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Abstract. The STEM approach utilizes an integrated, interdisciplinary
method to examine scientific and technical concepts within real-world contexts.
The student gains the ability to solve several problems and design prototypes for
new mechanisms, procedures, and programs within the scope of the installations
of this method. This article presents a study investigating the effectiveness of
incorporating the STEM approach into 10th-grade chemistry lessons as part of the
updated curriculum, specifically examining its impact on student’s development
of essential 21st-century skills. The study utilised the Cambridge Assessment
framework to evaluate student progress in several key areas. This framework
provides a robust measure of skills crucial for success in the modern world,
including critical thinking, problem-solving, collaboration, communication, and
creativity. The research aimed to determine whether applying STEM principles
in chemistry education could demonstrably enhance student proficiency in
these areas. The findings demonstrated that integrating STEM technology into
chemistry classes positively impacted participants’ 21st-century skills, such as
research, critical thinking, teamwork, and academic performance. Simultaneously,
it has been proven that applying STEM teaching increases students’ motivation
to study science and conduct research in extracurricular activities. Implementing
the method will facilitate the establishment of strong connections between
schools, society, and the global community, which will enhance STEM literacy
and competitiveness in the world economy.

Key words: STEM education, 2Ist-century skills, problem-solving,
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Introduction

STEM (Science, Technology, Engineering, and Mathematics) education
has gained increasing global attention due to its pivotal role in equipping
learners with the competencies required for success in the 21st century. Through
the interdisciplinary integration of scientific inquiry, technological innovation,
engineering design, and mathematical reasoning, STEM education fosters
critical thinking, creativity, and problem-solving skills that are indispensable
in today’s complex and rapidly changing world. Indeed, according to research
by the Bureau of Labor Statistics, growth in STEM occupations is expected to
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reach 8% by 2029, while global job growth is expected to reach 3.9% [1]. This
growth reflects the mounting demand for a workforce capable of understanding
and applying scientific and technological principles across diverse contexts [2].
Consequently, STEM education is essential in preparing students for enduring
changes in the world by equipping them with the necessary skills to comprehend
technological advancements in the 21st century.

STEM education is broadly defined as an interdisciplinary approach that
applies knowledge from multiple domains to address real-world challenges.
Mobley (2015) describes it as “an educational approach in which interdisciplinary
applications are made to solve problems in real life and links to different disciplines
are created” [3]. Contemporary research emphasizes that authentic STEM
learning experiences are most effective when designed through interdisciplinary
and transdisciplinary integration [4]. Such approaches allow students to transfer
concepts between domains — such as combining chemistry, physics, and
engineering to design a water purification system — thereby deepening conceptual
understanding and reinforcing the interconnected nature of scientific inquiry [5].

The incorporation of technology has further expanded the potential
of STEM pedagogy. Digital tools, such as virtual laboratories, interactive
simulations, and collaborative online environments, enhance engagement and
support active, inquiry-driven learning [6-8]. Recent studies have also explored
specific applications of STEM technologies in high school chemistry education,
demonstrating their capacity to enhance student motivation and performance [9].

Despite this growing body of research, literature still reveals a gap in
understanding how STEM-based pedagogies specifically foster 21st-century
skills in subject-specific contexts such as chemistry. Much of the existing
research remains conceptual or exploratory, with limited empirical evidence on
targeted classroom practices that develop such skills. Moreover, while numerous
frameworks exist for categorizing 21st-century skills [10-12], there is a lack of
consensus on which competencies are most essential for modern learners and
how they can be systematically cultivated within STEM disciplines.

In response to these gaps, this study focuses on the development of five
core 2lst-century skills — problem-solving, critical thinking, creativity and
collaboration, teamwork, and research skills — within the context of high school
chemistry instruction. These competencies were selected based on their recurring
identification in recent educational literature as fundamental to learners’ success
in both academic and professional environments [10-12].

Atthe same time, it is important to acknowledge that implementing authentic
STEM approaches poses notable challenges. Teachers often face constraints
such as limited time, insufficient training, lack of interdisciplinary collaboration,
and inadequate access to technological resources. Furthermore, aligning STEM
integration with national curricula and assessment systems remains a persistent
issue. Recognizing these challenges is critical for ensuring that pedagogical
innovations are both practical and sustainable.

Therefore, this paper investigates how STEM-based teaching strategies
can effectively nurture 21st-century skills among high school students studying

460 BULLETIN of Ablai Khan KazUIRandWL



STUDY OF THE IMPACT OF INTEGRATING STEM TECHNOLOGY INTO ...

chemistry. It explores instructional techniques — such as STEM-integrated lesson
design, interdisciplinary projects, and research-based learning activities — and
evaluates their impact through classroom-based assessments. Ultimately, this
study aims to contribute to the growing discourse on how STEM education can
move beyond theoretical advocacy to achieve measurable outcomes in skill
development for modern learners.

Materials and methods

Sample and Participant Selection: A total of 60 students participated in this
study, divided into two focus groups of 30 each (Figure 1). The participants were
of similar age (16-17 years old) and shared comparable academic performance
levels based on previous term grades in chemistry. Both groups studied within
identical school settings, under the same curriculum and timetable conditions,
to ensure equivalency of learning environments. All students participated
voluntarily, and informed consent was obtained from both participants and their
parents. Pseudonyms were assigned to maintain confidentiality in all published
data.

PRE-TEST

(—
—

1st focus group (N=30) 2nd focus group (N=30)

K
(—

Teaching on the topics of the lessons

(—
=

Without intervention STEM integration

U !

POST-TEST

Figure 1 - A quasi-experiment scheme illustrating participant grouping and
study design

The research sought to examine how the integration of STEM technologies
in the chemistry classroom contributes to the development of twenty-first-century
skills such as problem-solving, critical thinking, creativity, collaboration, and
research ability.

This quasi-experimental study was conducted at the Nazarbayev Intellectual
School of Chemistry and Biology in Turkestan, Kazakhstan, between September
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2023 and February 2024. Two instructional approaches were compared:

¢ Focus Group 1 (Control): Received traditional chemistry instruction based
on teacher-led explanations, textbook-based exercises, and standard laboratory
demonstrations.

e Focus Group 2 (Experimental): Followed a blended STEM-based model
integrating theoretical chemistry lessons with hands-on, interdisciplinary projects
and technology-enhanced activities.

Weekly sessions incorporated inquiry-based experiments, digital
simulations, and problem-solving workshops aligned with real-world scientific
and environmental challenges. Data collection methods included surveys,
classroom observations, analysis of students’ academic performance, Cambridge
Skill Assessment (CSA) results, and evaluation of project-based learning
outcomes.

Assessment Frameworks and Instruments

1. Cambridge Skill Assessment (CSA)

The Cambridge Assessment Framework was employed to evaluate three
core twenty-first-century skills: critical thinking, collaboration, and creativity
[13]. The CSA consisted of multiple-choice items (one point per correct response)
and open-ended analytical tasks. The assessment was administered both before
and after the intervention to identify skill progression.

2. Project-Based Learning Evaluation

Students in the experimental group engaged in interdisciplinary projects
such as:

¢ Designing eco-friendly chemical synthesis processes,

¢ Developing prototypes for energy-efficient systems, and

e [nvestigating heat transfer mechanisms using small-scale calorimeters
and convection models.

Project activities adapted resources from Flinn Scientific (Solar Oven
STEM Challenge, Small-Scale Calorimeters, Heat Convection of a Gas).

Each project was evaluated using an analytic rubric developed by the
research team based on recent STEM education frameworks. The rubric consisted
of five domains corresponding to twenty-first-century skills:

Table 1. Analytic rubric

DOMAIN INDICATORS (EXAMPLES) EVALUATION
SCALE

CRITICAL Application of chemical principles, logical 1-4 Likert
THINKING reasoning, and problem analysis (Low-High)
CREATIVITY Originality and practicality of design ideas 1-4
COLLABORATION | Quality of teamwork and shared decision- 1-4

making
RESEARCH SKILLS | Use of data, evidence, and experimental 1-4

accuracy
COMMUNICATION | Clarity of presentation and reflection 1-4
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Two independent raters (experienced chemistry teachers) scored the
projects. Inter-rater reliability was established (Cohen’s k¥ = 0.86), ensuring
consistency in scoring.

3. Surveys and Questionnaires

Questionnaires were developed to collect students’ perceptions regarding
the integration of STEM technologies in chemistry. The survey included 20 items:
15 closed-ended statements rated on a 5-point Likert scale (1 = strongly disagree,
5 = strongly agree) and 5 open-ended questions exploring students’ reflections.

The instrument underwent expert validation by three educators with
expertise in STEM pedagogy and psychometrics. A pilot test with 12 non-
participating students was conducted to refine item clarity. Cronbach’s alpha for
internal consistency was a = 0.89, indicating strong reliability.

Quantitative survey data were analyzed using SPSS 26.0, applying
descriptive statistics (mean, standard deviation) and independent-sample t-tests
to detect group differences. Open-ended responses were analyzed thematically
using inductive coding to identify patterns related to motivation, perceived
benefits, and challenges of STEM-based learning.

Results and discussion

Data Triangulation and Analysis

To strengthen validity, data triangulation was applied by cross-referencing
findings from three data sources:

1. Cambridge Skill Assessment results,

2. Project rubric scores, and

3. Survey responses and interviews.

This triangulation enabled a comprehensive understanding of how STEM
instruction affected both measurable academic outcomes and subjective learner
experiences.

The outcomes of Cambridge (GCSE) assessments were compared between
the two focus groups for the same academic term to determine the effect of STEM
technology on academic achievement (Table 2).

Table 2. Comparative summary of academic and subject-specific
qualifications for the two focus groups

1st focus group GCSE % Mark 2nd focus group GCSE % Mark

(STEM-integrated) (Traditional)
Student 1 87 A Student 1 69 C
Student 2 86 A Student 2 60 C
Student 3 77 B Student 3 66 C
Student 4 86 A Student 4 79 B
Student 5 52 D Student 5 71 B
Student 6 85 A Student 6 60 C
Student 7 84 A Student 7 86 A
Student 8 90 A* Student 8 66 C
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Student 9 91 A* Student 9 49 E
Student 10 71 B Student 10 70 B
Student 11 80 A Student 11 62 C
Student 12 75 B Student 12 83 A
Student 13 73 B Student 13 45 E
Student 14 71 B Student 14 85 A
Student 15 70 B Student 15 64 C
Mean = SD 78.1 £10.8 64.2 +11.9

Initial Knowledge Assessment: Baseline assessments indicated comparable
starting points between the two groups, with mean scores of 65% for Group A
(STEM-integrated) and 63% for Group B (traditional). This parity ensured that
subsequent differences could be attributed primarily to the intervention.

Post-Experiment Outcomes: The comparative data summarized in Table
2 show that the STEM-integrated group achieved a higher mean GCSE score
(78.1 £ 10.8) than the traditional group (64.2 £ 11.9). The 14-point difference
was statistically significant (p < 0.01), confirming the positive impact of STEM
integration on academic achievement.

Development of 21st-Century Skills: Beyond cognitive outcomes,
Group A demonstrated stronger development in research, communication, and
collaboration skills. Evidence of this growth included student participation and
recognition in extracurricular activities such as:

v “Fire Rescue Robot” —first place in a regional hackathon for innovation
in automation.

v’ “Naq VR Syganak” — recognized for educational virtual reality
development.

v' Achievements in national science Olympiads and local research
competitions.

These outcomes suggest that sustained engagement in STEM-integrated
learning environments can extend academic benefits into applied, real-world
contexts.

Critical Considerations: Despite the positive results, several challenges
were encountered. Implementing STEM-based instruction required substantial
teacher preparation time, access to digital and laboratory resources, and ongoing
professional development. Some students initially expressed difficulty adapting
to the collaborative and inquiry-based learning format, preferring traditional
lecture-based instruction. Addressing these barriers will be essential for large-
scale adoption. Moreover, the study’s relatively short duration and limited sample
size constrain the generalizability of findings.

Implications: The results support the growing body of literature advocating
for STEM integration as a means of enhancing chemistry education and fostering
transferable 21st-century skills. When balanced with adequate teacher support
and institutional resources, this approach has the potential to improve both subject
mastery and learner autonomy. Future research could investigate longitudinal
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impacts and cross-subject scalability to determine the sustainability of these
gains.

Conclusion

This study examined the impact of integrating STEM technology into
secondary-level chemistry instruction through questionnaires and Cambridge
assessment (GCSE) results. The findings demonstrated that students in the
STEM-integrated group achieved, on average, a 14% higher performance than
their peers in traditional settings. Questionnaire responses indicated that mini-
projects and interdisciplinary activities fostered stronger engagement and deeper
conceptual understanding. However, a small subset of students showed limited
enthusiasm toward research-oriented tasks, suggesting the potential benefit of
incorporating creative or artistic elements from the STEAM model to support
diverse learner profiles.

Overall, the integration of STEM approaches contributed to improved
problem-solving, collaboration, and critical thinking — skills essential for success
in the 21st century. The results align with global educational trends emphasizing
active, inquiry-based learning. Nevertheless, the study’s conclusions should
be interpreted within its contextual limitations, including a relatively short
intervention period, a single-school setting, and the dependence on available
technological resources.

Based on the evidence, the following recommendations are proposed:

1. Gradual and context-sensitive integration: Schools should implement
STEM technologies progressively, adapting activities to existing resources and
teacher expertise.

2. Professional development: Teachers require sustained training and
collaboration opportunities to design effective interdisciplinary lessons and
manage project-based learning.

3. Student engagement monitoring: Educators should track correlations
between students’ extracurricular involvement, academic performance, and
social participation to identify those needing additional motivation or alternative
learning formats.

Future research could focus on longitudinal studies assessing the durability
of STEM-related skills, exploring cross-subject applications, and developing
strategies to engage students who are less inclined toward research-based or
technical activities.
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XUMMUS ITIOHIHE STEM TEXHOJIOT'USACBIH KIPIKTIPIII
OKbITYIbIH OKYIBIJIAPABIH XXI FACBIP JAF IBIJIAPBIHA
N IJCEPIH 3EPTTEY
Toxrameic H.B.!, [llarpacra b.b.%, lllepraca H.T.?, buremuposa A.E.*
1234 930ekoni Konibeko arbiHgarsl OHTYCTIK Kasakcran
nenarorukansik yausepeuteTi, LlsimkenTt, Kazakcran

Angarna. STEM ozici FbUIBIMU KOHE TEXHUKABIK TYXKbIPbIMIaMaIap/abl
HaKThl OMIpJIIK JKarjaiigapia KapacTblpy YIIIH KEIIEH[l, MOHApaJbIK TOCLIII
Kosianaabl. OKyLblIIap OChl 9AICT1 KOJIIaHy apKbUIbI SPTYPIIl MaceeepAl Lenry
JKOHE JKaHa MeXaHU3MJep, NpolecTep MeH OaFaapiaMaiapblH IPOTOTUITEPIH
Kacay KaOinmeTiH meHrepenil. by makanana >kaHapThUFaH OKY OargapiiaMachl
asceiHga STEM  omicin  10-chiHbINTaFrbl XUMHSI cabakTapblHa EHTI3YIIH
TUIMJIUIITIH 3€pPTTEY YCHIHBUIAIbI. ATanm alTKaHIa, OHBIH OKyHIbUIapabiH XXI
FACBIPJIbIH MaHBI3/Ibl JIaF/IbUIAPBIH JaMbITyFa 9cepl KapacTblpbLialbl. 3epTTey
OapbIChIHAA OKYLIbLIAP/bIH HETI3T1 JaF/bliap OOMBIHILA KETICTIKTEpIH Oaranay
yurid Cambridge Assessment KypbUIbIMBI Al AalaHbUIIbl. Byl KypbUlbIM Ka3ipri
anemjie TaObICThI O0JTy YILIH Ka)KeTT1 JaFblIap/bl, COHbIH 1IIIHAE CHIHU Oilay,
Macesenepl HIenly, BIHTBIMAKTAaCThIK, KOMMYHHUKAIUsl >KOHE KpPEaTHBTUIIKTI
CEHIM/II TYpJIe eJIIeyre MyMKIHIIK Oepe/il. 3epTTeyaiH MaKcaThl — XUMUS MTOHIH
okpiTyna STEM KaruparTapblH KOJJAHY OKYIIBUIAPABIH OCHI JaFblIapblH
aliTapibIKTail JKakcapTa alaTblHbIH aHBIKTay OOJIIbl. AJIBIHFAH HOTHUIXKEJEp
STEM TexHomorusiaapblH XuMusi cabakTapblHa HHTErpalysiay OKYIIbUIAP/IbIH
3epTTeyIIUIIK KaOlleTTepli, ChIHU ONjaybl, TONTBHIK JKYMBIC JaF/AbUIaphl >KOHE
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aKaJeMMsUIbIK yiarepimMi cusikTbl XXI Facblp AaFabuIapblHa OH 9Cep €TeTiHIH
kepcerTi. ConbiMeH Katap, STEM opicTepiH KoiaHy OKYIIbUIAPbIH FHUIBIMIbI
OKYFa JIEr€H bIHTACBhIH apTThIPHII, CA0AKTaH ThIC FHUILIMU-3EPTTEY KYMBICTAPbIH
JKYPIri3yre KbI3bIFYLIbUIBIFBIH JKOFApbLIaTaThIHbl JaNENACH 1. by onicTi eHrizy
MEKTEITepP, KOFaM >kKoHE >kKahaHJIBIK KaybIMJACTBHIK apachblHAarbl OalIaHbICTHI
HBIFaTyFa bIKOAN eteni, HoTwkecinae STEM cayaTThUIbIFBI apThIN, QJIEMIIK
SKOHOMHUKA/IaFbl 09ceKeTe KaOUIEeTTIIIK KyIIeHeI.

Tipex ce3nep: STEM Ounim, 21 racelp Aarabliapbl, mpobiemaiapiibl
hielnly, ChIHM TYPFBIIAH Olulay, KIPIKTIpUITeH cabakrap, HIbIFapMallbUIbIK,
BIHTBIMAKTaCThIK, KOMMYHUKALMsI, MOTUBALUS, 3€PTTEY AaFblIapbl

W3YUYEHUE BJAUSHUSA UHTETPAIIMA STEM-TEXHOJIOT U B
HPEHOI[ABAHI/IE XUMHUHN HA HABBIKM YYEHUKOB XXI BEKA
TOKTaMBIC H.B.!, [llarpaea b.b.2, [llepraca H.T.?, Butemuposa A.E.*
12,34 IO)KHO KaSaXCTaHCKI/II/I [I€1arOrM4e€CKUil YHUBEPCUTET
nMmenu O30ekani XKonioekos, IlIsiMkenT, Kazaxcran

AnHorauusi. Ilomxon  STEM  wucnonb3yeT  MHTErpUpOBaHHbIH,
MEKIUCUUIJIMHAPHBIA  METOJ U1 M3y4eHMS Hay4YHbIX M TEXHUYECKHUX
KOHLICTILIUN B peaJIbHbIX YCIOBUSX. Yyaliuecs NpuoOpeTaroT HaBbIKU PEIICHUs
pPa3IUYHBIX MpPOOJEeM M MPOEKTUPOBAHUS MPOTOTUIIOB HOBBIX MEXaHH3MOB,
IIPOLIECCOB M IPOTpaMM B paMKax IMPHUMEHEHHMs 3TOro Meroaa. B naHHON
CTaTb€ MpPEJCTABICHO MCCIIEI0BaHUE, MOCBALICHHOE OLIEHKE 3((EKTUBHOCTU
BHenpenus STEM-nonxona B npenogaBanue xumuu B 10-X Kjiaccax B paMKax
0OHOBNIEHHOU y4eOHOW mporpaMMmbl. B dacTHOCTH, M3y4anoch BIMUSIHUE STOTO
MOAXO/la Ha Pa3BUTHUE Y YUYECHHMKOB KIIIOUE€BbIX HaBbIKOB XXI Beka. B xoxe
HCCIIEI0BAHMS UCITOJIB30BAIACh CTPYKTypa orieHuBanusa Cambridge Assessment
JUISL aHAJIM3a MPOorpecca yyaliuxcsl B HECKOJIBKUX KIIIOYEeBBIX o0nacTax. JlaHHas
CUCTeMa Ipe/sIaraeT HaleKHble KPUTEPUH OLEHKU HAaBBIKOB, HEOOXOAUMBIX JIJIS
YCHEUIHOW aIaliTallii B COBPEMEHHOM MHUPE, BKJIFOUasi KPUTUUECKOE MBIIIJIEHUE,
pelieHre npobaeM, COTPyAHUYECTBO, KOMMYHHUKALMIO U KpeaTuBHOCTh. llenb
HCCIIEIOBaHMsl 3aKjroyajach B TOM, 4YTOOBI OIpPENEeIHUTh, CIHOCOOCTBYET JIU
npumenenne STEM-npuHuunoB B 00y4yeHUM XUMHHM 3aMETHOMY IOBBILLIEHUIO
YpOBHSI IMOJTOTOBKM Y4alllUxcsi B 3THX oOnactax. lloayueHHble pe3ynbraThl
nokasanu, uyrto uHrerpauuss STEM-texHonoruii B mnpenogaBaHue XHUMUU
ITOJIOKUTEINIBHO BIUSET HA PA3BUTHE Y IIIKOJIbHUKOB HaBBIKOB X X Beka, TakKMX Kak
HCCIIeI0BaTENbCKUE CIOCOOHOCTH, KpUTHUECKOE MBILIUIEHHE, pa00Ta B KOMaH e
U aKaJieMuyeckas ycreBaeMocTb. Kpome Toro, ObU10 JI0Ka3aHO, 4TO IPUMEHEHUE
STEM-MeTof0B cIOCOOCTBYET MOBBIILIEHUIO MOTUBALIMHU YUAIIUXCS K U3YUEHHUIO
HayKd W IIPOBEJICHMIO HAYYHBIX MCCIEJOBAHUN BO BHEYPOUYHOU JEATEIBHOCTH.
Brenpenne naHHOro mnoxaxoza IMO3BOJMT YKPENUTh CBA3HM MEXKIy IIKOJIaMH,
00IIECTBOM U MUPOBBIM COOOILIECTBOM, YTO, B CBOIO OYEPE/Ib, [IOBBICUT YPOBEHb
STEM-rpaMOTHOCTH ¥ KOHKYPEHTOCIIOCOOHOCTh B IN100AJIbHOI SKOHOMUKE.

KuroueBsblie cioBa: STEM-o0Opa3zoBanue, HaBbiku XXI Beka, peimieHue
po0JieM, KPUTUYECKOE MBIIUIEHUE, HUHTETPUPOBAHHBIE YPOKH, KPEaTUBHOCTb,
COTPYAHUYECTBO, KOMMYHUKAIIHsI, MOTUBALINS, UCCIIEI0BATEIBCKAE HABBIKU
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