.com/wos/author/record/1993614

POHHMU Bepuarccon, [Tpodeccop LlenTpa nepcrnekTHBHEIX OIMXHEBOCTOUHBIX HCcIenoBanuit JlyHnckoro
yHuBepcuTeTa, mnpodeccop (momubii Kype) Jlymackoro ymumsepcurera, (ILBermsi), https:/www.scopus.com/
authid/detail.uri?authorld=7005388716 , https://www.webofscience.com/wos/author/record/1324908

MMUPIAC Baagumup, DaxyabTeT XUMHYECKOH MHKEHEPUUM M BOCTOUHBINM Hay4yHO-MCCIIEI0BATENbCKHI
neHTp, YuuBepcureT Apwot, (M3pamns), https://www.scopus.com/authid/detail.uri?authorld=8610969300,
https://www.webofscience.com/wos/author/record/53680261

«H3Bectust POO «<HAH PK». Cepusi reo/10ruu M TEXHHYECKHX HAYK».
ISSN 2518-170X (Online),
ISSN 2224-5278 (Print)
Cobctennuk: PecryOnkaHckoe obmiecTBeHHOE o0benHeHNne «HamoHanbHas akageMus Hayk PecriyOnmku
Kazaxcran» (. Anmarsr).
CBHUIETEIECTBO O IIOCTAHOBKE HA YydYeT IIEPHOAMYSCKOro IedaTHoro u3fgaHus B Komurere wnHbOpManuu
MunucreperBa HHGOpMAUUK U 00LIeCTBeHHOro pas3BuTust PecrnyOnukm Kaszaxcran Ne KZ39VPY00025420,
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(Nebraska, USA), https://www.scopus.com/authid/detail.uri?authorld=7103259215, https://www.webofscience.
com/wos/author/record/1429613

SELTMANN Reimar, PhD, Head of Petrology and Mineral Deposits Research in the Earth Sciences
Department, Natural History Museum (London, England), https://www.scopus.com/authid/detail.
uri?authorld=55883084800, https://www.webofscience.com/wos/author/record/1048681

PANFILOV Mikhail Borisovich, Doctor of Technical Sciences, Professor at the University of Nancy
(Nancy, France), https://www.scopus.com/authid/detail.uri?authorld=7003436752, https://www.webofscience.
com/wos/author/record/1230499

SHEN Ping, PhD, Deputy Director of the Mining Geology Committee of the Chinese Geological Society,
Member of the American Association of Economic Geologists (Beijing, China), https://www.scopus.com/authid/
detail.uri?authorld=57202873965 , https://www.webofscience.com/wos/author/record/1753209

FISCHER Axel, PhD, Associate Professor, Technical University of Dresden (Dresden, Berlin), https:/www.
scopus.com/authid/detail.uri?authorld=35738572100, https://www.webofscience.com/wos/author/record/2085986

AGABEKOYV Vladimir Enokovich, Doctor of Chemical Sciences, Academician of NAS of Belarus,
Honorary Director of the Institute of Chemistry of New Materials (Minsk, Belarus), https://www.scopus.com/
authid/detail.uri?authorld=7004624845

CATALIN Stefan, PhD, Associate Professor, Technical University of Dresden, Germany, https://www.scopus.
com/authid/detail.uri?authorld=35203904500, https://www.webofscience.com/wos/author/record/1309251

Jay Sagin, PhD, Associate Professor, Nazarbayev University (Astana, Kazakhstan), https://www.scopus.com/
authid/detail.uri?authorld=57204467637 , https://www.webofscience.com/wos/author/record/907886

FRATTINI Paolo, PhD, Associate Professor, University of Milano - Bicocca (Milan, Italy), https:/www.
scopus.com/authid/detail.uri?authorld=56538922400

NURPEISOVA Marzhan Baysanovna — Doctor of Technical Sciences, Professor of Satbayev University,
(Almaty,  Kazakhstan),  https://www.scopus.com/authid/detail.uri?authorld=57202218883,  https://www.
webofscience.com/wos/author/record/AAD-1173-2019

RATOYV Boranbay Tovbasarovich, Doctor of Technical Sciences, Professor, Head of the Department of
Geophysics and Seismology, Satbayev University (Almaty, Kazakhstan), https://www.scopus.com/authid/detail.
uri?authorld=55927684100, https://www.webofscience.com/wos/author/record/1993614

RONNY Berndtsson, Professor at the Center of Promising Middle Eastern Research, Lund University
(Sweden), https://www.scopus.com/authid/detail.uri?authorld=7005388716, https://www.webofscience.com/wos/
author/record/1324908

MIRLAS Vladimir, Faculty chemical engineering and Oriental research center, Ariel University, (Israel),
https://www.scopus.com/authid/detail.uri?authorld=8610969300 , https://www.webofscience.com/wos/author/
record/53680261

News of the National Academy of Sciences of the Republic of Kazakhstan. Series of geology and
technology sciences.
ISSN 2518-170X (Online),
ISSN 2224-5278 (Print)
Owner: RPA «National Academy of Sciences of the Republic of Kazakhstan» (Almaty).
The certificate of registration of a periodical printed publication in the Committee of information of the Ministry of
Information and Social Development of the Republic of Kazakhstan No. KZ39VPY 00025420, issued 29.07.2020.
Thematic scope: geology, hydrogeology, geography, mining and chemical technologies of oil, gas and metals
Periodicity: 6 times a year.
http://www.geolog-technical.kz/index.php/en/

© National Academy of Sciences of the Republic of Kazakhstan, 2025



NEWS of the National Academy of Sciences of the Republic of Kazakhstan

NEWS of the National Academy of Sciences of the Republic of Kazakhstan
SERIES OF GEOLOGY AND TECHNICAL SCIENCES

ISSN 2224-5278

Volume 2. Number 470 (2025), 180-196

htips://doi.org/10.32014/2025.2518-170X.499
IRSTI 55.30.03

Y. Nugman', A. Mustafa'**, R. Kaiyrov?, M. Sagyntai'®, Zh. Turgunov’, 2025.
'Department of Mechanical Engineering, Satbayev University,
Almaty, Kazakhstan;
?Laboratory of Applied mechanics and Robotics, Karagandy State University
named after E.A. Buketov, Karaganda, Kazakhstan;
SLLP “RnD Center”, Almaty, Kazakhstan.
E-mail: a.mustafa@satbayev.university

MOBILE 3D PRINTER WITH MECHANICAL PROCESSING FOR
MANUFACTURING MINING EQUIPMENT PARTS

Yerik Nugman — PhD, Associate Professor, Head of Department Mechanical Engineering and
Associate Professor, Satbayev University, Almaty, Kazakhstan, E-mail: e.nugman@satbayev.
university, ORCID: https://orcid.org/0000-0003-4537-9440;

Azamat Mustafa — PhD, Associate Professor, Department of Mechanical Engineering, Satbayev
University; Senior Researcher, «RnD Center» LLP, Almaty, Kazakhstan, E-mail: mustafa azamat(@
mail.ru, a.mustafa@satbayev.university, ORCID: https://orcid.org/0000-0002-4751-7141;

Rustem Kaiyrov — Ph.D., Associate Professor, Karaganda Buketov University, Karaganda,
Kazakhstan, E-mail: kairov.rustem@mail.ru, ORCID: https://orcid.org/0000-0002-0899-4981;
Mukhagali Sagyntai — PhD, Senior Lecturer, Department of Mechanical Engineering, Satbayev
University, Almaty, Kazakhstan, E-mail: skmuchagali-2009@mail.ru, ORCID: https://orcid.
org/0000-0002-7946-1568;

Zharkinbek Turgunov — Senior Lecturer, Satbayev University; Researcher, «<RnD Center» LLP,
Almaty, Kazakhstan, E-mail: jarqyn.kz@gmail.com, ORCID: https://orcid.org/0000-0003-1828-
397X.

Abstract. Modern industrial sectors, including mining, geological exploration,
and mechanical engineering, play a key role in the economic development of
the Republic of Kazakhstan. Their efficient operation depends on the quality of
manufacturing and restoration of technological equipment components. However,
the production and repair of such components require significant costs, and their
restoration in remote areas is complicated by the lack of specialized machinery,
leading to additional expenses and downtime.

To address these challenges, this study proposes the concept of a mobile 3D
printer with an integrated mechanical processing system. The primary focus is on
developing a manipulator that ensures precise positioning of the welding nozzle
and spindle, which perform key functions in the printing process and subsequent
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mechanical processing. The manipulator must operate within a workspace range of
X250 mm, Y £250 mm, Z £200 mm. Its selection is justified based on criteria such
as structural rigidity and positioning speed. Direct and inverse kinematics problems
were solved to determine the working area and dimensions of the manipulator.
Homogeneous Denavit—Hartenberg transformation matrices were constructed, and
Jacobian matrices were obtained to establish the relationship between input and
output velocities and accelerations.

The proposed concept has significant potential for the rapid production and
restoration of technological equipment components in remote areas. Implementing
this technology will reduce production costs, minimize equipment downtime, and
enhance the technological independence of industrial enterprises.

Keywords: geological exploration equipment, metal 3D printer, WAAM,
manipulator, inverse kinematics, direct kinematics, workspace.
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Annoramus. Kazipri 3aMaHFbl @HEPKACINT canaiapbl, COHBIH iMIHIE Tay-KeH
OHJIIPY, TEOJIOTTSUTBIK Oapiay JKoHe MalnHa xacay, Kazakcran PecmyOnmnkachiHbIH
SKOHOMHUKAJIBIK JaMybIHJIa MaHbI3IbI pen arkapaisl. OnapAblH THIMII KYMBIC
ICTeyl TEXHOJIOTHUSUIBIK >KAOBIKTBIH OOJIIEKTEPiH carmaibl OHAIPY MEH KaJllblHa
KeTipyre OaillaHbICTHL. Auaiifia, MyHIail OeINIIeKTepi OHIIpy JKOHE JKOHJEY
afTapBIKTal IBIFBIHIAP/IBI TAIAM €Te i, ajl OJap bl aFai ayqanaap/a KajanblHa
KeNTipy apHalbl CTAHOKTAp/bIH OOJMayblHAH KWBIHFA COFaJlbl, OYJI KOCHIMINA
LIBIFBIHAP MEH JKa0BIKTHIH TOKTAIl KATybIHa OKEJe/I.

Ocbl Macerenepal ey YIIiH Oyl KYMBICTAa MEXaHUKAIBIK OHJACY XyHeci
OipikTipinred MoOmIBII 3D-pUHATEPAIH TYKBIpBIMIAaMachkl YChHIHBIIAABRL. Herisri
Ha3zap JIOHEKepliey canTaMachl MEH IITTHHCIB/II 19T OPHATACTHIPY/Ibl KAMTaMachI3
eTeTiH MaHMIYIATOPIBl d3ipieyre OarpiTTanraH. Onap Oachll MIBIFapy >KoHE
KeHIHT1 MEXaHHUKAJIBIK OHJIEY TPOIIECTEePiH/Ie HETi3r1 (PYHKIUIAPABI OPBIHIANIBL.
MaHUTTyIATOPABIH KYMBIC KeHicTiri X £250 mMm, Y +250 MM, Z +200 MM
mreringie 6oysl Tric. OHBIH TaHJATYBl KYPBUIBIMIBIK KATTHIIBIK )KOHE OpHAIACY
KBUIIAMIBIFBI CHSIKTBI KpUTEpUiAiepre HerizaenreH. JKyMbIcTa MaHUITYIISITOP/IBIH
JKYMBIC aliMarbl MEH OJIIeMCpiH aHbIKTay YIIiH Typa XoHEe Kepi KWHeMaThka
ecenrrepi memingi. JlemaBur—XapTeHOEPTTiH OIPTEKTI TYPICHIIPY MaTpHIIAIaphI
KYpPBUIBIT, KIpiC JKOHE IIBIFBIC JKBUIIAMJIBIKTAPEl MEH YIeyJepiHiH e3apa
0aiiIaHBICHIH aHBIKTAUTHIH SIKOOW MaTpHIIaaphl aJIbIH/IbL.

YCBIHBUIFAaH TYXKBIphIMJIAaMa IIAJNFail aynaHaap/ia TEXHOJOTHSUIBIK JKaOJIbIK
OOMIIIEKTEPiH KeIeT OHIIPY KoHE KaIIbIHA KETIPy VIIiH YIKEH dJIeyeTKe ne. by
TEXHOJIOTHUSIHBI €HT13y OHJIpIC NIBIFBIHIAPBIH a3alTyFa, )KaOIBIKTBIH 00C TYPHII
KaJIybIH OapbIHIIa a3aiTyFa )KoHe OHEPKICIITIK KOCIMOPBIHAAPBIH TEXHOIOT USUTBIK
TOYEJCI3AIriH apTThIPyFa MYMKIH/IIK Oeperi.

Tyiiin ce3mep: TeoJOTHSIIBIK Oapriay kabasIkTapbl, Metamt 3D mpuHTepi,
WAAM, MaHUTIISITOP, Kepl KHHEMaTHKa, Typa KHHEMAaTHKa, JKYMBIC aiiMaFrbl.
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AnHotanmusa.  CoBpeMeHHBIE  TNPOMBIIUICHHBIE  OTPACiH,  BKJIIOYAs
TOPHOIOOBIBAIOIIYIO, TEOJIOTOPa3BEIOYHYI0 M MAaITHHOCTPOUTENBHYIO, HWIPAIOT
KIIIOYEBYIO pOJIb B OJKOHOMHYECKOM pa3BuTHH Pecmybmmku Kazaxcran. Mx
s¢¢pexTuBHOE (YHKIMOHMPOBAHWE 3aBUCHUT OT KauecTBa W3TOTOBICHHUS U
BOCCTaHOBJICHUA JCTANICH TEXHOIOTHYECKOTO 000 pyaoBanus. O THAKO TPOU3BOICTBO
Y PEeMOHT TaKHUX JeTasiell TpeOyIoT 3HAaYUTENbHBIX 3aTpaT, & UX BOCCTAHOBIICHUE B
YIOAJIEHHBIX pailoHaX OCIOXKHSAETCS OTCYTCTBHEM CIEIMATN3UPOBAHHBIX CTAHKOB,
YTO MIPUBOJUT K JTOTIOIHUTENEHBIM PACX0JIaM H ITPOCTOSM.

Jiia perieHve BpIIEyKa3aHHBIX TPOOIEM B JaHHOW paboTe mpensaraercs
KOHILIETIUST  MoOmibHOTO  3D-mpuHTEpa €  HWHTETPUPOBAHHON  CHCTEMOM
MexaHudeckol oOpaborkn. OCHOBHOE BHHMAaHHE VACICHO pa3padoTKe
MaHUIMYIATOpa, OOECMEYMBAIONIETO TOYHOE MO3UIIMOHUPOBAHWE CBApOYHOTO
coIyia W IITMHUH/EINS, BBIOTHIIOMNX KIF0UYeBble ()YHKIIMK B TMPOIECCE TeYaTH U
MOCJIEAYIOe MexaHn4deckoi o0padoTku. MaHUMIYNIATOP JAOJDKEH 00eCTeYrBaTh
TepeMenicHne B pabodeM TpocTpaHCTBe ¢ auamazoHamMu X £250 mMm, Y +£250
MM, Z £200 mM. Ero BBIOOp 00OCHOBaH TakKUMH KPUTEPHSIMH, KaK JKECTKOCTH
KOHCTPYKIIMHU ¥ CKOPOCTb TO3UIIMOHUPOBAHHUS. PetrieHsl 3a1aun npssMoii n o0paTHOH
KMHEMAaTHKH JUIs OomlpezeNeHus: pabodeld 30HBI M pa3MEpoB MaHMITYISATOpA.
[TocTpoens! onHOpoaHBIE MaTpHUIlel TipeoOpa3oBanus JlenaButa—Xaprenoepra, a
TaKke TOJTYYeHBI MaTpHIlbl SIKoOHM, YCTaHABIMBAIOIINE CBSI3b MKy BXOJAHBIMH H
BBIXOJHBIMHU CKOPOCTSIMH 1 YCKOPEHHUSIMH.

[IpemnokenHast KOHIENIMS O0NafaeT 3HAYUTEIHHBIM MOTEHIIHAIOM JIJISl OTIe-
PaTUBHOTO MPOW3BOJICTBA M BOCCTAHOBJICHHUS JETaJe TEXHOIOTHYECKOTO 000py-
JIOBaHUSI B yJIaJIEHHBIX paiioHax. BHeapeHue 1aHHOM TEXHOJIOT MU MTO3BOJIUT CHU3UTh
MIPOM3BOJICTBEHHBIE M3/IEP’KKH, MUHUMHU3UPOBATH BPEMS MPOCTOSI 000PYIOBaHUS 1
MTOBBICUTH TEXHOJIOTUYECKYIO HE3aBUCUMOCTH TIPOMBITIICHHBIX TIPEATPUATHHA.

KurloueBble cjioBa: Teomoropa3BeiouHoe O0O0OpYIOBaHHME, METaJUINYEeCKUI
3D-npunrep, WAAM, MaHumynsTop, oOparHas KWHEMaTHKa, psiMast KHHEMaTHKa,
pabodee MPOCTPAHCTRBO.

Introduction. The mining and geological exploration industries face challenges
related to equipment reliability and maintenance due to harsh operating conditions.
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Special difficulties arise in the manufacturing and repair of complex-shaped parts,
such as drill bits, rods, and pump components. Additionally, mining shearers
frequently fail, especially milling drums and cutting tools, which experience
intense wear (Florea, et al., 2022). The cutter sleeves of continuous miners suffer
from cracks, wear, and plastic deformation, often due to unsuitable materials
and manufacturing processes (Lindsay, et al., 2023). Large components, such
as gear wheels in bucket-wheel excavators, can break prematurely, requiring
costly replacements or complex repairs (Arsic, et al., 2021). In remote geological
exploration, mining, and mechanical engineering sites, the lack of specialized
equipment for restoration and repair necessitates transporting parts to factories or
purchasing new ones, increasing costs and downtime. One alternative solution to
this problem is mobile manufacturing. However, traditional metalworking machines
are often too bulky and heavy for mobile use in field conditions. In recent decades,
there has been rapid development in three-dimensional printing technology, which
has become an integral part of modern manufacturing and scientific research. This
evolution has led to the creation of numerous innovative methods and devices
aimed at expanding the capabilities of 3D printing. One of the most promising
technologies is metal additive manufacturing, which enables the production of
medium and large metallic components for various industries, including mining,
geological exploration, and mechanical engineering (Shah, et al., 2023).

Metal 3D printer is a metalworking technology that is an alternative to traditional
processes such as casting and subtractive machining. This technology is widely
used in engineering due to its many advantages such as rapid prototyping, product
weight reduction, and geometric freedom (Capasso, et al., 2024). There are 2 types
of metal printing based on additive technology: powder 3D printing (Renderos, et
al., 2016) and Wire Arc Additive Manufacturing (hereafter referred to as WAAM)
based 3D printing (Cam, et al., 2022). Due to the fact that metal wire manufacturing
technology is relatively simpler than metal powder manufacturing, products
manufactured using WAAM technology are cheaper (Knezovic¢, et al., 2019) and
can reduce production time by 40-60% depending on the size of parts compared to
traditional manufacturing methods (Ribeiro, et al., 1998). However, this technology
has disadvantages, in particular, compared to metal powder printing systems, it is
less accurate, difficult to create complex geometries and requires more time for
post-printing machining (Srivastava, et al., 2023), as well as its stationarity.

In industrial 3D printers (Glashier, et al., 2023; Ferreira, 2024), the WAAM
technology does not include post-mechanical processing, requiring additional
machines or extra functionalities for existing 3D printers. Another drawback of
industrial 3D printers is their stationary nature, which results in additional time and
cost for transporting parts.

To address the aforementioned issues, this paper proposes a new concept of a
multifunctional mobile metal 3D printer for industrial applications, equipped with a
post-printing mechanical processing system. The key component of the printer is a
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manipulator, which determines its efficiency, as well as its ability to print complex
parts and perform post-processing of fitting surfaces. As part of the study, an
analysis of the manipulator’s mobility was conducted, including direct and inverse
kinematics problems, velocity and acceleration analysis, and the determination of
the working area based on inverse kinematics. Additionally, the dimensions of the
delta robot’s links, featuring three translational degrees of freedom, were selected,
and a 3D model was designed.

Materials and methods. o ensures mobility and mechanical processing; a new
concept has been proposed (Fig. 1). Conceptually, the manipulator (3), as the main
working unit of the metal 3D printer based on WAAM technology, provides three
primary translational degrees of freedom, while the worktable (1) has two rotational
degrees of freedom. Therefore, the total number of degrees of freedom for the entire
printer is five (3+2) (Fig. 1). This degree of freedom allows for the creation of
numerous complex-shaped products without the need for support structures. At the
same time, it enhances the product’s resistance to mechanical loads, enabling the
use of advanced printing strategies. In metal 3D printing, quality is influenced not
only by the melting process but also by the selection of the appropriate 3D printing
strategy, which is one of the key factors (Xin, et al., 2021).

Figure 1 - Metal 3D printer concept

According to the proposed concept, the workflow sequence is as follows: the
part is printed on the 3D printer on the worktable (1), with a flat metal base plate
and a removable platform secured underneath the printed part. The printing head
(2) is mounted on the movable platform (3) of the manipulator (4). Metal wire
will be used as the material for 3D printing, and a standard welding machine (5),
adapted for 3D printing, will be used to melt this wire. The 3D printing process is
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carried out on five axes, eliminating poor interlayer bonding, which is common
in traditional 3D printing. After completing the 3D printing process, the printing
head is automatically replaced with a spindle, enabling mechanical processing such
as turning, milling, drilling, and grinding with the appropriate cutting tools. The
finished product is then cut from the platform using a mechanized saw and directed
for installation on machinery or equipment.

For the multifunctional mobile metal 3D printer to operate efficiently, the
manipulator, used as the main working unit, must meet several key requirements.
First, it must ensure high precision. Second, it must be sufficiently rigid to
withstand heavy loads during mechanical processing. At the same time, it should
be lightweight and compact for easy transportation.

In metal 3D printing using the WAAM technology, serial manipulators are
commonly used as the primary motion system. For example, one of the leading
companies in WAAM technology, the Dutch company MX3D and WAAM3D,
as well as the study by Horgar et al. (2018), utilized an articulated manipulator.
Meanwhile, Parc3D and the study by M. Dinovitzer et al. (2019) employed a gantry-
type manipulator. Although serial manipulators provide a large working area and
high maneuverability, studies by Neugebauer et al. (2019) and Uchiyama et al.
(2019) indicate that their load capacity is limited due to their cantilevered design.
Therefore, these serial manipulators do not align with our concept. Additionally,
studies by Baigunchekov et al. (2020), Merlet et al. (2000), and Mustafa et al.
(2024) highlight that, compared to serial manipulators with open kinematic chains,
parallel manipulators with closed kinematic loops offer higher load capacity, greater
structural rigidity, improved positioning accuracy, reduced moving mass, and better
dynamic performance.

Therefore, a delta robot which has a parallel structure is considered as the main
working body of'a multifunctional mobile metal 3D printer. The positioning accuracy
of the delta robot is about 0.1 mm (Bentaleb, et al., 2011). In the next section, the
forward and inverse kinematics problems of the delta robot are solved, its working
area is calculated, and the structural dimensions, velocities and accelerations of the
center of the mobile platform are determined.

Delta robot Clavel is a parallel manipulator (PM) consisting of three identical
parallel kinematic chains 4 A4;, C;, D;(j=1,2,3), which connect the moving
platform 5 and the fixed base 1 (Fig. 2). Each kinematic chain includes active
revolute kinematic pairs 3 A attached to the fixed base 1, which are driven by
electric motors 2. The moving platform was connected by parallelograms, with
their centers forming universal kinematic pairs C and D,
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Figure 2 - 3D model of the Delta robot

Each leg of this PM has 5 DOFs, therefore, the DOF of the moving platform can
be determined as follows

F.=%"F—-6(n-1)=(5+5+5)-6(3-1)=3, (1)

where F is the number of DOF of the kinematic chains (legs) of the PM, and n
is the number of legs of the PM.

It is known that these three degrees of freedom are translational, and the
positioning accuracy of such a robot is approximately one micron.

Inverse kinematics. The closure equations describing the vector loops of the legs
in the PM have been derived

rp, =Top +h;, (1=1,2,3). 2)

The absolute coordinate system Oy X Y02, is placed at the center of the three
points of location of the active revolute kinematic pairs 4; (j =1,2,3).

To determine the components of the vector Tp  through the tripod legs,
homogeneous transformation matrices based on the Denavit-Hartenberg parameters
were obtained. Based on these matrices, the coordinates of the points D, where
the passive universal joints connecting the tripod legs to the moving platform are
located, were determined

Xp, =cb;-(ry + Ly-coy) + 56;-Ly 593+ Ly - cO; - cos;-cpp;
YDi =S9i-(ra+ chq)h) —CQi-Ll-S(p3l~+ Ll'S@i'Cq)3i'C(p12i , (3)
Zp, =Ly sy + Ly-cs; sy

where @,;> @2, @3; (i=1,2,3) are variable parameters defining the angles
A,

of the universal joints “j> a>"» are distances from the centers to the vertices of
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the base and the moving platform of triangular shape, respectively, L1, Ly are
distances between the joints AC and CD (Fig. 2),
0; are constant parameters, equal to 0, 120, and 240 degrees, respectively.
When solving the inverse kinematics problem, we set the position of the
moving platform and determine the joint angles, @y ;> @2 ;> P3; (i=1,2,3), which
define the configuration of each leg. The coordinates of the passive universal
joints D, were determined based on the given position of the moving platform

Yol 11000 X, |[n-a,

Y, 0i1i0: Y, ||[n sy

I e e e el | ECPEE R RS W X3 4)
Zp | 10501152, || O

1 0/0;0; 0 1

where [rb ay,; | rb N7 fo ! 1] are coordinates of the universal joints D,
relative to the local coordinate system PX,YpZp, which is attached to the center
of the moving platform. Since the directions of the absolute Oy XoYoZy and local
PXpYpZp coordinate systems initially coincide, the angles Vi are also equal to 0,
120, and 240 degrees, respectively.

From the matrix equation (4), taking into account system (3), the coordinates
of the center of the moving platform relative to the absolute coordinate system
Oy X YoZ,

were obtained.

Xp =c0;-(r + Ly-cy) +Ly-50;-5¢3; + Ly-c0;-copp; ey

Yp =50;-(r + Ly-coy) = Ly-c0;-503; + Ly-copp;-c@3;-50; ¢, (5)
Zp =Ly-spy + Li-s@pp;-coy;

where ¥ =7, ~ 15, Pr2; =Py T @y

. > 1; = /}},
Y Y X 7Y S
7 i 5 =N » S\
o5 o Y Y %A/ \ o7
3 B Y Y\z \\ L,
C;, . \
& 2c 21 G
R 7 4
AN 7
v 4\ . .
» . \ b %79 L,
A P3 D : P j w54 /
P

Figure 3 - Constant and variable parameters

From the sum of the squares of the three equations in system (6), we obtain
(Xp=X)* +(Vp 1)’ +(Zp-2)" - 11 =0, (6)

188



ISSN 2224-5278 2.2025

where X; =c0;-(r + L, -coy;),Y; =s6;-(r + L, -coy;),Z; =L, -sqy;,i=1,2,3.
Expanding the brackets in equation (6), we rewrite it in the following form

li ccpy tmy - sQy; '”,'205 (7)

where [, =2.r-1,-2-L,-Xp-c0;—2-L, - Yp-56,, m==2-L,-Zp,

===+ X5 +Yp+Z5-2-Xp-r-c0,—2-Yp-r-56,+13).

From equations (7), we obtain two solutions for the angle ®1; of the active
rotary drives 4; for the two assemblies of each tripod leg

pi=a; e (n/ k), (3)

where k; =12 +m?,a; =1~ (m; /1),

From the addition of the first two equations of system (5), after multiplying the
first equation by ¢6; and the second by s6;, we obtain @ =1Lj-c@3;-c¢ra;. The third
equation of system (5) is transformed into the form & =L -¢®3; -5¢12;. From the ratio
of b; to a;, we obtain the value of one of the angles of the passive universal joints
C; attached to the active links

9 =12 (b @) -0y ©)
where aiz(XP - (r +LQ-C(p1,-)~c9i)-c9i + (YP - (r+ LQ~C(p1,~)-39,~)-39,~,

b=2Zp = L -spy;-

Adding the squares of @ and b;, we obtain the second rotation angle of the
passive universal joints

2 2
_ -1 NG th

P3; =*C 2 .
V5 (10)

The sign of the angles ®3; in equation (10) will change depending on the signs
of Xp and Yp.

Direct kinematics. When solving the direct kinematics problem of the PM, the
positions of the active revolute kinematic pairs ?li are given, and the coordinates
of the center of the moving platform Xp, Yp, Zp are determined. Accordingly, the

rotation angles of the passive revolute kinematic pairs P2i>P3i are also determined,
and the positions of all moving links of the tripod have been determined.
Equations (6) are rewritten in the following form
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X=X )+, =Y +(Zp—Z) —1? =0
( P 1) P 1 P 1 1
2
(Y, = X,)* + (Y, =)’ +(Zp = Z,)* — L1 =0 . (11)
(Zp—X3) +(Yp = Y3)" +(Zp—Z3)" = Lf =0

Expanding the brackets, we subtract the second equation of system (11) from
the first one, and similarly, we subtract the third equation from the first one. These

equations are then rewritten in matrix form

X
4-| P |=B, (12)
Yp
myy o myy 2:Zp-Zy —2-Zp-Zy—my3
where A =| ===t~ ||B =| - e |
noy | My 2:Zp-Zy—=2-Zp-Z3+my3
m11=_2'.XY]+2'X2, m]2:_2'Y1+2'I/2,
2. v2. 2 v v2 2
m13—X1 +Y1 +Z1 —X2 —Y2 —Zz, my =—2-X,+2-X;,
My =—2-Yy +2-Yy, iy = X2~ X2+ Y2 Y2 - 72+ 73

From (12), we determine X and X

Xp=kj1-Zp +kip,Yp= t11-Zp t 13, (13)
2
where 11 =g(m12(z3 —Zy)+my(Z) - Zy)),

1 2
kiy == (mig -my3 —myz-my ), hi :;(mn(zz =Z3)+my(Zy = Zy)),

1
P Z—(mn Ty —mypy 'm23)a61 =my-my

From the third equation of system (11), taking into account equation (13), we

obtain

D
2- (ki + 1 +1) (14)

where D= (2-kyy -k =2-kyy - X3 +2-1y1-1y5 =2+1y - y3=2-Z3)" -

4k +1+15) - (k=2 kyy - X3+t =211y - Yy + X5 + Y7 + Z5 — 3.
From (13), taking into account (14), we obtain the values of Xp and I@ .
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Velocity and acceleration analysis. To determine the relationship between the
velocities of the active kinematic pairs and the moving platform, we take the time
derivative of equations (7)

/

where l} = —2:L,-c0; -V, — 2-Ly-50;-V,,, 1. = -2-1,-V,,

1

iy =(2-r-c0; = 2-Xp) Vy++ (2750, = 2-Yp)V, = 2:Zp-V,,i=12,3.

Equations (15) are rewritten in the following matrix form

11 12 6’13 Vx dl 0 0 0)1
€1 ¢ e || Vy|=[0 dy O ||

31 C3p (33 Vz 0 0 d3 603 (16)

where ¢;; = 2-Xp — 2-r-c6; — 2-L, -cqy; - c0;,
Cp = 2:Yp = 2180, = 2-Ly-c;-50;, ¢35 = 2-Zp — 2-Ly -5y,

di = 2:-Ly-Zp-cy + 2:-Ly-r-5@; — 2-Ly-Xp-cO;-s¢; — 2-Lp-Yp-5¢; -56;,

i=12,3.

From equations (16), the velocity of the moving platform can be determined for
given angular velocities of the active revolute kinematic pairs. To determine the
accelerations of the center of the moving platform for given angular accelerations
of the active links, we take the time derivative of equations (15) and express them
in matrix form

kiyy ko k) (W (AL 0 0) (g
kay koy kp3 || W, |=| 0 f2 0 ||& |, (17
k31 kya k33 ) \w, 0 0 f3)\&

where k1 = 2-Xp — 2-r-c0; — 2-Ly-cqy; - c0;,

kin = 2-Yp — 2-r-56; — 2-Ly-cqy; - 56;,

by = 2-Ly-(Vo-cpy — Zp-soy-o) + 2-Ly-r-co-a; —

= 2-Ly-cO;-(Vys@; + Xp-cp;-o;)— 2-L2~S91-~(Vy‘s(p1i + YP~C(p1,--a),-),
ag = 2-V, + 2-Ly-cO; -s@y; -,

dip = 2V, + 2-Ly-560; -5y @y, a3 = 2-V, = 2-Ly-cqy; - ay,i=1,2,3.
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From equations (17), the acceleration of the moving platform can be determined
for given angular accelerations of the active revolute kinematic pairs.

Results. Numerical results for the inverse kinematics problem. The following

_ v, =180mm, 1n,=100mm, r=r,—n,
constant parameters were given:

Ly =700mm, L, =400mm, 6, =0°,0,=120°,0; =240°.
Additionally, the coordinates of the center of the moving platform:
Xp =300mm, Yp=300mm, Zp =T50mm. Figure 5 shows the position of

the PM for specific numerical values. A program was developed that automatically
adjusts the equation solutions based on the signs of the coordinates of the center of
the moving platform and determines the position of the PM.

600
400
200

X 600 : Y

Figure 4 Solution of the inverse kinematics problem

The coordinates of the center of the moving platform were set within a
parallelepiped, where the values of Xp , }; vary from -300 mm to +300 mm in 50
mm increments, and Zp varies from 400 mm to 750 mm in 50 mm increments.
The workspace of the PM (Fig. 6) was obtained based on the inverse kinematics
problem. From Figure 5, it can be seen that the center of the moving platform can
reach all internal points of the given parallelepiped, meaning that the dimensions of
the PM were selected to achieve a specific workspace.
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Figure 5 Workspace based on the inverse kinematics problem

Numerical examples for the direct kinematics problem.
We set the following constant parameters:

v, = 180 mm, r, = 100 mm, r =1, — 1,

L = 700 mm, L, = 400 mm, 6, = 0°, 6, = 1200, 6; = 240°.

The rotation angles of the active revolute kinematic pairs are set based on the
obtained values from the inverse kinematics problem

@1 = 0.3496,¢0, = 0.6922,¢5 =1.3209. f123.

The accuracy of the obtained results was verified based on the inverse kinematics
problem.

Numerical examples for velocity and acceleration analysis.

We set the following constant parameters:

r, = 180mm, n, = 100mm;r = r, — n,

L = 700 mm; L, = 440 mm; 6 = 0°, 0, = 1209, 6, = 240°.

| -V
o = 1,'@ S Loy =le =26 o2,

] =1,032 =1,603 =1agl =1’62 =2’
=2,X,=0,Y =0,Z, = 750.
& > AP > 4P » &P &3 :3’XP = O’YP = O’ZP = 750.
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V
v
w _— N\
1

o =Lo=20=3¢ =Le 3l 4 -4 _ 15,0 = 2,8 = 4,6 = |,
& =LAXp=0Yp =02, =750.1 ¢ =3 x, =300,Y, =300,Z, = 750.

Figure 6 Velocity and acceleration analysis

Figure 6 shows the velocity and acceleration vectors of the center of the moving
platform for given values of the center position, angular velocities, and accelerations
of the input revolute active kinematic pairs.

Discussion. The numerical analysis of the inverse kinematics problem allowed
us to determine the workspace of the PM and verify its kinematic feasibility for
the given range of movements. The calculations revealed that the center of the
moving platform can reach all points within the specified workspace, confirming
the correctness of the chosen structural dimensions. This is supported by the results
presented in Figure 6, which illustrates the manipulator’s workspace.

To verify the obtained data, the direct kinematics problem was solved. During
the analysis, the rotation angles of the active kinematic pairs were set based on the
values obtained from the inverse kinematics solution. The calculations showed that
the coordinates of the moving platform’s center matched the previously computed
values, confirming the accuracy of the developed model.

Additionally, an analysis of the velocities and accelerations of the moving
platform’s center was conducted. Figure 6 presents the velocity and acceleration
vectors calculated for various platform positions and given angular parameters of
the active kinematic pairs. The obtained results demonstrate that the developed
kinematic model adequately describes the system’s dynamic behavior and accounts
for the manipulator’s inertial characteristics.

Thus, numerical experiments confirmed the operability of the proposed
kinematic model of the PM, the correctness of its geometric parameter selection,
and the feasibility of efficiently controlling its movement within the specified
workspace. Further research may focus on accounting for external force influences
and calculating dynamic loads to improve positioning accuracy.

Conclusion.

The results of this study on the development of a multifunctional mobile 3D
printer based on WAAM technology with an integrated mechanical processing
system can be summarized as follows:

The proposed concept of a mobile 3D printer aims to address the challenge
of manufacturing and repairing complex-shaped parts directly at geological
exploration, mining, and mechanical engineering sites.
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A kinematic analysis of the manipulator was conducted to ensure precise
positioning of the printing head and subsequent mechanical processing. Based on
an analysis of various kinematic structures, a delta robot with three translational
degrees of freedom was selected as the printer’s working unit.

Forward and inverse kinematics problems were solved, and the working area
of the manipulator was determined using inverse kinematics: X £250 mm, Y +250
mm, Z £200 mm. Homogeneous Denavit—Hartenberg transformation matrices
were constructed, and Jacobian matrices were derived to establish the relationship
between input and output velocities and accelerations. Additionally, the dimensions
of the manipulator’s links were defined.

The proposed design of the mobile 3D printer with post-processing surpasses
subtractive methods by reducing repair time by 40-60%, lowering costs, and
eliminating the need for part transportation, thereby increasing equipment reliability.

This study contributes to the further development of additive manufacturing
in industrial applications, addressing additional challenges related to improving
printing accuracy and automating post-processing.

Author Contributions
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