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Abstract

This study investigated the impact of computer-aided assessment on the enhancement of critical thinking skills in non-routine
problem-solving across three distinct learning delivery modalities: fully online, balanced blended, and predominantly face-to-
face (F2F) blended. The study aimed to evaluate the effectiveness of computer-aided assessment in enhancing students' critical
thinking skills through non-routine problem-solving across three distinct learning delivery modalities. A quasi-experimental
non-equivalent pre-test and post-test design was employed. Participants were drawn from three higher education institutions,
each offering one of the three learning delivery modalities. In each institution, two intact groups were conveniently chosen and
then randomly assigned to an experimental group that engaged with computer-aided assessment and a control group that used
printed or digital problem sets. Data were analyzed using mean and standard deviation, paired and independent t-test and two-
way ANOVA. Results showed that computer-aided assessment enhanced students' critical thinking skills through non-routine
problem-solving, with varying effects across different learning delivery modalities. The balanced blended modality benefited
the most from the computer-aided assessment intervention and proved most effective, showing the highest and most consistent
gains, while the face-to-face blended and fully online modalities showed different patterns of improvement. These results
suggest the importance of tailoring instructional strategies to specific learning environments to maximize the impact of
computer-aided assessment.

Keywords: Critical Thinking Skills, Computer-Aided Assessment, Non-Routine Problems, Learning Delivery Modalities,
Blended Learning, Online Learning
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1. Introduction

In an ever-evolving educational landscape, critical thinking has emerged as one of the most essential skills of the 21st
century (Dwi Susandi et al., 2019; Hafni et al., 2019; Hujjatusnaini et al., 2022; Mahanal et al., 2019; Yumiati & Kusumag,
2019). Paul (1993, as cited in Wang & Abdullah, 2024) defined critical thinking as a disciplined process that involves the active
and skillful conceptualization, analysis, synthesis, and evaluation of information derived from observation, experience,
reasoning, or communication, all of which guide belief and action. Similarly, Aini et al. (2019) argued that critical thinking
distinguishes students who simply perform mathematical procedures from those who genuinely understand the reasoning
behind their actions. Critical thinking allows students to choose the most effective strategies from a range of potential
approaches to solve problems and navigate the complex challenges encountered in life (Demirel et al., 2017; Zukhairina et al.,
2020).

According to Scriven and Paul (2005), critical thinking is not an innate ability and does not develop automatically. Instead,
it is a skill that must be learned and refined through consistent practice. Students with strong critical thinking skills approach
problem-solving with greater care, leading to more accurate conclusions and logical solutions (Berestova et al., 2022).
Similarly, Angeli and Valanides (2009, as cited in Rahmasari et al., 2023) emphasized that individuals with well-developed
critical thinking skills are better equipped to handle large volumes of information and solve problems that lack clear-cut
solutions. Such problems, often categorized as non-routine, require more than basic procedural knowledge.

Non-routine problems (NRPs) are those that cannot be solved through the simple application of established rules or
procedures (Laset & Limjap, 2005, as cited in Andrade et al., 2020). Many students struggle with NRPs due to limited exposure
to this type of problem (Yeo, 2009, as cited in Gavaz et al., 2021). This struggle is partly because only a small portion of
problems in textbooks are non-routine (Berisha, 2015; Fan & Zhu, 2000; Kablan & Ugur, 2019; Kolovou et al., 2009; Manopo
& Lisarani, 2021; van Zanten & van den Heuvel-Panhuizen, 2018). Introducing NRPs to all students is crucial, as it helps meet
the demands of the modern workplace, where critical and creative thinking are increasingly valued (OECD, 2010, as cited in
Andrade et al., 2020). However, preparing students for NRPs has become more challenging, particularly due to the disruptions
caused by the COVID-19 pandemic (Julie et al., 2017; Tanu Wijaya, 2020).

One significant challenge in exposing students to NRPs is the need for timely feedback, which is difficult in large classrooms
of 30 to 40 students. Providing individual feedback requires substantial effort from teachers, and many instructors only provide
feedback at the end of the term (Ajogbeje, 2023). To address this issue, the integration of technology, such as computer-aided
assessment (CAA), has become essential. CAA systems, with features like algorithms, grading codes, adaptivity, and feedback
capabilities, are particularly useful for formative assessment and can efficiently provide individualized feedback in larger
classrooms (Barana, Conte, et al., 2018; Barana, Marchisio, et al., 2021; Kundu & Bej, 2020). Abulhul (2021) noted that
integrating technology into the classroom not only improves the learning environment but also promotes students’ critical
thinking and enhances their ability to apply knowledge effectively.

The rise of digital tools, accelerated by the COVID-19 pandemic, has led to the increased popularity of online and blended
learning. Online learning allows interactions between students and instructors through online platforms, providing flexible and
accessible learning experiences (Natarajan et al., 2022; Rural et al.,2022). Blended learning, which combines online and offline
methods, offers a comprehensive learning experience (Suana et al., 2019). According to Tong et al. (2023), blended learning
combines traditional in-person teaching with technology-enhanced instruction to meet changing educational demands.

Given these developments, it is essential to foster critical thinking skills in students to ensure their success in tackling non-
routine problems through a technology-enhanced learning environment, which can be delivered either through blended or
online methods. In light of this, the primary objective of this study was to evaluate the effectiveness of computer-aided
assessment (CAA) in enhancing students' critical thinking skills through non-routine problem-solving across three distinct
learning delivery modalities: balanced blended, predominantly F2F blended and fully online.

1.1. Research Objectives

The objectives of this study were:

1. To evaluate the effectiveness of computer-aided assessment (CAA) in enhancing students' critical thinking skills
through non-routine problem solving.
2. To examine whether the impact of CAA on critical thinking skills through non-routine problem solving varies across
balanced blended, predominantly face-to-face (F2F) blended, and fully online learning delivery modalities.
3. To identify which learning delivery modality benefited the most from the CAA in enhancing students’ critical thinking
skills through non-routine problem solving.

1.2. Significance of the Study

This study was important as it explored the impact of computer-aided assessment (CAA) in enhancing critical thinking
skills, a vital competency in the 21st century. As technology becomes increasingly integrated into education, understanding the
influence of CAA on students’ ability to engage in non-routine problem-solving is essential for designing effective instructional
strategies. Furthermore, by analyzing its effects across different learning delivery modalities, this research provided valuable
insights into the most efficient ways for integrating technology-based assessments. The findings support educators,
policymakers, and curriculum developers in making informed decisions about instructional design, ultimately enhancing
students’ critical thinking skills and overall learning experiences in various educational settings.
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2. Method

2.1. Research Design

The study employed a quasi-experimental research design. According to Jhangiani et al. (2019), this type of design is similar
to an experimental research design but does not fully satisfy the requirements of a true experimental study. Specifically, it lacks
one of the essential components of experimental research: random assignment. Although the independent variable is
manipulated, either a control group is absent, or participants are not randomly assigned to groups (Cook & Campbell, 1979, as
cited in Jhangiani et al., 2019). This design was suitable for the present study because the professors who agreed to involve
their students determined which intact classes would participate, resulting in the absence of individual-level random
assignment. Even though the two pre-existing groups were subsequently assigned randomly to the experimental and control
groups, the lack of randomization at the individual level remained a defining characteristic of the quasi-experimental design.
While the random assignment of intact groups helped mitigate potential biases and enhance comparability, some limitations to
internal validity persisted.

The study compared an experimental group (EG) against a control group (CG), where the EG used the CAA to solve the
NRPs, and the CG received either printed or digital problem sets containing the same NRPs within the CAA. The EG used the
CAA to solve the NRPs, while the CG received either printed or digital problem sets containing the same NRPs within the
CAA.

Specifically, the study used a Pretest-Posttest Non-equivalent Groups Design with two groups: a treatment group and a
control group (Jhagiani et al., 2019). The treatment group took a pretest, received the treatment, and then took a posttest. The
control group also took a pretest and posttest but did not receive the treatment. The goal was to see not only if the treatment
group improved but whether their improvement was greater than that of the control group.

In this study, both groups took a pretest; however, the experimental group (EG) used the CAA before taking the posttest,
while the control group (CG) did not. This design assessed whether participants who utilized the CAA showed improvement
and whether their improvement exceeded that of those who had not used it.

2.2. Participants and Sampling

The study involved students from three different types of higher education institutions in Manila, Philippines: a local
university, a sectarian college, and a non-sectarian university. Each institution used a distinct learning modality: a local
university with balanced blended (50% face-to-face (F2F) and 50% online) modality, a sectarian college with predominantly
F2F blended (80% F2F and 20% online) modality, and a non-sectarian university with fully online (100% online) modality.

Two intact classes from each university participated — one assigned to the experimental group (EG) and the other to the
control group (CG) — through simple random sampling. Informed consent was obtained from students, and those under 18 or
taking the course for the second time were excluded to maintain a representative undergraduate age range (18-22). EG
participants needed devices with stable internet access.

A comparability test was conducted to ensure that both groups were similar in their ability to solve non-routine problems
(NRPs) before the intervention. The pretest results showed no significant differences between the EG and CG across all learning
delivery modalities, confirming that any differences observed in the posttest results were due to the intervention, and not to
pre-existing differences between the groups.

After eligibility screening, informed consent collection, and comparability testing, participant numbers were adjusted. In
the balanced blended modality, the EG had 41 students, and the CG had 34. In the predominantly F2F blended modality, the
EG had 22 students, and the CG had 24. In the fully online modality, the EG had 27 students, and the CG had 30.

Overall, 178 students took part: 75 in the balanced blended modality, 46 in the predominantly F2F blended modality, and
57 in the fully online modality. Across the study, 90 students were in the EG and 88 in the CG.

2.3. Intervention: Computer-Aided Assessment (CAA)

The Computer-Aided Assessment (CAA), named 'MatHOTSanayan," was developed using the Design and Development
Research (DDR) method. As described by Plomp (2007, as cited in Ghazali et al., 2022), DDR is a systematic approach used
to create and refine educational interventions—such as programs, instructional strategies, products, and systems—with the dual
purpose of solving complex educational challenges and gaining deeper insights into the design and development processes of
these interventions. The DDR method was chosen for the development of the CAA in this study due to its structured
methodology, which ensures that the CAA's development is both systematic and responsive to real-world educational needs.

The development of the CAA followed the three phases of the DDR approach: needs analysis, design and development, and
evaluation—an approach adopted by several researchers (Jaya et al., 2021; Noh & Karim, 2021; Padzil et al., 2021).

In the needs analysis phase, literature on NRP-solving, technology-enhanced assessments, and DDR was reviewed,
identifying gaps in assessing non-routine problem-solving performance and limitations of traditional methods, highlighting the
need for CAA.

In the design and development phase, the CAA was created to engage students in NRP-solving. Specifically designed for
the Mathematics in the Modern World (MMW) course, it focused on two main topics: Mathematical Language and Symbols,
and Problem Solving and Reasoning.

The CAA used formative assessments with open-ended questions requiring manual input, promoting active problem-
solving. Platform selection balanced cost efficiency and reliability, and the name, 'MatHOTSanayan,' combined 'Math,' 'HOTS;'
and 'Sanayan'—a Filipino word for consistent practice. The CAA consisted of four modules, each containing 30 NRPs, which
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were reviewed and validated by five mathematics experts teaching MMW. Their input helped improve and refine the modules.
After finalization, the NRPs and their corresponding answers were programmed into the system, accommodating multiple
correct answers and response formats to capture a variety of student inputs. Additionally, detailed instructions and a module
overview were prepared and encoded at the beginning of each module.

Key features of the CAA included:

o Immediate Verification Feedback: Provided instant verification and sample solutions for enhanced learning.
¢ Focus on HOTS: Encouraged critical and creative problem-solving.
Triple Attempts Opportunities: Allowed up to three tries per problem, promoting persistence and learning from
mistakes.
Skip and Revisit Options: Enabled students to skip and revisit problems after multiple failed attempts.
Sequential Module Unlocking: Ensured mastery of one topic before progressing to the next.
Unlimited Access to Unlocked Modules: Allowed continuous review of completed modules for reinforcement.
Randomized Problem Order: Prevented memorization and encouraged deeper understanding.
Automated Grading: Provided instant scoring, saving time for both students and teachers.

In the evaluation phase, the CAA was assessed through quantitative and qualitative methods. Expert validation was used
for the quantitative method, while user experience was used for the qualitative method. Expert validators rated its functionality,
accessibility, technical performance, mobile design, privacy, social presence, teaching presence, and cognitive presence using
the Rubric for e-Learning Tool Evaluation, adapted from Anstey and Watson (2018). High ratings were given in most
categories, especially in mobile design and cognitive presence, where experts reached unanimous agreement. Minor concerns
were noted in social presence, reflecting the CAA’s emphasis on self-regulated learning over collaborative activities.

User feedback from 15 students commended the CAA’s intuitive interface, cross-device compatibility, triple-attempt
opportunities, skip-and-revisit options, and immediate verification feedback. Students especially valued its support for higher-
order thinking skills (HOTS), which foster critical thinking, as well as its role in promoting self-paced learning. Some technical
challenges and minor design limitations were identified, offering opportunities for improvement. Despite these, the CAA
proved reliable, accessible, and effective in fostering individual growth, demonstrating potential for broader adoption in online
education.

The suggestions and comments gathered during the evaluation phase were used to refine and enhance the CAA prior to its
implementation, ensuring that it effectively serves its purpose.

2.4. Instruments

The study employed a researcher-developed test and rubrics to evaluate students’ critical thinking skills and non-routine
problem-solving performance. This test was called the Non-Routine Problem-Solving Test (NRPST) and was accompanied by
the Non-Routine Problem-Solving Scoring Rubric (NRPSSR) and the Critical Thinking Skills Leveling Rubric (CRITSLR).
The NRPST consisted of three non-routine problems (NRPs) from two selected chapters of MMW: mathematical language and
symbols, and problem-solving and reasoning. Each item in the NRPST included accompanying questions to encourage critical
thinking. The NRPSSR comprised six criteria: understanding the problem, use of mathematical concepts, strategies,
computations and procedures, explanation, and reasoning, while the CRITSLR included four criteria: inquiry, analysis,
evaluation, and sound reasoning and conclusion.

Table 1 classifies students' mean scores on individual and overall NRPST items, with performance levels ranging from
Novice to Expert and critical thinking skills from Not Critical to Very Critical.

Table 1. Classification of Students' Mean Scores for Individual and Overall NRPST Items
Score Range NRP-solving

Individual Overall Performance CRITS Level
4.01-5.00 12.01-15.00 Expert Very Critical
3.01-4.00 9.01-12.00 Practitioner Critical
2.01-3.00 6.01-9.00 Apprentice Sufficiently Critical
1.01-2.00 3.01-6.00 Advanced Beginner Less Critical
0.00—-1.00 0.00 — 3.00 Novice Not Critical

The NRPST and rubrics were validated by five PhD-holding mathematics experts with extensive teaching experience. Their
feedback refined the items and ensured alignment with the study’s goals. The revised versions were confirmed valid and
endorsed for use.

A pilot test with 30 students not included in the main study followed validation. Their responses were independently scored
by the researcher and two other professors using the NRPSSR and CRITSLR. Inter-rater reliability was assessed through
Cronbach’s alpha coefficients, showing strong reliability across all criteria. Understanding the problem ranged from 0.857 to
1.000, use of mathematical concepts from 0.765 to 0.996, strategies from 0.895 to 0.998, computations and procedures from
0.970 to 0.999, explanation from 0.987 to 1.000, and reasoning from 0.985 to 0.997. These coefficients indicated excellent
agreement among raters.

The high Cronbach’s alpha coefficients across most criteria highlighted the strong reliability of the NRPSSR. The criteria of
understanding the problem, strategies, computations and procedures, explanation, and reasoning showed “almost perfect”
reliability, indicating excellent agreement among raters. Although the use of mathematical concepts showed some variability,
it still achieved “substantial” reliability, reflecting strong rater agreement.
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The CRITSLR also demonstrated high reliability. Interpretation ranged from 0.967 to 0.998, analysis from 0.989 to 0.998,
evaluation from 0.982 to 0.996, and sound reasoning and conclusion from 0.966 to 0.991, all showing “almost perfect”
consistency.

These results confirmed the sound development and reliability of both rubrics, ensuring consistent scoring across raters.
The NRPSSR was used only for the pretest to assess non-routine problem-solving performance of the experimental and control
groups, establishing their comparability. The CRITSLR was applied to both pretest and posttest to evaluate the effectiveness
of CAA in enhancing students' critical thinking skills through non-routine problem-solving.

2.5. Data Collection

The study consisted of three phases of data collection: Phase 1 — Pretest, Phase 2 — Exposure to NRPs, and Phase 3 —
Posttest. Before the data collection, the researcher obtained permission from the appropriate university officials at the three
higher education institutions through letters of permission. To carry out the study, the researcher coordinated with the professors
of the participants from two of the institutions while including the researcher’s own two classes at the third institution.
Additionally, the researcher requested full consent from the students using an informed consent form.

In Phase 1, the NRPST was administered to both the experimental group (EG) and the control group (CG) during the first
week of the semester. The researcher administered the test, and participants completed it individually. To encourage sincere
effort, participants were told that their credit would be based on the quality and thoughtfulness of their responses, with only
unanswered questions receiving no credit.

In Phase 2, both the EG and CG were exposed to NRPs but through different methods. The EG used the computer-aided
assessment (CAA) immediately after the discussion of mathematical language and symbols. Participants accessed the CAA
one or two days before the first week of the topic on problem-solving and reasoning and had flexible time over two weeks to
work through the CAA both during and after class. They were allowed to retake modules in the CAA in which they struggled
to improve their scores, repeating them until they reached their target scores or until the answering period ended. The data
generated by the CAA system included performance metrics, response accuracy, the number of attempts per item and per
module, and time spent on each item as well as each module, providing comprehensive insights into participants' engagement
and progress.

Meanwhile, the CG worked on printed or digital problem sets containing the same NRPs as those in the CAA. These
problem sets were distributed during the weeks covering problem-solving and reasoning, with a new problem set provided at
each meeting, totaling four problem sets. CG participants completed and submitted their problem sets during class hours,
writing their solutions on paper and handing them in at the end of each class. Corrected problem sets were returned in the next
session, and any additional work done outside class was not required to be submitted or reviewed by the researcher.

During this time, the researcher acted as a facilitator, available only for questions about instructions for both the EG and
CG or technical issues with the CAA for the EG. Both groups solved the NRPs independently.

After two weeks of working with the NRPs, both groups attended two ‘Sharing of Strategies’ sessions to discuss the methods
they used to solve the problems. These sessions helped participants learn different approaches and discover solutions for
challenging problems. Only students presented their solutions, while the researcher facilitated discussions and intervened only
to correct misinformation or clarify concepts. Depending on the learning modality, sessions were held in person, online, or in
a blended format.

In Phase 3, the researcher administered the NRPST as a posttest to both the EG and CG immediately after the ‘Sharing of
Strategies’ sessions. Participants took the test individually and were once again reminded that their effort and careful approach
to problem-solving would be acknowledged, while only unanswered questions would receive no credit. They were also
reassured that the posttest results would not impact their MMW grades but were encouraged to do their best.

2.6. Data Analysis

The data analysis for this study employed statistical methods to evaluate the effectiveness of computer-aided assessment
(CAA) in enhancing students' critical thinking skills through non-routine problem-solving across different learning delivery
modalities. Descriptive statistics, including means and standard deviations, were used to summarize students' critical thinking
skill levels across the three different learning delivery modalities and between the experimental group (EG) and the control
group (CG). Additionally, inferential statistics, such as a paired t-test, were conducted to assess pre- and post-test critical
thinking skills score improvements within the EG, while an independent t-test was used to assess differences in post-test critical
thinking skills score between the EG and CG. Two-way ANOVA and post-hoc tests (Tukey HSD) were applied to determine
whether there were significant differences in critical thinking skills between the EG and CG and among the three learning
delivery modalities.

2.7. Ethical Considerations

The CEU Institutional Ethics Review Board (IERB) approved the study, ensuring strict adherence to ethical considerations.
Informed consent was obtained from all participants, providing clear information on the study’s purpose, procedures, potential
risks, benefits, and participants' rights, including the right to withdraw at any time without affecting their MMW grades. Privacy
and confidentiality were safeguarded through coded data, secure storage, and restricted access, with no identifying information
included in published results.
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3. Results

3.1. Effectiveness of Computer-Adided Assessment (CAA) in Enhancing Students’ Critical Thinking Skills through Non-routine
Problem-Solving

This study examined the effectiveness of Computer-Aided Assessment (CAA) in enhancing students’ critical thinking skills
through non-routine problem solving. CAA provided interactive non-routine problem-solving activities and instant verification
feedback, which aimed to help students enhance their critical thinking skills. To measure the effectiveness of the CAA, a
comparison of the pretest and post-test for the experimental group was conducted. A comparison was also made between the
post-test scores of the experimental and control groups.

The following tables show the results of the statistical analysis. Table 2a presents the results of the paired t-test conducted
to compare the pretest and post-test mean scores of critical thinking skills in the experimental group, aiming to determine
whether significant differences exist between them.

Table 2a. Paired t-test Comparing Pretest and Post-test Mean Scores of Critical Thinking Skills of the Experimental

Group
Learning Assessment
Delivery Measures Descriptive Statistics t-value p-value
Modalities
Balanced Pretest Mean 5.24
blended S.D. 3.08
Verbal Less
Interpretation Critical _
Post-test Mean 10.00 9457 p=0.000<0.05
S.D. 3.17
Verbal . Critical
Interpretation
Predominantly Pretest Mean 6.74
F2F blended S.D. 3.14
Verbal Sufficiently
Interpretation Critical
Post-test Mear? 11.76 -8.302 p=0.000<0.05
S.D. 291
Verbal . Critical
Interpretation
Fully online Pretest Mean 4.20
S.D. 2.83
Verbal Less
Interpretation Critical _
Post-test Mean 6.92 -4.987  p=0.000<0.05
S.D. 2.36
Verbal Sufficiently
Interpretation Critical

As shown in Table 2a, significant differences were found between the pretest and post-test mean scores of critical thinking
skills in the experimental group (EG) across the three learning modalities (p = 0.000), indicating a significant improvement
from pretest to post-test. In the balanced blended modality, the EG improved from ‘Less Critical’ (Mean = 5.24, SD = 3.08) to
‘Critical’ (Mean = 10.00, SD = 3.17). In the pre-dominantly blended modality, the EG improved from Sufficiently Critical’
(Mean = 6.74, SD = 3.14) to ‘Critical’ (Mean = 11.76, SD = 2.91). In the fully online modality, the EG improved from
‘Sufficiently Critical’ (Mean = 4.20, SD = 2.83) to ‘Critical’ (Mean = 6.92, SD = 2.36).

Table 2b presents the results of the independent t-test comparing the post-test mean scores of critical thinking skills between
the experimental and control groups to determine whether differences exist and whether they are statistically significant.
Table 2b. Independent t-test Comparing Post-test Mean Scores of Critical Thinking Skills Between Experimental and

Control Groups

Learning
Delivery Groups Descriptive Statistics t-value p-value
Modalities
Balanced Experimental Mean 10.00
blended S.D. 3.17
Verbal . p=0.224 >
Interpretation Critical 1.228 0.05
Control Mean 8.94
S.D. 4.16
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Verbal Sufficiently
Interpretation Critical
Pre-dominantly = Experimental =~ Mean 11.76
F2F blended S.D. 291
Verbal .
Interpretation Critical 5413 p=0.000 <
Control Mean 6.66 ’ 0.05
S.D. 3.44
Verbal Sufficiently
Interpretation Critical
Fully online Experimental ~Mean 6.92
S.D. 2.36
Verbal Sufficiently
Interpretation Critical 2,025 p=0.048 <
Control Mean 8.47 ’ 0.05
S.D. 3.38
Verbal Sufficiently
Interpretation Critical

As shown in Table 2b, no significant difference was found between the experimental group (EG) and the control group
(CG) in the balanced blended modality (t = 1.228, p = 0.224). However, significant differences were observed between the EG
and CG in both the predominantly face-to-face (F2F) blended modality (t = 5.413, p = 0.000) and the fully online modality (t
=-2.025, p = 0.048). In the predominantly F2F blended modality, the EG (Mean = 11.76, SD =2.91), categorized as ‘Critical,’
outperformed the CG (Mean = 6.66, SD = 3.44), categorized as ‘Sufficiently Critical.” Interestingly, in the fully online modality,
the CG (Mean = 8.47, SD = 3.38) outperformed the EG (Mean = 6.92, SD = 2.36), though both groups still fell within the
‘Sufficiently Critical’ level.

3.2. Differences in the Impact of Computer-Aided Assessment (CAA) on Critical Thinking Skills Across Different Learning
Delivery Modalities

This study also examined the effect of Computer-Aided Assessment (CAA) on students' critical thinking skills across
different learning delivery modalities. Balanced blended, predominantly F2F blended, and fully online modalities may have
influenced students’ ability to engage in critical thinking and non-routine problem-solving differently when using CAA. To
investigate these differences, a two-way ANOVA was conducted to analyze the impact of CAA on post-test critical thinking
skills mean scores across various learning delivery modalities.

Table 3 presents the results of the two-way ANOVA, which analyzed the interaction between CAA implementation and the
learning delivery modality, examining critical thinking skills across three modalities—balanced blended, predominantly
blended, and fully online—in both the experimental and control groups based on their post-test scores.

Table 3. Two-Way ANOVA for Impact of CAA on Post-test Critical Thinking Skills Mean Scores Across Different
Learning Delivery Modalities

. L Remarks
Source of Variation F-value p-value Significance (Post hoc)
Group _ -
(Experimental/Control) 8.870 p=0.003<0.05 Significant Balanced
Learning Delivery Modality 4.295 p =0.015<0.05 Significant blended VS
Interaction 12775 0= 0.000 < 0.05 Significant Fully online

(Group*Learning Delivery Modality)

As shown in Table 3, significant differences were observed between groups (F = 8.870, p = 0.003) and among the learning
delivery modalities (F = 4.295, p = 0.015). Additionally, significant interaction effects were observed between groups and
learning delivery modalities (F = 12.775, p = 0.000).

The significant differences between groups were found in both the predominantly blended and fully online modalities, as
shown in Table 2b. Significant differences among learning delivery modalities were further identified through post hoc tests,
which revealed differences between the balanced blended and fully online modalities. The experimental group (EG) in the
balanced blended modality, considered at the ‘Critical’ level, outperformed those in the fully online modality, who were
considered at the ‘Sufficiently Critical’ level, as shown in Table 2b (Mean = 10.00, SD = 3.17; Mean = 6.92, SD = 2.36,
respectively).

4. Discussion

The results showed that participants in all modalities showed progress, with both blended modalities reaching the ‘Critical’
level and even the lowest-performing modality maintaining a ‘Sufficiently Critical’ level. Standard deviations indicated varying
consistency in performance, with lower values reflecting more stable improvements. These findings highlight the need for
tailored instructional approaches to enhance critical thinking skills across different learning delivery modalities, ensuring that
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all students achieve higher levels of critical thinking proficiency. These results align with studies that reported students' “above
average” critical thinking skills (Alcantara & Bacsa, 2017; Kuscu & Erdogan, 2024). Conversely, some studies found that
students’ critical thinking skills ranged from “fairly low” to “moderate” levels (Fadhlullah & Ahmad, 2017; Hasanah et al.,
2019).

Building on these findings, this study further demonstrated the effectiveness of computer-aided assessment (CAA) in
enhancing students' critical thinking skills through non-routine problem-solving. The paired t-test results demonstrated
significant improvements in critical thinking skills from pretest to post-test across all three learning delivery modalities in the
experimental group (EG). These results showed that technology-enhanced or digital tools, such as CAA, enhance students'
critical thinking skills, aligning with the findings of Pramasdyahsari et al. (2023), who found that the implementation of the
digital book STEM-PjBL (STEM-Project-Based Learning) led to a significant gain in fostering students' critical thinking skills.
Similarly, Santos and Bastos (2021) found that digital tools enhanced students' critical thinking skills by increasing engagement
with the material and providing immediate feedback.

The independent t-test results showed differences in CAA’s impact across learning delivery modalities. In the balanced
blended modality, no significant difference was found between the experimental and control groups. However, in the
predominantly face-to-face (F2F) blended modality, the EG showed significantly greater development compared to the control
group (CG). Interestingly, in the fully online modality, the CG outperformed the EG, though both remained within the
‘Sufficiently Critical’ level. These findings suggested that CAA’s effectiveness varied by learning delivery modality.

Specifically, the balanced blended modality supported critical thinking equally in both groups, while the predominantly
F2F blended modality benefited more from CAA integration. In contrast, the fully online control group outperformed the
experimental group. This unexpected result, in which the fully online CG outperformed the EG using CAA, may have been
influenced by several factors. The EG may have struggled to adapt to CAA, particularly if they lacked prior experience with
such assessment methods or required additional guidance. Additionally, they may have faced technical challenges or
experienced an increased cognitive load. External factors such as home distractions or limited internet access, may have further
affected engagement and performance. Furthermore, CAA may have altered instructor and peer interactions, reducing the
support available to the EG. In contrast, the CG, having relied on familiar assessment methods, may have exhibited more
consistent performance. This unexpected result raises questions about students' readiness for self-directed learning, the quality
of CAA implementation, and the need for enhanced support mechanisms.

These findings highlight the need to carefully integrate CAA into fully online learning environments. The unexpected results
raise important questions about students' readiness for self-directed learning, the quality of CAA implementation, and the
necessity of enhanced support mechanisms. Ultimately, these results underscore the importance of tailoring instructional
strategies to each modality for optimal learning outcomes. This findings aligned with Mahanal et al. (2019), whose study on
the RICOSRE problem-based learning model similarly found improved critical thinking skills in students within the blended
modality.

The results of the two-way ANOVA further emphasized CAA’s varying impact across different modalities, showing
significant main effects and a notable interaction effect. Post hoc tests revealed that the balanced blended modality consistently
outperformed the fully online modality in enhancing critical thinking skills, with lower standard deviations indicating more
uniform improvement. Among the modalities, the balanced blended modality emerged as the most effective learning
environment for CAA intervention. These findings aligned with the work of Suana et al. (2020), who advocated for mixed
approaches combining face-to-face instruction with online learning to improve critical thinking skills. Similarly, Simonovic et
al. (2022) found that interactive and immediate feedback mechanisms in brief online workshops enhanced students' critical
thinking, suggesting that incorporating workshop-style activities into CAA could strengthen its effectiveness. Furthermore,
Sako (2024) demonstrated that Al-assisted task-based collaborative learning improved critical thinking, digital literacy, and
creativity, although its success depended on proper implementation and instructor support.

5. Conclusion

The study revealed that computer-aided assessment (CAA) significantly enhanced students' critical thinking skills through
non-routine problem solving, with significant improvements observed across all three learning delivery modalities. However,
the impact of CAA varied across these learning delivery modalities: the predominantly face-to-face (F2F) blended modality
showed the greatest improvement in the experimental group, while the fully online modality experienced better performance
in the control group. Among the three, the balanced blended modality benefited the most from the CAA intervention and
emerged as the most effective overall, exhibiting the highest and most consistent gains in critical thinking skills. These findings
highlight the importance of understanding how different modalities shape the impact of CAA on critical thinking development
and underscore the need to tailor instructional strategies to specific learning environments to maximize its effectiveness.
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