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Anorauisi. Mera. OCHOBHOIO METOIO IPEACTABICHOTO JOCTIHKEHHSI € TEOPETUKO-METON0JIOT1YHE O0IPYyH-
TYBaHHS, IPaKTUYHA PO3pOOKA Ta eKCIIEpUMEHTANIbHA MepeBipka e(eKTUBHOCTI BIPOBA/KEHHS KOMILIEKCHOT
JOCIT THAIIBKO-OPi€EHTOBAHOI MOJIEJi HaBYaHHS XiMii y 3aKJIafax BUIIOI OCBITH TEXHIYHOTO mpodimto. 3ampo-
IIOHOBaHA IIeJarorigHa MoeNb 0a3yeThbes Ha iHTETpallii KJIaCHIHOTO HATypHOTO JabOpaToOpHOTO EKCIEepHU-
MEHTY 3 BIPTyaJbHUM KOMII'FOTEPHAM MOJICIIIOBAHHSM (BUKOPHCTAHHS TEXHOJOT! «IM(POBUX ABIHHKKIBY)
B €JIMHE OCBITHE CEPEOBHILE. AKTYaNIbHICTE POOOTH 3yMOB/ICHA HAraIbHOIO HEOOXIAHICTIO [IOXONAHHS ICHY-
I04OT0 PO3PHBY MK TCOPETHYHUMH 3HAHHSIMH CTY/CHTIB Ta iXHBOIO 31aTHICTIO 3aCTOCOBYBATH HAOyTi HABH-
YKH B peallbHUX Ja00paTOpPHHUX 1 BUPOOHHYUX YMOBaX, a TAaKOXK MOTPeOOI0 ajanTallii OCBITHROTO MPOIECY
o BukiukiB [HaycTpii 4.0 Ta Bumor MixkHapomuux ctaaaptiB STEM-ocBith, siki nepen0adatoTh BUCOKHN
PIBEHb aITaITUBHOCTI BUITYCKHHUKIB.

MeTonmn. JlocmiIKeHHS 311HCHEHO 3 BUKOPUCTAHHSIM 3MIIIIAHOTO METO/I0JIOTIHHOTO Miaxony (mixed-methods
research), 1o nepeabayae TPIAHIYIALII0 KUIbKICHUX Ta SIKICHHX JaHUX [Jisl 3a0e3ledeHHs. 00’€KTUBHOCTI
Ta BAJIIHOCTI PE3y/IbTATIB. Y NEAarori1HOMY €KCIIEPUMEHTI, IKUA TPUBAB [POTSIOM CEMECTPY, B3sUIH y4acTh
84 cTyaeHTH nepiioro Kypey cnenianbHocti «EnekrpuyHa imkeHepis». PecoHIeHTIB OyI10 po3noineHo Ha
KOHTPOJIbHY Ta €KCIIEPUMEHTAIBHY TPYIH 3 JOTPUMAHHSAM YMOB CTaTUCTUYIHOI OAHOPinHOCTI. HaBuaHHS exc-
TIepUMEHTAIRHOI TPYH BinOyBaiocs 3a MuKIigHo0 iHaykTrBHOIO Monemtio POE (Predict—Observe—Explain).
Merozpka BKITIOYaQIa TPU TOCTIIOBHI eTamu: 1) CTBOpEHHsI «ijeaabHOro» nu)poBOro ABIHHUKA XiIMIYHOTO
CKCIICPUMEHTY Yy BIPTyaJIbHOMY CepeloBHUILi (3 _BUKOPHCTaHHSIM mwiaropmu ChemCollective); 2) BukoHaH-
Hsl BIZAKPUTOIO HATYPHOIO AOCHiy B peaibHidl saboparopii 6e3 BUKOPHCTAHHs MOKPOKOBHX IHCTPYKLIH;
3) pednexcuBHmit aHaIi3 PO30iKHOCTEH MiXK MOIETTHHIMH IIPOTHO3aMH Ta PeaTbHIUMH €KCIIEpUMEHTAIEHUMHU
pesynbratamu 3a Metoankoro Error-Based Learning (HaB4aHHS Ha moMmikax). [t mepeBipKu CTaTUCTHIHOL
3HAYYMIOCTI OTPUMAHUX TaHUX 3aCTOCOBAHO t-KpuTepii CThIOMEHTA I He3aIC)KHUX BUOIPOK.

PesyabTarn. [IpoBeeHe cTaHIapTH30BaHE TECTYBAHHS Ha €Talli KOHTPOJIBHOTO 3pi3y 3aCBiUMIIO CTATHC-
THUYHO 3HAYYIILy [IepeBary CTyJACeHTIB ekcriepuMenTanbHoi rpynu (p <0,05). AGcomtoTHU MpUpPICT MOKa3HHUKIB
sKOCTi 3HaHb ckiaB 23,1 % (3pocranns 3 55,8% mo 78,9%), Toai K y KOHTPOJBHIN Ipymi Leil MOKa3HUK
cknaB mume 12,3% (3 56,2 % mo 68,5 %). SIkicHuii KOHTEeHT-aHai3 1abopaToOpHUX 3BiTiB MOKa3aB, o 85 %
CTYIEHTIB eKCIIEpUMEHTANBHOI IpyH HaOyln CTIHKOI 3[aTHOCTI CAMOCTIHHO ieHTH(iKyBaTH JKepera CUCTe-
MaTHYHUX |1 BUTIQJIKOBUX MOXHOOK, a TAKOXK apryMEHTOBAHO TOSICHIOBATH BIUIMB PEaJbHUX YMOB CEPEIOBHUINA
(Temmneparypa, TOMIIIKH, KaliOpyBaHHS TOCYIy) Ha mepedir XiMIiYHUX MpoLeciB. Y KOHTPOIBHIN TpyMi, sKa
HaBYaJIacs 3a TPAJULIHHOI0 METOJUKOIO, LIEH MOKa3HUK KPUTUYHOTO OCMUCIICHHS Pe3yJbTaTiB 3aJHIINBCS Ha
piBHi 30 %.

BucHoBku. ExcriepiMeHTaIbHO JOBEACHO, IO IHTETpallisi TEXHOJIOTii MU(POBUX NBIMHUKIB Ta METOIH-
KU aHaJli3y TOMWJIOK TpaHCOpMye T1abOpaTOpHUH MPAKTHKYM i3 PenpoOAyKTHBHOTO IMPOIECY BiATBOPEHHS
IHCTPYKUIH Y TBOPYY AOCIIAHHULBKY JisUIbHICTb. 3anp0n0HOBaHa TIearorivHa TeXHOIOTsl CIPHUs€ PO3BUTKY
KPUTHYHOIO MUC/ICHHS, (JOPMYBAHHIO CTIHKOT JOCIIIHAIBKOT KOMIISTCHTHOCTI Ta BHXOBAHHIO KYIIBTYPH Hay-
KOBOT YECHOCTI, L0 MTOBHICTIO BiNIOBia€ Cy4YaCHUM €BPOIHTETpaLlifHIM BUMOTaM 0 BUIIOT OCBITH B YKpaiHi
Ta cBiToBUM TpeHaam miarotoBku STEM-¢axiBuis.

Knrouosi cnosa: nabopamopuuii excnepumenm, yuppose mMooenosants, KpumuiHe MUCieHHs, 00Caio-
Huyski komnemenmuocmi, STEM-ocsima, smiwane Hagyanns, yudposi ogitinuku, Error-Based Learning.
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Abstract. Purpose. The fundamental purpose of this study is the theoretical justification, methodological
development, and experimental verification of the effectiveness of implementing a comprehensive inquiry-
based chemistry teaching model in higher education institutions of technical profile. The proposed pedagogical
model is based on the integration of classical real laboratory experiments with virtual computer simulations
(utilizing “digital twin” technology) within a unified educational environment. The relevance of the work
is driven by the urgent need to bridge the persistent gap between students’ theoretical knowledge and their
ability to apply acquired skills in real laboratory and industrial conditions. Furthermore, the study aims to
adapt the educational process to the challenges of Industry 4.0 and align it with current international standards
of STEM education, which require a high level of graduate adaptability and problem-solving skills.

Methods. The research was conducted using a mixed-methods approach, employing data triangulation
of quantitative and qualitative indicators to ensure the objectivity and validity of the findings. The pedagogical
experiment, which lasted for one semester, involved 84 first-year students majoring in “Electrical Engineering”.
The respondents were divided into control and experimental groups whilst maintaining statistical homogeneity.
The experimental group was taught using the cyclic inductive POE (Predict—Observe—Explain) model. This
methodology included three distinct stages: 1) creating an “ideal” digital twin of the chemical experiment in
a virtual environment (using the ChemCollective platform); 2) conducting an open-ended real experiment
in a physical laboratory without detailed step-by-step instructions; 3) performing a reflective analysis
of discrepancies between simulated predictions and real experimental results using Error-Based Learning
principles. Statistical significance of the academic performance differences was assessed using the Student’s
t-test for independent samples.

Results. Standardized testing at the control stage demonstrated a statistically significant advantage
of the experimental group (p<0.05). The absolute increase in academic performance quality was 23.1%
(increasing from 55.8 % to 78.9 %), whereas in the control group this indicator was only 12.3 % (from 56.2%
to 68.5%). Qualitative content analysis of laboratory reports revealed that 85 % of students in the experimental
group developed a robust ability to independently identify sources of systematic and random errors and to
provide reasoned explanations for the influence of real environmental conditions (temperature, impurities,
glassware calibration) on chemical processes. In contrast, only 30 % of students in the control group, who were
taught using traditional methodology, demonstrated a similar level of critical understanding of the results.

Conclusions. It has been experimentally proven that integrating digital twin technology with error-based
analysis transforms laboratory practice from a reproductive procedure of following instructions into a creative
research-oriented activity. The proposed pedagogical technology effectively promotes critical thinking, fosters
robust research competence, and cultivates a culture of scientific integrity, fully complying with modern
European integration requirements for higher education in Ukraine and global trends in STEM specialist
training.

Keywords: laboratory experiment, virtual modeling, critical thinking, research competence, STEM
education, blended learning, digital twins, Error-Based Learning.

Betyn. CyyacHa Buwa ocsita y ranysi npu-
poOAHMYMX HayK nepebyBae Ha eTani [OKOPiH-
HOT TpaHcdopmMalii, 3yMOBIIeHOT nepexoaom
cycninbcTBa 4o enoxu IHaycTpii 4.0. Lien HOBITHIn
eTan eKOHOMIYHOro PO3BUTKY, WO XapakTepusy-
€TbCs iHTerpauieto kibepdisanyHnx cnctem, BUMa-
rae Bif BUNYCKHUKIB He nuwe pyHaaMeHTanbHUX

3HaHb 3 XiMil, ane W aganTUBHOCTI Ta 30AaTHOCTI
[0 KOMMJIEKCHOro BUpilleHHA npobnem. OgHak
BUKNagaHHA Ximii y Garatbox 3aknagax BULLOT
OCBITU 4acCTO 3anuLaeTbCs KOHCEPBATUBHOLO,
iICTHOPYKOYM  TEXHOMOriYHI  3MiHW.  TpaguuinHi
«peuenTypHi» MeToan BUKNagaHHA, Oe CTYAeHT
BUKOHY€ flabopatopHi poboTn 3a geTtanisoBaHUM
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anropMTMOM METOAUYHOT niTepaTtypu, OEMOH-
CTPYIOTb 3HWKEHHA ANAAKTUYHOI ePEeKTUBHOCTI
(Karan, 2024). Takun nigxia ¢opmye intosito
KOMMNETEHTHOCTI: CTyAeHT MeXaHi4yHO BigTBOpPHOE
aii, He po3yMmitoum XimivyHOI cyTi sBuLy. [ONOBHO
npobnemMolo 3anuilaeTbCsa PO3PUB MiXK Teope-
TUYHUMM abCTpakuiaMu Ta pearibHO BUPOOGHU-
Yok npakTmkor. Cy4acHi Buknukn STEM-ocBiTh
BMMaratoTb OHOBJIEHHS MeTOiB HaBYaHHSA, iHTe-
rpauii uMpoBmUx TexXHoMOorin i opMyBasribHOIoO
OLHIOBaAHHA AN PO3BUTKY KPUTUYHOIO MMC-
NEeHHSA, aganTMUBHOCTI Ta AOCNIAHNLBKUX KOMMNe-
TEHTHOCTEN CTYOEHTIB.

TeopeTuyHe OOrpyHTYBaHHAA npobnemu.
AHania cy4yacHoro HaykoBOro guUCKypcy Yy ranyai
STEM-oCBiTM [03BOMSIE BUOKPEMUTU KITHOYOBI
TEeHOEHUIT, WO BM3Ha4alTb PO3BUTOK METOAUKMU
BUKNaAaHHA MNPUPOAHMYMX AucumnniH. PyHaa-
MeHTanbLHoK npobrnemMmoto TpaguuinHOI OCBITU
€ rnacuBHIiCTb cTygeHTa. HocnigkeHHa nokasy-
IOTb, LLO PO3BUTOK HABWYOK HAYKOBOro 3anuTy
€ Oinbw 3Ha4vywum ana mMambyTHbOro dpaxiBus,
HDK npocTe 3anam’sitoByBaHHs dakTiB (Gunis,
Klein, Kire§, 2022). Konu cTygeHT BuCTynae
y pori «nepLionoLykaday» 3akoHy, piBeHb KOrHi-
TUBHOrO 3anyYeHHs 3pOCTa€ eKCrOHEeHLianbHO.
AKTUBHE HaBYaHHA TaKOX [J03BONAE CTyOeH-
TamM 3i crnabkol niarotoBKOK AocdAratu BUCO-
KUX pe3ynbTaTiB, 3HWXKYUM akageMivyHUn pusmnk
(Lagubeau, Tecpan, Hernandez, 2019). Okpe-
MU BEKTOP AOCHiAXEeHb CTOCYETLCSA crneundikm
Ximii. TpaguuinHa metToanka 4acTto KpUTUKYETLCS
3a HagMmipHUin copmaniam. Cy4acHi gocnigHukm
HaronoLwyTb, WO OHOBMNEHHA nabopaTopHOro
npakTMKymy BuUMarae 3MiHW MeToAWYHOro nig-
xoay: poboTta Mae cTatm MangaH4yMkoM Ang
nepeBipku TeopeTuyHnx moaenen (YepHosa,
2025). BaxxnuBnM € akueHT Ha XMapHWUX TeXHO-
noriax, amxe MeToAuKa MNOBWHHA MOEAHYBaTU
BidyanbHUN €KCNepUMEHT i3 KOMM IOTEPHUM
MogentoBaHHAM (OemkoBa, 2023). Y Bukna-
OaHHi XiMiT cknagHicTb MatemMaTMYHOro anaparty
Ta abCcTpakTHICTb MNOHATbL YacTo NpPU3BOASATb 40
noMmunok. NponoHyeTbCs po3rnsggaTtn ix gk gia-
FHOCTUYHUI IHCTPYMEHT (OHidkiHa, KamiHcbkuni,
PomanuwuHa, 2021). lNonepegHi focnimkeHHA
aBTOpiB 4OBOAATb, LLO BUKOPUCTAHHSA iHCTPYMEH-
Tapito pbopmyBaribHOro ouUiHBaHHA NEPETBOPIOE
KOHTpPOMb 3HaHb i3 dickanbHOI npoueaypu Ha
MeXaHi3M 3BOPOTHOrO 3B’A3KY, L0 CTUMYIIOE PO3-
BUTOK JOCNIOHNLBKMX HaBUYOK (AmMbopak, 2025).

MeToponorisa Ta metoau. [locnifKeHHs r'pyH-
TYETbCSA Ha BUKOPWUCTAHHI 3MilWlaHOro MeTody 3a
cTparerieto TpiaHrynauii. Lle possonuno noea-
HaTW KiNbKiCHI AaHi, Wo AeMOHCTPYIOTb AUHAMIKY
HaB4YarnbHUX OOCSArNHEHb, 3 AKICHUM aHarni3om, Lo
pO3KpuBae MexaHiamMu (popMyBaHHA OOCHIgHULb-
KX KomneTeHTHocTen. [legaroriyHmm ekcnepu-
MEHT NPOBOAMBCA MNPOTArOM OOHOMO HaB4danb-
HOro cemecTpy Ha 0asi nabopartopin kadenpwu
ximii. Bubipky cknanu 84 ctyaeHTtn 1-ro Kypcy 3a

cneudianeHicTio «EnexkTpuyHa iHxeHepisa». MNepen
no4YaTkoM ekcnepumeHTy ©Oyrno npoBefeHo dia-
rHOCTUKY BXiQHOro piBHS 3HaHb, AKa niarsepauna
CTaTUCTUYHY OAHOPIAHICTE rpyn. KoHTponbHa
rpyna (KI,L, n=42) HaB4yanacsa 3a Tpaguuin-
HOIO OEeOYKTUBHOK MOOENMI0 3 BUMKOPUCTaHHSAM
AeTanbHUX HCTPYKUiINHMX KapT. EkcnepumeH-
TanbHa rpyna (EINL n=42) HaB4anacsa 3a pospo-
OneHow IHOYKTUBHOK MOAENso  OOChigHULUb-
KO-OpieHTOoBaHOro HaB4daHHA (IBL), sika BpaxoBye
npuHuunu STEM-iHTerpauii (Ambopak, 2024).
ApxiTekTypa 3aHaTTa B EI" 6asyBanacs Ha uukniy-
Hin mogeni POE (Predict — Observe — Explain).
Ha nepwomy etani (Predict) ctyoeHTn npauo-
Banu Yy BipTyanbHOMY cepefoBuLLi (Hanpuk-
nap, ChemCollective), cTBOptooun «igeanbHy
MoJerb» eKCnepumeHTy abo LUMdpoBUN OBINHUK
(MiHicTepcTBO OCBITM | Haykn YkpaiHu, 2023). Ha
apyromy etani (Observe) BigbyBaBcsa nepexig oo
poboTn 3 peanbHuM obnagHaHHsAM 6e3 NOKPOKO-
BUX iHCTpyKLUin. Ha TpeTbomy eTani (Explain) cTy-
OeHTU nopiBHIOBaNU AaHi, oTpUMaHi B igeanbHin
Mogerni Ta pearnbHOMYy ekcrnepumeHTi. OCHOBHUN
akUeHT pobuBcs Ha iHTepnpeTauil po3bikHocTen
(Error-Based Learning).

Pe3ynbratn Ta Aguckycii. KomnnekcHun aHa-
ni3 oTpuMaHuMxX p[aHuX [03BoNnuB 3adikcyBaTtu
NO3NTUBHY ANHaMIKy (PpopMyBaHHS haxOBUX KOM-
neTeHTHOCTeNn CTyaeHTiB. Ha eTani BxigHOro 3pisy
rpynu 3Haxogunucs B piBHUX ymMoBax. Pesynsratu
BUXiOHOro TecTyBaHHSA (guB. Tabnuuo 1, puc. 1)
nokasanu cyTTeBY BiOMIHHICTb.

[eTtanizoBaHuni aHani3 nokasas, Wwo npupicty KIr
BiAOYBCSl MepeBaXkHO 3a paxyHOK 3aBhaHb perpo-
OyKTUBHOro xapakrtepy. BogHodac, EI' npogemoH-
CTpyBara 3Ha4yHu Nporpec y 3aBOaHHSAX BUCOKOrO
KOMHITUBHOrO piBHS (aHani3 rpadikis, NpPOrHo3y-
BaHHSA). [ns nepesipku OOCTOBIPHOCTI pesynbraTiB
3acTtocoBaHo t-kputepiri CTblogeHTa Ans Hesanex-
HUX BMbipok. OTpumMaHe 3Ha4veHHs p<0,05 ceigunTb
Npo CTaTUCTU4YHY 3HauyLiCTb pisHULi. HanGinbL
MOKa3oBUMMW € pe3ynbraTh sKICHOro aHanisy riabo-
paTopHMX 3BiTiB. Y KOHTponbHi rpyni iwe 30 %
CTYOEHTIB 3MOMMU BUATU 3a MeXi (popmManbHUX
nosicHeHb. B ekcnepumeHTaneHii rpyni 85% cry-
OEHTIB NPOOEeMOHCTPYBarnv 34aTHICTb A0 IMMBOKoro
aHarnisy npuyYnHHO-HACNIAKOBUX 3B’A3KIB, i0eHTUdI-
KylOuM KOHKPETHI [mpKeperna CUCTEMAaTUYHUX MOXM-
©OK Ta NPOMOHYYN KOHCTPYKTUBHI LLIMSXN BAOCKO-
HaneHHsa ekcnepumeHTy (Ogle, 1986). KntoyoBrm
bakTopoM ycrixy cTasio CUCTEMHE BUKOPUCTAHHS
UMdpoBUX OBIVMHUKIB, LLIO € 0COBNMBO akTyarbHUM
B YMOBax AUCTaHUiMHOro abo 3MillaHOro HaB4aHHS
(MenbHuyeHko, CragHivyk, Kyudep, 2023). lNone-
pedHe mogentoBaHHA popmye Yy CBIiZOMOCTI CTy-
JeHTa «eTanoH» npouecy. Konn peanbHui ekcrne-
PUMEHT BIiOXUITIAETLCS Bif LbOro €TarioHy, BUHMKaE
KOTHITUBHUA OWUCOHAHC, KWW CTUMYIIOE KPUTUYHE
MucrneHHsa. CTydeHT 3MmyLeHun LykaTu Bignosigb
Ha NUTaHHA «HoMmy?», Nepexoasyn 3 piBHA 3anam’s-
TOBYBaHHs Ha piBEHb aHaniay.
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Tabnuus 1
AuHamMika HaBYanbHUX AOCArHeHb cTyAeHTIiB (% npaBunbHUX Bignosigemn)
Mpyna BxigHe BuxigHe A6con|q'r|-|m7| Bip.Hoc_HMﬁ
TeCTyBaHHA TeCTyBaHHA npupicT npupicT
KoHTtpornbHa (KI) 56,2 68,5 +12,3 21,9%
EkcnepumenTansHa (EIN) 55,8 78,9 +23,1 41,4 %
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Excnepumentansaa (EN)

Puc. 1. lNopiBHANBbHA rictorpama AMHaMiky HaBYaribHUX AOCATHEHb CTYAEHTIB
KOHTPOJILHOI Ta eKCnepuMeHTarnbHOI rpyn

BucHoBku. EkcnepumeHTanbHO [JoBeaeHo,
WO iHTerpauis TexHosnorii undpoBux ABiNHUKIB
Ta metoanku Error-Based Learning TpaHcdopmye
nadopaTopHUN NPaAKTUKYM i3 pyTUHHOT METOOUYHOT
npoueaypwv Ha TBopuui npouec. 3anpornoHoBaHa
MoAenb cnpusie OpMyBaHHIO KyNnbTypU HayKOBOT
nobpoyecHocTi Ta [OCHIAHULBKOT KOMMETEHTHO-
CTi, WO Y3roXyeTbCsa 3 MiXKHapoaHMK cTaHaap-
Tamm STEM-ocsiTn. [llepcnektnBm noganbLlUnx
gocnigpkeHb Bb6ayaemo y po3pobui aganTMBHUX
cueHapiiB nabopaTtopHNx pobiT i3 BUKOpUCTaHHAM
ereMeHTIB LUTYYHOrO iHTeneKkTy Ansd nepcoHanisa-
LiT HaBYaHHSA XiMmil.
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