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Article Info Abstract
Background: The persistently low numeracy performance of Indonesian
Article history: elementary students, as indicated by the PISA 2022 results and the national

Education Report Card, highlights the need for contextual mathematics
instruction that connects mathematical concepts with authentic learning
experiences.
Aims: This study investigated the effectiveness of project-based STEM learning
through vertical garden design in enhancing fifth-grade students’ numeracy and
Keywords: mathematical problem-solving compared with the Direct Instruction model.
Method: A quasi-experimental study employing a nonequivalent control group
design was conducted with 46 fifth-grade students, comprising an experimental
group (n = 23) and a control group (n = 23). Data were collected using validated
Problem-Solving; ~Numeracy; and reliable numeracy and mathematical problem-solving tests and analyzed
Project-Based STEM Learning; through descriptive statistics, normalized gain (N-Gain), paired-sample t-test,
Vertical Garden Design. Wilcoxon signed-rank test, independent-sample t-test, and Cohen'’s effect size.
Results: Project-based STEM learning significantly improved students’
numeracy (p < 0.001) and mathematical problem-solving (p < 0.001). The
experimental group achieved significantly greater numeracy improvement (N-
Gain = 0.68) than the control group (N-Gain = 0.52), with a large effect size (d =
0.914). In contrast, no significant between-group difference was found in
mathematical problem-solving improvement (p = 0.428; d = 0.236), likely due to
a ceiling effect.
Conclusion: Project-based STEM learning through vertical garden design
effectively enhances elementary students’ numeracy and mathematical problem-
solving. Its strongest contribution lies in improving contextual numeracy, while
its comparative advantage over Direct Instruction depends on the specific
mathematical competency being developed.
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INTRODUCTION

Numeracy has become one of the most essential competencies required to enable individuals
to function effectively in the twenty-first century. Modern society demands the ability to interpret,
analyze, and apply quantitative information in various personal, academic, and professional contexts
(Christou, 2023; Gerlich, 2025; Lépez-Meneses et al.,, 2020). Everyday activities such as comparing
prices, interpreting statistical information, estimating quantities, and making financial decisions all
require adequate numeracy skills. Consequently, numeracy should not be viewed merely as the
ability to perform arithmetic calculations but as a broader capacity to reason mathematically in
authentic situations. Developing numeracy from the early years of schooling is therefore
fundamental for establishing a strong foundation for lifelong learning. Elementary education plays a
crucial role because students begin constructing conceptual understanding of numbers, operations,
measurement, and quantitative relationships during this stage (Idrus et al., 2022; Manfreda Kolar &
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Hodnik, 2021; Yi et al,, 2026). However, evidence indicates that many elementary students continue
to experience considerable difficulties in applying mathematical knowledge beyond routine
classroom exercises. These difficulties are reflected in their limited ability to connect mathematical
concepts with meaningful real-life situations. As a result, improving numeracy has become an
important priority for mathematics education reform in many countries, including Indonesia. This
condition highlights the necessity of designing mathematics instruction that promotes conceptual
understanding, reasoning, and meaningful application rather than emphasizing procedural
computation alone.

Numeracy development is closely related to mathematical problem-solving because both
competencies require students to use mathematical knowledge to understand, analyze, and resolve
unfamiliar situations. Mathematical problem-solving encourages learners to identify relevant
information, formulate appropriate strategies, implement solutions systematically, and evaluate the
correctness of their reasoning (Szabo et al., 2020; Torres-Pefia et al., 2025). These processes support
the development of critical thinking, logical reasoning, and decision-making, which are indispensable
competencies in contemporary education (Dumitru & Halpern, 2023; Raj et al,, 2022; Rivas et al,,
2022). Nevertheless, many elementary students still encounter substantial challenges when
mathematical tasks require reasoning beyond routine computational procedures. Learning
difficulties become particularly evident in fraction topics because students often memorize
algorithms without fully understanding the underlying concepts. As a consequence, they struggle to
transfer procedural knowledge into meaningful problem-solving situations involving authentic
contexts. Such learning difficulties gradually accumulate and negatively influence students’ readiness
to learn more advanced mathematical concepts in higher grades. One major factor contributing to
this condition is the continued dominance of teacher-centered instruction that emphasizes formula
memorization and repetitive practice. Although this instructional approach may improve procedural
fluency, it often provides limited opportunities for students to develop conceptual understanding
and flexible mathematical reasoning. Therefore, mathematics instruction should be transformed into
a more contextual and student-centered learning experience that enables students to construct
mathematical understanding through meaningful exploration and authentic problem-solving
activities.

Project-Based STEM learning has emerged as one of the promising instructional approaches
capable of addressing these educational challenges by integrating science, technology, engineering,
and mathematics into authentic learning experiences. Rather than treating mathematics as an
isolated subject, this approach positions mathematical knowledge as a practical tool for investigating
problems, designing solutions, and evaluating outcomes within meaningful projects. Through
project-based activities, students actively participate in inquiry, collaboration, experimentation, and
reflective thinking while applying mathematical concepts to solve real-world problems (Rehman et
al, 2024). Such learning experiences provide opportunities for students to connect abstract
mathematical ideas with concrete situations that are relevant to their daily lives. One authentic
context that can facilitate this integration is the design and construction of a vertical garden, where
students apply fraction operations, measurement, estimation, and quantitative reasoning to
complete engineering design tasks. This environmental project not only strengthens students’
mathematical understanding but also introduces sustainability-related issues that encourage
responsible decision-making and interdisciplinary thinking. The Engineering Design Process
embedded in Project-Based STEM learning further supports systematic reasoning by guiding
students through identifying problems, generating ideas, constructing prototypes, testing solutions,
and improving their designs (Abdurrahman et al., 2023; Jiang & Pang, 2023; Lin et al., 2021; Syukri
et al,, 2026; Vistara et al., 2022). Consequently, mathematics becomes an integral component of the
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design process rather than merely a collection of abstract procedures. This learning environment
encourages students to understand why mathematical concepts are needed and how they function
in solving authentic problems. Therefore, integrating Project-Based STEM learning with vertical
garden design offers considerable potential to enhance both numeracy and mathematical problem-
solving in elementary mathematics education.

Recent studies have consistently demonstrated the educational benefits of project-based
STEM learning in improving students’ learning outcomes across mathematics and science education.
Previous research has primarily examined the implementation of project-based STEM learning from
the perspectives of instructional effectiveness, student engagement, creativity, and twenty-first-
century skills, while also identifying various pedagogical opportunities and implementation
challenges (Baran et al., 2021; Chistyakov et al., 2023; Lee & Lee, 2025; Wilson, 2021). In paralle],
numerous studies have emphasized the growing importance of numeracy and mathematical
problem-solving as essential competencies for elementary students, highlighting their roles in
supporting mathematical reasoning, decision-making, and lifelong learning (Geiger & Schmid, 2024;
Grotliischen et al, 2020; Hoogland, 2023; Olivares et al., 2021; Reyna & Brainerd, 2023).
Furthermore, innovative mathematics learning approaches, including project-based learning and
realistic mathematics education, have been reported to improve students’ mathematical
achievement, numeracy, and problem-solving abilities in elementary classroomsc (Fauzan et al,,
2024; Lazi etal., 2021; Pellegrini et al,, 2021). Nevertheless, several important research gaps remain.
Most previous studies have investigated numeracy and mathematical problem-solving as separate
learning outcomes, providing limited evidence regarding the simultaneous development of both
competencies within a single project-based STEM intervention. Moreover, authentic engineering
design activities situated in environmental sustainability contexts, such as vertical garden design,
have rarely been integrated into elementary mathematics instruction, despite their potential to
provide meaningful opportunities for applying mathematical concepts in real-world situations. In
addition, comparative evidence examining the effectiveness of project-based STEM learning against
a well-established instructional approach such as Direct Instruction remains scarce, making it
difficult to determine whether the advantages of STEM are competency-specific or consistently
superior across different mathematical outcomes. Therefore, this study addresses these gaps by
integrating project-based STEM learning with a vertical garden design project and simultaneously
examining its effects on elementary students’ numeracy and mathematical problem-solving in
comparison with Direct Instruction, thereby providing more comprehensive empirical evidence
regarding the instructional value of contextual STEM learning in elementary mathematics education.
Despite the growing body of research demonstrating the educational benefits of Project-Based STEM
learning, important gaps remain regarding its application in elementary mathematics education.

Previous studies have generally investigated numeracy and mathematical problem-solving
as separate learning outcomes, providing limited evidence concerning their simultaneous
development within a single instructional intervention. Furthermore, many existing STEM projects
employ general engineering activities that are not explicitly connected to environmental
sustainability or authentic mathematical applications encountered by elementary students.
Comparative studies evaluating Project-Based STEM learning against well-established instructional
approaches such as Direct Instruction are also relatively limited, making it difficult to determine the
specific instructional advantages of each approach for different mathematical competencies.
Addressing these limitations is important for developing more comprehensive evidence regarding
effective mathematics instruction at the elementary level. Therefore, this study investigates the
effectiveness of Project-Based STEM learning through vertical garden design in enhancing
elementary students’ numeracy and mathematical problem-solving. Specifically, the study examines
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the effects of the instructional intervention on students’ numeracy achievement and mathematical
problem-solving performance following the learning process. It also compares students’ learning
improvements with those achieved through Direct Instruction to determine whether Project-Based
STEM learning provides greater educational benefits. Furthermore, the study seeks to identify the
competency-specific contribution of Project-Based STEM learning in supporting meaningful
mathematics learning through authentic engineering design experiences. The findings are expected
to provide empirical evidence that contributes to the advancement of contextual mathematics
instruction and supports the implementation of innovative STEM-based pedagogies in elementary
education.

LITERATURE REVIEW

Numeracy is widely recognized as a fundamental competency that enables learners to
interpret, analyze, and apply mathematical knowledge in diverse real-life situations. Unlike
traditional computational proficiency, numeracy emphasizes the meaningful use of mathematical
concepts, reasoning, and quantitative information to make informed decisions and solve authentic
problems (Hoogland, 2023; Reyna & Brainerd, 2023; Torres-Pefia et al, 2025). Contemporary
mathematics education views numeracy as a multidimensional construct encompassing conceptual
understanding, procedural fluency, strategic reasoning, and the ability to communicate mathematical
ideas effectively (Adeleke etal., 2025; Asmara et al., 2026; Barham et al., 2026; Proshkin & Astafieva,
2025). Developing numeracy during elementary education is particularly important because it
establishes the cognitive foundation required for learning more advanced mathematical concepts in
subsequent educational levels. Students who develop strong numeracy skills at an early age generally
demonstrate greater confidence in mathematical reasoning and exhibit higher achievement across
various academic disciplines. Conversely, inadequate numeracy often results in persistent
misconceptions that hinder students from applying mathematical knowledge beyond routine
classroom exercises. This condition becomes increasingly problematic when students encounter
contextual mathematical tasks that require interpretation, estimation, comparison, and decision-
making rather than direct computation. Consequently, mathematics instruction should provide
meaningful learning experiences that encourage students to connect mathematical concepts with
authentic situations encountered in their daily lives. Contextual learning environments facilitate
conceptual understanding because students construct mathematical meaning through active
interaction with realistic problems rather than through memorization of isolated procedures.
Therefore, strengthening numeracy requires instructional approaches that integrate conceptual
understanding, authentic problem contexts, and active student engagement within meaningful
mathematical experiences.

Mathematical problem-solving is considered one of the central objectives of mathematics
education because it enables students to utilize mathematical knowledge strategically when
confronted with unfamiliar situations. Effective problem-solving extends beyond obtaining correct
answers and involves understanding problems, selecting appropriate strategies, implementing
mathematical procedures, and evaluating the validity of solutions (Leavy & Hourigan, 2020; Szabo et
al., 2020). These cognitive processes encourage students to develop logical reasoning, analytical
thinking, creativity, and reflective judgment throughout the learning process. The well-established
problem-solving framework proposed by Polya continues to provide a comprehensive foundation
for understanding how students approach mathematical problems systematically. Students who
actively engage in structured problem-solving activities generally demonstrate stronger conceptual
understanding because they continuously connect prior knowledge with newly encountered
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mathematical situations. However, many elementary students experience considerable difficulties in
solving contextual mathematical problems because classroom instruction frequently emphasizes
procedural practice rather than strategic reasoning. Such instructional conditions often encourage
students to memorize algorithms without understanding why particular mathematical procedures
are appropriate for solving specific problems. As a result, students become dependent on familiar
procedures and struggle when mathematical tasks require flexible reasoning or multiple solution
strategies. Providing authentic learning experiences that encourage investigation, exploration, and
collaborative reasoning can substantially improve students’ mathematical problem-solving abilities.
Therefore, instructional approaches that integrate meaningful contexts with active learning
experiences are expected to strengthen both students’ problem-solving competence and their overall
mathematical understanding.

Project-Based STEM learning has emerged as an interdisciplinary instructional approach that
integrates science, technology, engineering, and mathematics within authentic learning experiences
designed to solve real-world problems. This approach encourages students to construct knowledge
actively by participating in inquiry, collaboration, experimentation, and engineering design activities
rather than passively receiving information from teachers (Awwad, 2025; Bhaumik et al.,, 2024;
Gillies, 2023; Morris, 2025). Mathematics serves as an essential component of STEM learning because
quantitative reasoning supports decision-making throughout the process of identifying problems,
generating ideas, evaluating alternatives, and refining solutions. The Engineering Design Process
provides a systematic framework that guides students through identifying problems, designing
possible solutions, constructing prototypes, testing outcomes, and improving their designs based on
evidence and reflection (Arce et al., 2022; Arik & Topgu, 2022; Lin et al., 2021; Subramaniam et al,,
2025). Through these iterative learning experiences, students develop conceptual understanding
while simultaneously strengthening higher-order thinking, creativity, communication, and
collaboration. Project-based learning further enhances the effectiveness of STEM education because
students work on meaningful projects that require sustained investigation and authentic application
of disciplinary knowledge. In elementary mathematics education, project-based STEM learning
enables students to apply mathematical concepts within realistic situations where calculations
directly influence design decisions and project outcomes. One authentic example is the design of a
vertical garden, where students employ fraction operations, measurement, proportional reasoning,
and estimation to determine planting arrangements, material requirements, and spatial
organization. Such activities transform mathematics from an abstract school subject into a practical
tool for solving meaningful environmental challenges. Consequently, Project-Based STEM learning
supported by the Engineering Design Process provides a strong theoretical foundation for enhancing
elementary students’ numeracy and mathematical problem-solving through contextual and
interdisciplinary mathematics instruction.

Authentic learning contexts have become increasingly important in contemporary
mathematics education because they enable students to experience mathematics as a meaningful
tool for solving practical problems rather than as a collection of isolated procedures. Environmental
sustainability projects provide valuable opportunities for integrating mathematical concepts with
scientific inquiry and engineering design in ways that are relevant to students’ everyday experiences
(Abdurrahman et al,, 2023; Alkair et al.,, 2023; Djam’an, 2025; Nguyen et al.,, 2020; Solihah et al,,
2024). Among various sustainability-oriented learning contexts, vertical garden design offers a
practical project that requires students to apply mathematical reasoning throughout the planning
and implementation process. Students are required to measure available space, determine planting
layouts, estimate material requirements, and calculate fractional quantities when organizing
planting media and arranging containers. These activities naturally encourage learners to use
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mathematical concepts in authentic situations where every calculation directly influences the
success of the engineering design. In addition to strengthening conceptual understanding, the project
encourages students to collaborate, communicate ideas, and evaluate alternative solutions based on
quantitative evidence (Naseer et al., 2025; Retno et al., 2025). Integrating environmental issues into
mathematics instruction also helps students recognize the social relevance of mathematical
knowledge and fosters greater learning motivation. Furthermore, sustainability-oriented projects
promote interdisciplinary thinking by encouraging students to connect mathematical reasoning with
environmental awareness, scientific knowledge, and technological problem-solving. Such contextual
experiences contribute to deeper conceptual understanding because mathematical ideas are learned
through purposeful investigation rather than through repetitive procedural exercises. Therefore,
vertical garden design represents an authentic and meaningful instructional context for
strengthening elementary students’ numeracy and mathematical problem-solving within Project-
Based STEM learning.

The theoretical relationship between Project-Based STEM learning, numeracy, and
mathematical problem-solving can be understood through the integration of contextual learning,
constructivist learning theory, and interdisciplinary education. Project-Based STEM learning
encourages students to construct mathematical understanding actively through investigation,
collaboration, and engineering design experiences that require continuous reasoning and reflection
(Lee & Lee, 2025; Retno et al., 2025; Vistara et al., 2022). Within this learning environment, numeracy
develops as students repeatedly apply mathematical concepts, quantitative reasoning, and
procedural knowledge to make informed decisions during project completion. At the same time,
mathematical problem-solving evolves because students are continuously challenged to identify
problems, formulate strategies, test alternative solutions, and evaluate the effectiveness of their
decisions. The Engineering Design Process functions as a cognitive framework that systematically
connects mathematical reasoning with authentic problem-solving activities throughout each stage of
project development. Unlike conventional teacher-centered instruction, Project-Based STEM
learning positions students as active problem solvers who construct knowledge through meaningful
interactions with real-world situations. This student-centered learning environment provides
greater opportunities for developing conceptual understanding, critical thinking, creativity, and
adaptive reasoning simultaneously. Consequently, improvements in numeracy and mathematical
problem-solving are expected to occur as complementary learning outcomes rather than as separate
educational objectives. Nevertheless, empirical evidence remains limited regarding whether Project-
Based STEM learning produces comparable improvements across these two mathematical
competencies when implemented in elementary classrooms. Therefore, investigating the
competency-specific contribution of Project-Based STEM learning through vertical garden design is
expected to enrich the theoretical understanding of contextual mathematics instruction while
providing empirical evidence for improving mathematics education at the elementary level.

METHOD

Research Design

This study employed a quantitative approach with a quasi-experimental method. The
quantitative approach was chosen because the study aims to test the effect of a treatment on the
dependent variables through measurable measurement and statistical analysis. The quasi-
experimental method was used because the study was conducted on naturally formed classes, so the
researcher could not randomly assign subjects to groups. The design used was a Nonequivalent
Control Group Design, involving an experimental group with STEM learning and a control group with
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the Direct Instruction model. Both groups were given a pretest before the treatment and a posttest
after the treatment.

Participants

The population was all fifth-grade students at one public elementary school in Bandung.
Sampling was carried out using a nonprobability sampling technique because the classes used were
intact classes that did not permit individual randomisation. The subjects whose data were analysed
numbered 46 students, divided into an experimental class (STEM, n=23) and a control class (Direct
Instruction, n=23). Class selection considered the equivalence of characteristics and learning
achievement in both groups.

Instruments and Data Collection

The research instruments consisted of a number-domain numeracy test and a mathematical
problem-solving test. Each test comprised five essay items with a total score range of 0 to 20
(maximum 4 points per item). The numeracy test was developed based on the indicators of
understanding mathematical information, using number concepts and operations, and interpreting
results, whereas the problem-solving test was developed based on Polya’s four stages. The
measurement context was the addition and subtraction of fractions linked to the vertical garden
project. Content validity was established through expert judgment by a Professor in Mathematics
Education. Empirical validity was tested through a trial on 74 sixth-grade students using Pearson
Product Moment correlation. All items were declared valid, with correlation coefficients of 0.451 to
0.896 on the numeracy test and 0.665 to 0.922 on the problem-solving test (all p<0.05). Internal
consistency reliability showed a Cronbach’s Alpha of 0.859 (high category) for the numeracy test and
0.919 (very high category) for the problem-solving test. Test-retest reliability was 0.968 and 0.955
respectively (very strong category), so both instruments were suitable for use.

Data Analysis

Data were analysed with the aid of IBM SPSS Statistics 29. The analysis comprised descriptive
statistics, calculation of N-Gain using formula together with its categories, and prerequisite tests in
the form of the Shapiro-Wilk normality test and Levene’s homogeneity test at a significance level of
0.05. Testing the pretest—posttest difference in the experimental class used a paired sample t-test if
the data were normal or the Wilcoxon test if not normal, whereas testing the difference in
improvement (N-Gain) between groups used an independent sample t-test. The effect size was
computed using Cohen’s d.

Research Procedure

Learning in the experimental class was conducted through the Engineering Design Process
(EDP), simplified into five stages. In the Identify stage, students recognised real problems related to
the need for green space, planting media, and plant arrangement, giving rise to a need for calculation.
In the Design stage, students designed the vertical garden by calculating the need for, and the division
of, materials using the addition and subtraction of fractions. In the Build stage, students constructed
a vertical garden prototype based on the design. In the Test stage, students tested the prototype and
evaluated the conformity of the calculation results to the objective. In the Redesign stage, students
refined the design and calculations based on the test results and then communicated their work. At
each stage, fraction concepts were used functionally to make real decisions. Learning in the control
class was conducted with the Direct Instruction model, which emphasises stating objectives, teacher
demonstration and explanation, worked examples, guided practice, feedback, and independent
practice in a systematic manner. The implementation of learning in both classes was monitored
through an observation sheet completed by an observer at each meeting.

120 | Journal of Advanced Sciences and Mathematics Education



Journal of Advanced Sciences and Mathematics Education

Maryam et al. Project-based STEM learning through ...
Ve ~
STAGE 1 1.1Problem Identification ~ 1.2 Li e Revi 1.3R h Gap 1.4 Research Objectives 1.5 Determine Variables
Preliminary « Identify issues in + Review relevant « Analyze gaps in & Hypothenss « Independent Variable:
Study numeracy and literature on STEM previous studies. « Formulate objectives. Project-Based STEM
mathematical problem learning, vertical Learning (Vertical
=I=l solving in elementary garden projects, + Formulate research Garden Design)
= Q mathematics. numeracy, and hypotheses. « Dependent Variables:
problem solving. Numeracy; Problem
Solving
| iy
b -
STAGE 2
® 0 e © Yo
Research 2 * ; =
= — ) J e o 4
Preparation Yur ofp
Select school Obtain research Coordinate with Prepare lesson plans Prepare vertical garden
and participants permission school and teacher (STEM & Direct materials and learning
Instruction) resources
\.£- — —— — . — - =
STAGE 3 Instrument Development Validity Reliability
Instrument * Numeracy test + Content validity « Internal consistency
Development (5 essay items, score 0-20) (Expert judgment) \/ (Cronbach'’s Alpha)
and Validation « Mathematical problem-solving test + Empirical validity « Test-retest reliability
(5 essay items, score 0-20) (Pearson correlation)
:—:f « Observation sheet
STAGE 4 « Administer numeracy pretest to both groups. Design: Nonequivalent Control Group Design
Pretest + Administer mathematical problem-solving pretest to both groups. Group Pretest Treatment  Posttest
ini i R line data.
Administration * Record baseline data Experimental (STEM) 0, X 0,
» Ensure equivalence of the two groups.
-: / Control (Direct Instruction) O, X 0,
- J
Experimental Group Control Group
STAGE 5 (Project-Based STEM Learning) (Direct Instruction)
Learning Engineering Design Process (EDP) 0 1. Orientation
Intervention State objectives and activate prior knowledge.

(Treatment) Q ol

IVQ 2. Presentation
4 Teacher i pts and pi d

3. Gulded Practice

1. Identify 2. Design 3. Build 4. Test 5. Redesign , with teacher guid:
Identify real Design the vertical ~ Constructavertical ~ Test the prototype  Refine the design O 4. Feedback
problems related garden and garden prototype and evaluate and calculations, l . % . 5
toverical garden perform fraction Yontha iialsnsond; Hen Teacher provides feedback and clarification.
needs. calculations. design. results. the resuts. l l° 5. Independent Practice
Students work on individual
Fraction concepts are used functionally at every stage to make real decisions.
<> Learning impl ion in both groups is itored using an observation sheet by an observer in each meeting.
STAGE 6
Posttest _A—) Administer numeracy @ Administer mathematical [l Collectand organize
Administration — @ posttest to both groups. problem-solving posttest U students’ learning
to both groups. L outcome data.

)
v

Daf:‘/\\iI;sis = A = 5;6 — Q-0 — M - é.l,é = @

E Descriptit lity Test Homogeneity Test Paired-Sample N-Gain Independent Effect Size
. Statistics (Shapiro-Wilk) (Levene's Test) t-Test (Hake, 1999) Sample t-Test (Cohen's d)
(or Wilcoxon)

* Significance level: a = 0.05

STAGE 8 AN
| ()" Y=
Interpretation m ,Q @ i3 f

and Reporting

Interpret istil C findings with Discuss theoretical and Draw research Prepare the manuscript
findings. prewous studies. practical implications. conclusions. for publication.

Figure 1. Research Method Flow

Journal of Advanced Sciences and Mathematics Education | 121



Journal of Advanced Sciences and Mathematics Education

Maryam et al. | Project-based STEM learning through ...

RESULTS AND DISCUSSION

Results

The descriptive statistics of the pretest and posttest scores for both abilities in the
experimental (STEM) and control (Direct Instruction/DI) classes are presented in Table 1. For
numeracy, the mean score of the DI class rose from 10.09 to 15.35, while that of the STEM class rose
from 12.61 to 17.61. For mathematical problem solving, the mean score of the DI class rose from 8.57
to 16.09, while that of the STEM class rose from 13.78 to 18.04. Both classes improved, with the
experimental class’s posttest mean higher on both abilities. It should be noted that the STEM class’s
problem-solving pretest mean was already relatively high (13.78 of 20), while the control class
started from a lower initial ability (8.57).

Table 1. Descriptive Statistics of Numeracy and Mathematical Problem-Solving

Ability Class Data N Max Mean SD

DI Pretest 23 20 10.09 1.564

Numeracy DI Posttest 23 20 15.35 1.112
STEM Pretest 23 20 12.61 1.530

STEM Posttest 23 20 17.61 1.644

DI Pretest 23 20 8.57 2.313

Problem Solving DI Posttest 23 20 16.09 1.905
(PS) STEM Pretest 23 20 13.78 1.650
STEM Posttest 23 20 18.04 1918

Source: Data processed with IBM SPSS Statistics 29

Improvement was computed using N-Gain. As presented in Table 2, the mean numeracy N-Gain of
the STEM class (0.68; medium category) was higher than that of the DI class (0.52; medium category).
For problem solving, the mean N-Gain of the STEM class was 0.70 and that of the DI class 0.65, with
a much smaller difference. This pattern provides an initial picture that STEM’s superiority is more
evident in numeracy improvement than in problem solving.

Table 2. Mean N-Gain of Both Abilities

Ability Class N-Gain Category Diff.
STEM 0.68 Medium 0.16

Numeracy DI 0.52 Medium
STEM 0.70 High 0.05

Problem Solving (PS) DI 0.65 Medi
. edium

Source: Data processed with IBM SPSS Statistics 29

The Shapiro-Wilk normality test results (Table 3) show that all numeracy data were normally
distributed (Sig.>0.05). For problem solving, two data sets were not normal, namely the DI pretest
(Sig.=0.004) and the STEM posttest (Sig.=0.003), while the N-Gain scores of both abilities in both
classes were normally distributed. Levene’s homogeneity test showed that the variances of the
numeracy posttest (Sig.=0.063) and the problem-solving posttest (Sig.=0.541) were homogeneous.
Based on these results, testing the pretest—posttest numeracy difference in the experimental class
used a paired sample t-test, testing the pretest-posttest problem-solving difference used the
Wilcoxon test, and testing the between-group N-Gain difference used an independent sample t-test.
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Table 3. Shapiro-Wilk Normality Test Results

Ability Data Class Sig. Remark
Pretest DI 0.268 Normal
Pretest STEM 0.225 Normal
Numeracy Posttest DI 0.061 Normal
Posttest STEM 0.104 Normal
N-Gain DI 0.161 Normal
N-Gain STEM 0.260 Normal
Pretest DI 0.004 Not Normal
Pretest STEM 0.492 Normal
Posttest DI 0.105 Normal
PS Posttest STEM 0.003 Not Normal
N-Gain DI 0.130 Normal
N-Gain STEM 0.088 Normal

Source: Data processed with IBM SPSS Statistics 29

The hypothesis testing results are presented in Table 4. The paired sample t-test showed a significant
improvement in the experimental class’s numeracy (t=14.284; p<0.001). The Wilcoxon test showed
a significant improvement in the experimental class’s problem solving (Z=-4.222; p<0.001), with all
23 students obtaining higher posttest than pretest scores. The independent sample t-test on
numeracy N-Gain showed a significant difference in improvement between the STEM class (0.683)
and the DI class (0.522), with t=3.098; p=0.003 and a large effect size (Cohen’s d=0.914). Conversely,
the independent sample t-test on problem-solving N-Gain showed no significant difference between
the STEM class (0.702) and the DI class (0.652), with t=0.800; p=0.428 and a small effect size (Cohen’s
d=0.236).

Table 4. Summary of Hypothesis Testing

Hypothesis Test Statistic Sig. Decision
Pre-post numeracy (STEM) Paired t-test t=14.284 <0.001 Significant
Pre-post PS (STEM) Wilcoxon 7=-4.222 <0.001 Significant
g?)m numeracy (STEM vs Independent t-test t=3.098; d=0.914 0.003 Significant
Gain PS (STEM vs DI) Independent t-test t=0.800; d=0.236 0.428 Not significant

Source: Data processed with IBM SPSS Statistics 29

Discussion

The findings confirm that vertical garden project-based STEM learning significantly
improved the number-domain numeracy of fifth-grade students. This improvement must be read as
more than an increase in scores. In essence, numeracy is the ability to formulate, use, and interpret
mathematics across a variety of contexts to solve real-life problems. The posttest score increase in
the experimental class indicates that students not only mastered the procedures of adding and
subtracting fractions but also began to be able to use those operations to read situations and solve
meaningful problems; the intervention thus appears to have reached the interpretive dimension of
numeracy, not merely its computational surface. The numeracy advantage of the STEM class can be
explained through the characteristics of STEM learning, which position mathematics as a thinking
tool for solving real problems. In the vertical garden project, fraction concepts were used to calculate
material needs, divide planting media, and determine leftover materials, so that fraction operations
became meaningful because they had a real purpose and real consequences for the product created.

Journal of Advanced Sciences and Mathematics Education | 123



Journal of Advanced Sciences and Mathematics Education
Maryam et al. | Project-based STEM learning through ...

This explanation is reinforced by cognitive development theory because fifth-grade students, who
are at the concrete operational stage, more easily grasp abstract concepts such as fractions when
those concepts are presented in concrete activities that can be observed and manipulated. Our
finding aligns with studies reporting STEM’s advantage in developing the numeracy of elementary
students (Nurwijaya, 2024), which suggests that the effect is not incidental but a recurring pattern
across contexts.

The significant superiority of the STEM class’s numeracy over the DI class (a large effect size,
d = 0.914) provides strong empirical evidence. This advantage stems from the nature of numeracy,
which demands the functional use of mathematics in real contexts. STEM learning gives students
broader room to use fraction concepts in authentic situations, whereas Direct Instruction emphasises
the explicit delivery of material that is relatively detached from context (Grundy & Koretsky, 2025;
Oyovwe & Oyovwi, 2026; Zhu et al., 2023). Although DI is effective in building procedural mastery,
its emphasis on decontextualised drill makes students less accustomed to interpreting and using
number in real situations. This is consistent with the view that numeracy develops more optimally
through contextual, problem-based learning rather than procedural drill (Torres-Pefia et al., 2025).
STEM learning also significantly improved the experimental class’s mathematical problem-solving
ability. The authentic project context gave students a compelling reason to truly understand the
problem before acting. Unlike routine procedural problems, the problems within the project required
students to interpret situations, select relevant information, and evaluate solutions against a real
objective, in line with the view that problem solving develops when students are confronted with
problems that demand the deployment of strategy. Our finding strengthens the results of studies
concluding that STEM learning can improve students’ mathematical problem-solving ability.

An intriguing finding emerges precisely in the between-group comparison of problem-
solving improvement, which showed no significant difference (p = 0.428; d = 0.236). This result must
be interpreted cautiously and cannot be read as evidence that STEM is less effective. At least two
explanations exist. First, a ceiling effect: the STEM class’s problem-solving pretest mean was already
relatively high (13.78 of 20), while the control class started from a lower score (8.57). Because N-
Gain is computed relative to the difference between the maximum score and the pretest score, a
group with high initial ability has narrower room for improvement, so the chance of showing a gain
surge becomes mathematically limited, regardless of the quality of the learning. The second
explanation concerns the effectiveness of Direct Instruction in building structured skills. Polya’s
sequential problem-solving stages can be taught explicitly and systematically, making them highly
compatible with the characteristics of Direct Instruction. From the perspective of cognitive load
theory, structured guided practice helps students manage cognitive load when learning new
problem-solving procedures. Thus, for a clearly structured skill such as Polya’s stages, a highly guided
model can yield results comparable to an open approach such as STEM. The absence of a significant
difference in fact reflects that both forms of learning are equally effective for that purpose, not that
one of them failed.

The differing pattern between numeracy and problem solving offers valuable information.
STEM'’s distinctive advantage appears strongest in numeracy, which demands the use of mathematics
in context, whereas in the more structured problem solving, STEM and Direct Instruction yielded
comparable improvement. This finding aligns with the awareness in the literature that the advantage
of an approach is specific to the type of competency developed. This moves the present study beyond
the general claim that STEM is always superior and instead offers a more nuanced understanding of
the limits of its advantage.
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Implications

The effectiveness of STEM in this study can be explained through the integration of its four
components within a single project. The science component appears when students recognise real
problems related to plant and green-space needs, making learning begin from a context close to life
and fostering engagement. The technology and engineering components appear through designing,
building, testing, and refining the prototype within the Engineering Design Process flow. The
mathematics component appears through the use of fraction operations to make real decisions. The
functional use of mathematics within the project supports the development of numeracy, while the
systematic EDP flow supports the development of problem-solving ability. The strength of STEM lies
in integration, not in the separate juxtaposition of four fields (Ardianti et al., 2020). Theoretically,
this finding enriches the understanding of the specific limits and advantages of STEM and strengthens
the framework that contextual, integrated learning supports the development of numeracy and
problem solving. Practically, the finding provides a basis for teachers to choose an approach
according to their objective: for strengthening number-domain numeracy that requires using
number in context, project-based STEM is an effective choice; whereas for training clearly structured
problem-solving skills, both STEM and Direct Instruction can be used, giving teachers the latitude to
adjust to the availability of time and resources. This implication is important because implementing
STEM demands more complex planning and pedagogical readiness on the part of teachers.

Limitations and Suggestions for Future Research

This study has several limitations that should be considered when interpreting its findings
and planning future investigations. First, the study involved a relatively small sample of 46 fifth-
grade students from a single public elementary school, which may limit the generalizability of the
findings to broader educational settings with different demographic and instructional
characteristics. Second, the quasi-experimental design relied on intact classrooms rather than
random assignment, making it difficult to completely eliminate the influence of pre-existing
differences between the experimental and control groups. Third, the relatively high initial
mathematical problem-solving performance of the experimental group created a ceiling effect that
may have reduced the sensitivity of the normalized gain analysis in detecting differences between
instructional approaches. Fourth, the intervention focused exclusively on the addition and
subtraction of fractions, and therefore the effectiveness of Project-Based STEM learning through
vertical garden design cannot be directly generalized to other mathematical domains or grade levels.
Fifth, the study primarily employed written achievement tests to evaluate learning outcomes, which
may not have fully captured students’ reasoning processes, collaborative interactions, creativity, or
decision-making during the engineering design activities. Sixth, the duration of the intervention was
limited to a single instructional unit, preventing the investigation of the long-term retention and
transferability of numeracy and mathematical problem-solving skills. Future studies are therefore
encouraged to involve larger and more diverse samples across multiple schools and educational
contexts to enhance the external validity of the findings. Researchers are also recommended to
employ randomized or longitudinal research designs to provide stronger causal evidence regarding
the effectiveness of Project-Based STEM learning. In addition, future investigations should examine
a wider range of mathematical topics and grade levels to determine whether the competency-specific
advantages observed in this study remain consistent across different learning contexts.
Incorporating qualitative approaches, such as classroom observations, learning analytics, interviews,
or think-aloud protocols, would provide richer insights into students’ cognitive processes and
collaborative learning experiences during the Engineering Design Process. Finally, future research
should explore additional contextual STEM projects related to environmental sustainability and
compare their effectiveness with other innovative instructional approaches to establish a more

Journal of Advanced Sciences and Mathematics Education | 125



Journal of Advanced Sciences and Mathematics Education
Maryam et al. | Project-based STEM learning through ...

comprehensive understanding of how authentic interdisciplinary learning can foster elementary
students’ mathematical competencies.

CONCLUSION

This study concludes that the vertical garden project-based STEM approach effectively and
significantly improves the number-domain numeracy and mathematical problem-solving ability of
fiftth-grade students. Compared with the Direct Instruction model, the STEM approach proved
significantly superior in improving numeracy with a large effect size (d=0.914), but provided a
relatively comparable improvement in mathematical problem solving that was influenced by a
ceiling effect. This principal finding affirms that the advantage of a learning approach is specific to
the type of competency developed. Theoretically, this study contributes to enriching the study of
STEM effectiveness by demonstrating its specific limits and advantages, while strengthening the
framework of contextual and integrated learning. Practically, it provides an empirical basis for
teachers to choose a learning approach according to the target competency and shows that abstract
fraction material can be learned meaningfully through a real project. Further research is advised to
use larger and more varied samples, to address the ceiling effect through equalising initial ability or
instruments with a wider range, to broaden coverage to other numeracy domains and mathematics
materials, and to complement written-test measurement with process assessment in order to depict
students’ thinking as the project unfolds.
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