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Keywords

il thinkine skill evaluating its impact on students' CT skills. Experimental design (randomized pretest-
ritical 1INKing skills . . .
Digital Pedagoé’ml infrastructure  POSttest control and experimental groups) was carried out while the control group was

Iljalz{;iﬂg félﬁlsibility intervened with expository teaching. The research sample consisted of 88 students at
PRET aa o tual simulation the Islamic senior high schools in the Mataram City, Indonesia. They were divided into
Problem-based learning. experimental and control groups. Learning instruments and CT skills tests were

prepared to support the research. The measurement of psychometric properties
(validity and reliability) of the instrument was carried out to determine whether the
instrument was feasible to be employed. The learning feasibility was observed by
observers and analyzed qualitatively, based on the feedback from the observers. Data
analysis of CT skills used the parameters of the average pretest-posttest and n-gain.
Statistical analysis was carried out to prove the differences in students' CT between
groups. The results of the learning feasibility assessment showed that PBL with PhET
assistive virtual simulation is able to provide a motivating and interactive digital
learning environment. The results of the student's CT skill analysis prove the efficacy
of PBL with PhET's assistive virtual simulation in improving students' CT skills. This
learning is better than expository teaching in improving CT skills.

Contribution/Originality: This study shows that a motivating digital pedagogical infrastructure is needed to
empower students' CT skills, one of which is PBL utilizing PhET assistive virtual simulation in mobile application.
It provides the evidence that that PBL with PhET assistive virtual simulation is able to provide a motivating digital

learning environment, and has a powerful impact on improving students' CT skills.

1. INTRODUCTION

Various ways of learning are developed and implemented by educators in this century in their classes but CT
skills are the most expected competence that learners should achieve. Expectations to get the achievement of these
competencies assumedly cannot be reached when at the beginning of 2020 the COVID-19 pandemic hit the world
and had an impact on the education sector. Although electronic learning (e-learning) is considered a savior for the
continuity of learning to date (Mohammed, 2022). It's just that concerns about the achievement of CT competencies
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still exist. Especially, Indonesia right now has proclaimed the 'Freedom to Learn' program as a way of learning to
create pools of developing students’ CT talent. As a concrete step in implementing the 'Freedom to Learn' program,
students solve authentic problems by utilizing various learning resources while building their CT skills (Evendi,
Pardi, Sucipto, Bayani, & Prayogi, 2022). To achieve this, teachers are expected to use a problem-based learning
(PBL) model.

The 'Freedom to Learn' program is a strategic step to build students' CT to achieve national education
standards in Indonesia and it is no surprise, considering the low CT skills of Indonesian students, even at the
higher education level (Fitriani, Asy'ari, Zubaidah, & Mahanal, 2019). This program was promoted in early 2020,
but a new problem arose when a few months later the learning process was stopped due to COVID-19 and
continued with distance learning. Finally, until now the e-learning systems are being applied. For the purpose of
training students to think critically by applying the PBL model, as far as our experiences in the teaching of sciences
has been, so far, problems continue to emerge. First, teachers are required to develop a new framework to train
students' CT by adapting ways of solving science problems through remote learning. This feels very inconvenient
because previously teachers applied PBL in face-to-face learning mode. Second, teachers faced difficulties to perform
a motivating and interesting environment in distance learning. Distance learning is expected to be a bridge to the
digital learning system that motivates students to learn (Papadakis, Trampas, Barianos, Kalogiannakis, & Vidakis,
2020). Third, in fact, students are less motivated in science courses with e-learning systems as they experience
boredom in the classroom. Their limited space and time to access online are much longer than before, as well as
non-interactive learning content is the cause. Non-interactive learning content will only burden teachers and have
no impact on the expected learning outcomes (Viktorova, 2020) and an unmotivated digital environment has an
impact on knowledge input and less convincing learning outcomes (Schmitz, Klemke, & Specht, 2012).

To train CT skills with the PBL model, the technology devices of the e-learning system need to be prepared
and implemented well. Adaptation of a number of technologies is needed and should be suited to students’ learning
needs (Drolia, Sifaki, Papadakis, & Kalogiannakis, 2020). The orientation of fulfilling the needs is not on presenting
a large amount of boring learning material content but on the management of attractive, motivating, and
interesting learning. In essence, the learning process that utilizes digital platforms must have a positive effect on
the expected learning objectives (Cheng, Yang, Chang, & Kuo, 2015). Previous studies have shown that teaching
methods utilizing attractive and interactive digital technology have an impact on improving students' cognitive
learning outcomes (NNSP Verawati, Handriani, & Prahani, 2022) and their CT skills (Bilad, Anwar, & Hayati,
2022). This is an entry point for teachers to be able to take advantage of interactive learning technologies, one of
those is PhET (Physics Education Technology) assistive virtual simulation. The utilization opportunities can be
further optimized considering that PhET can be connected to a mobile application and can be easily accessed by
each user.

Referring to the justification of the aforementioned problems, the current study aimed to apply problem-based
learning that utilizes PhET assistive virtual simulations in mobile application and evaluate its impact on students'
CT skills. Specifically, this study sought answers to the following research questions.

1. What is the learning feasibility of applying problem-based learning that utilizes PhET assistive virtual

simulations in mobile application?
2. What is the impact of using problem-based learning that utilizes PhET assistive virtual simulations on

improving students’ critical thinking skills?

2. LITERATURE REVIEW
2.1. Critical Thinking Skills
In the contemporary education system, educational institutions have the fundamental task to equip students

with CT skills (Erikson & Erikson, 2019). CT becomes the driving force to achieve better academic performance
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(D’Alessio, Avolio, & Charles, 2019; Ghanizadeh, 2017; Siburian, Corebima, Ibrohim, & Saptasari, 2019).
Developing students' CT must be followed by intervention in the teaching process of critical thinking in modern
ways in classes (Dekker, 2020). Teaching to get the achievement of CT skills is increasingly massive in several
developed countries and they include CT as an attribute of graduate competence at all levels of education (Szenes,
Tilakaratna, & Maton, 2015). Students who have good performance of CT skills are believed as the main factor to
declare the quality of education (Gilmanshina, Smirnov, Ibatova, & Berechikidze, 2021).

The term CT is defined in the most familiar context as "reasonable and reflective thinking, that is focused on
deciding what to believe or do" (Ennis, 2018). Within the scope of the cognitive or intellectual dimension, CT is a
process of deep reasoning (Elder & Paul, 2012). Regarding the learning in the classroom, the ability to reason is a
goal of all types of instruction (National Council of Teachers of Mathematics, 2000). CT skills are needed as a
cognitive bridging in solving the problems (Evendi et al., 2022). Every expert or researcher engaged in educational
psychology gives a baseline that learners have competencies in CT or vice versa, but the most intensive slice of
indicators used in several studies covered; analyzing, inferring, evaluating, and making decisions (Verawati,
Hikmawati, & Prayogi, 2020; Verawati, Ernita, & Prayogi, 2022; Verawati, Hikmawati, Prayogi, & Bilad, 2021;
Wahyudi, Verawati, Ayub, & Prayogi, 2018; Wahyudi, Ayub, & Prayogi, 2019a; Wahyudi, Verawati, Ayub, &
Prayogi, 2019b). Training students’ CT requires a unique innovative learning model intervention. It means that not
all types of instruction can be used for this purpose (Prayogi, Yuanita, & Wasis, 2018). However, the uniqueness of
learning activities to practice CT is ways of exploring and experimenting to solve problems, one of which is

Problem-based Learning (PBL) (Suhirman, Prayogi, & Asy’ari, 2021).

2.2. Problem-Based Learning

Problem-based Learning (PBL) is a learning model that encourages students to conduct investigations or
explorations based on authentic problems (Evendi et al., 2022). PBL model follows the learning phases, namely: a)
student orientation to authentic problems, b) organizing students to learn, c) investigative processes to solve
problems, d) presenting the results of the investigation, and e) reflecting on the results of problem-solving (Evendi
et al., 2022). New knowledge products can be emerged by presenting a number of authentic problems (Hung, 2011).
In addition, presenting authentic problems and solving them in investigative ways has an impact on knowledge
retention and a better understanding of concepts (Li & Tsai, 2017). If it is associated with learning content, the
pedagogy in PBL has a positive impact on students' reasoning performance (Wirkala & Kuhn, 2011). Specifically, in
dealing with the achievement of CT, problem-solving through exploration and investigation helps students develop
their CT performance (Calkins, Grannan, & Siefken, 2020).

The PBL model can be applied in flexible ways. It can be done by utilizing a digital environment. It is in line
with the previous study (Evendi et al., 2022) PBL is employed through a digital environment using an e-learning
platform (e-PBL), and the result is that it can develop students' CT skills in learning on all cognitive styles of
learners (Evendi et al, 2022). The effectiveness of mobile blended PBL has been investigated and the results
showed that it can improve students' problem-solving skills (Amin, Sudana, Setyosari, & Djatmika, 2021). The
functions and principles contained in PBL do not regress when formatted in blended learning (De Jong, Krumeich,
& Verstegen, 2017). Another study Srikan, Pimdee, Leekitchwatana, and Narabin (2021) developed cloud-based
PBL to improve students' digital skills and creative thinking. In the current study, researchers intervened in PBL
by utilizing the PhET assistive virtual simulation in mobile application and evaluated its impact on students' CT
skills.

2.8. Assistrve Virtual Simulation
Assistive technology was originally developed to fulfil and facilitate access to students’ learning rights of

disabilities (Smith, 2021) but later developed as a learning visualization instrument along with the advancement of
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simulation technology, and is now known as assistive virtual simulation (AVS). Virtual simulation is categorized as
a digital learning tool used to simplify the learning process (Zhang, Tan, Li, Han, & Xu, 2021) and as a digital
learning bridge to understanding abstract concepts (Verawati et al., 2022). Virtual simulation is increasingly being
employed because of its role in cultivating the new skills needed (Bedetti, Bertolaccini, Patrini, Schmidt, & Scarci,
2018) including to fostering students' critical thinking (Ikhsan, Sugiyarto, & Astuti, 2020).

One of the most assistive virtual simulation technologies widely used is PhET (Physics Education
Technology). PhET is an online based science laboratory simulation which is designed interactively and attractively
and developed by the University of Colorado. PhET is a suitable tool to be used when learning is constrained to
carry out practical work in the laboratory, even when exploration or experimentation is carried out online. Another
advantage is that PhET simulation can help students understand the concepts of abstract learning materials. In
accordance with the current study context, researchers see it as an opportunity to improve students' CT
performance by intervening in Problem Based Learning (PBL) using PhET"s assisted virtual simulation in mobile
application. The utilization opportunities can be further optimized considering that PhET can be connected to a
mobile application and can be easily accessed by each student. In previous studies, PhET simulations could support
students' deep conceptual mastery of different learning materials (Fan, Geelan, & Gillies, 2018) and support

students’ engagement with the content of the teaching material (Toli & Kallery, 2021).

3. METHODOLOGY
3.1. Research Design

This study was designed in the form of an experimental study by employing the randomized pretest-posttest
control group design (Fraenkel, Wallen, & Hyun, 2012). It was employed to show the precise effect of a controlled
learning treatment. Referring to the design, two treatment groups (samples) were prepared, namely the

experimental and control groups. The design is presented in Table 1.

Table 1. Research design.

Treatment group | Pre-assessment | Learning treatment Post-assessment
Experimental Pretest (O) X, (PBL + Assistive virtual simulation) | Posttest (Oy)
Control Pretest (O,) X, (Expository teaching) Posttest (O.)

The treatment or learning intervention for the experimental group applied PBL with PhET assistive virtual
simulation in mobile application, while the intervention for the control group used expository teaching. Assessment
of critical thinking skills was carried out on students in each group, pretest before the learning intervention and
posttest after it. Implementation of learning was carried out in four meetings (excluding pretest and posttest) on the
material of ‘Energy Forms and Changes,” and each meeting took about 2 x 45 minutes. The implementation of the
pretest, learning treatment, and posttest was scheduled at the same time. This is a form of deliberate arrangement

to avoid the possibility of bias.

3.2. Participants

Research participants involved students and observers, where students acted as research samples, while
observers were those who made observations on the learning process during learning implementation. The research
sample was students in one of the Islamic senior high schools (Madrasah Aliyah) in the city of Mataram, Indonesia.
There were 88 students evenly divided into two groups (experimental, n = 44, and control, n = 44). The two
observers were science teachers who had experience of teaching science for at least last three years and who were
considered representative in observing the implementation of learning in class. The demographics of the sample are

presented in Table 2.
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Table 2. Demographics of samples.

Experimental group, | Control group,

Characteristics N =44 N =44

Total % Total %
Male 24 54.54 23 52.27
Gender

Female 20 45.46 21 47.73
<16 2 4.5% 3 6.82
Age (Year) 16 —17 42 95.46 40 90.91
> 17 [0) (0] 1 2.27

3.8. Instruments and Psychometric Properties

To support the implementation of the study, learning tools in the form of e-modules, learning scenarios, and
CT skills tests were prepared. The CT skills test instrument employed eight test items to accommodate indicators
of analytical, inference, evaluation and decision-making skills. Before being employed, learning instruments must
meet adequate psychometric properties. The validity and reliability of the instrument are the best measures of
psychometric properties as a prerequisite for continuous implementation (Souza, Alexandre, & Guirardello, 2017).
The learning instruments that are prepared and validated cover e-modules, learning scenarios, and tests of CT
skills. The measure of instrument validity is viewed from the aspect of content and construct validity (Akker,
Bannan, Kelly, Nieveen, & Plomp, 2013). The learning instrument was validated by two validators, who were
science learning experts, experienced in designing science lessons, and have more than fifteen years of experience in
teaching science. The validators assessed the validity and provided feedback on the learning instrument. Finally, the
validation results were analyzed descriptively, which showed that the learning instrument was valid in the content
and construct domains. From the results of this validation, it the reliability of the learning instrument was
determined (the level of consistency of the instrument based on the size of its validity). This refers to the percentage
of agreement parameter (Emmer & Millett, 1970). Based on the results of this validity and reliability test, the

learning instrument was therefore reliable and was feasible to be used as learning support.

3.4. Data Analysis

Data on students' CT skills were collected using the CT skill test instrument which was found valid. The CT
test in the form of an essay (eight item questions) was employed to measure CT (pretest and posttest). The score for
each test item used a graded scale, where the maximum score was +3, and the minimum was -1. This score was then
calculated as the cumulative performance of each individual's CT skills, corresponding to criteria ranging from not
critical to very critical. CT skills were calculated according to individual performance and CT indicators were

adapted from previous studies (Prayogi et al., 2018) as presented in Table 3.

Table 3. Criteria of CT skills.

Criteria

Range of CT scores based on indicators

Range of individual CT scores

Very critical

CTi > 2.20

CTs>17.6

Critical

1.40 < CTi < 2.20

11.2<CTs <17.6

Quite critical

0.60 < CTi < 1.40

48 <CTs<11.2

Low critical

—0.20 < CTi £ 0.60

-1.6<CTs <4.8

Not critical

CTi <—-0.20

CTs<-1.6

Each data on students' CT skills (pretest and posttest) in the experimental and control groups was analyzed
descriptively and statistically. Descriptive analysis refers to the criteria seen in Table 3. The increase of the pretest-
posttest score of students' CT skills (n-gain) was analyzed according to Hake's formulation (Hake, 1999) and
categorized into n-gain criteria: low (<0.8), moderate (0.8 — 0.7), and high (>0.7). Statistical analysis (differential
test) was employed to analyze the differences in students' CT performance in each treatment group (based on the

pre-test-posttest mean score parameter) and between treatment groups (based on the post-test mean score
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parameter), both at the level of 0.05 significance. This difference indicated the effect of the intervention or learning
treatment. The statistical difference test was preceded by a normality test. If the results of the normality test
indicated that the data was normally distributed, parametric statistical analysis was used. Otherwise, non-

parametric statistical analysis would be used. Statistical analysis employed SPSS software.

4. RESULTS
4.1. The Implementation of PBL Ulilizing Assistive Virtual Simulation

Distance learning has successfully been conducted through an e-learning system using the PBL model utilizing
assistive virtual simulations in the teaching of sciences. PhET assistive virtual simulation in mobile application is
employed as an aid of PBL model learning. In this research study, the learning processes were done in four
meetings. Each meeting took about 2 x 45 minutes. The flow of learning with PBL followed some phases: a) student
orientation to authentic problems, b) organizing students to learn, c) investigative process to solve problems, d)
presenting the results of investigations, and e) reflecting on the results of problem-solving (Evendi et al., 2022).
PhET assistive virtual simulation intervention was utilized starting from the third phase, namely the investigation
process to solve the problem. Figure 1 presents an example of the intervention of PhET assistive virtual simulation

in the materials of ‘Energy Forms and Changes’
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Figure 1. An example of PhET assistive virtual simulation intervention in materials of “energy forms and changes”.
Source: https://phet.colorado.edu/.

Furthermore, the implementation of learning (learning feasibility) for each learning meeting was observed by
two observers. It related to the implementation of the learning phase with the PBL model utilizing PhET assistive
virtual simulation in mobile application. The data of observation was qualitative, where observers provided feedback
on the learning process immediately after learning was carried out in each meeting. Feedback was discussed

between teachers (researchers) and the observers.

4.1.1. First Meeting
e Feedback from the first observer: “Before entering the learning phase, apperception and motivation should be
carried out by the teacher related to the learning being carried out. It is necessary to pay attention to how

the organization during the learning process has an impact on the interaction between students.”
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Feedback from the second observer: “The presenting of authentic problems needs to be diversified, even
though it focuses on a problem but diversification can train students' critical thinking. In addition, the PhRET

assistive virtual simulation should be optimally utilized to build interaction between students.”

4.1.2. Second Meeting

Feedback from the first observer: “Emphasis on authentic problems can be more optimal especially when
these can come from students' ideas. The way is, of course, by building collective interaction between
students and in-depth discussions with them.”

Feedback from the second observer: “Learning with the PBL model using PhET"s assistive virtual simulation
seems to be able to build student interaction. It should be noted that in the second meeting, the process of
reflection as a bridging process to build critical thinking, has not been optimized by the teacher at the end of

the lesson.”

4.1.8. Third Meeting

Feedback from the first observer: “Learning with the PBL model using PhET's assistive virtual simulation at
the third meeting has been carried out well, and students need to be continuously encouraged to stay actively
involved in the learning process.”

Feedback from the second observer: “The potential of students to build their ideas can be optimized,
especially in presenting the results of the investigation. The results of observations show that there are still a

small number of students who are less active in the discussion session.”

4.1.4. Fourth Meeting

Feedback from the first observer: “In general, learning has been carried out well using the PBL model
utilizing PhET's assistive virtual simulation.”

Feedback from the second observer: “The general observation results indicate that the learning process is
well applied. Teachers' efforts to develop critical thinking have been optimal by utilizing learning resources

with PBL models and PhET assistive virtual simulations.”

4.2. Assessment of Students’ Critical Thinking Skills

Data on the results of students' CT skills are based on CT indicators for each treatment group (experimental

and control) as shown in Figure 2.
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Figure 2. Data of analysis results of students’ CT skills based on indicators in each group.
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The results of the analysis indicate a change in critical thinking scores for each treatment group from pretest to
posttest. Based on the CT skill indicator parameters (analysis, inference, evaluation, decision making), the
experimental group's CT score in the posttest exceeded the control group.

The pretest results of both groups are in the range of CT indicator scores: — 0.20 < CTi 0.60. This falls in the
"less critical" category. Furthermore, the results of the posttest analysis in the experimental group, the average CT
score for all indicators was "critical" (all indicator scores are in the range: 1.40 < CTi 2.20). While the control
group varied, the posttest scores on the evaluation indicators had the criteria of "less critical" (in the range of
scores: — 0.20 < CTi 0.60), and other indicators (analysis, inference, decision making) had the criteria of "quite
critical" (in the range of scores: 0.60 < CTi 1.40). If the improvement is viewed from the n-gain in pretest-posttest
scores, the n-gain of all CT indicators in the experimental group has the "moderate" criteria (n-gain score range: 0.3
- 0.7), while the n-gain in the control group has the "low" criteria (n-gain score < 0.3).

The data of the analysis of students' CT skills for each treatment group (experimental and control) are presented

in Figure 3. Based on the test parameters (pre-test, post-test, and n-gain), the two treatment groups found varying

scores.
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Figure 3. Data analysis results of students’ CT skills in each group.

The pretest-posttest scores in the experimental group increased, from an average score of 1.45 with the "less
critical" criteria (on the pretest) to 16.60 with the "critical" criteria (on the posttest). Unlike in the control group,
students experienced an increase in score from 1.48 with the "less critical" criteria (on the pre-test) to 5.64 with the
"quite critical" criteria (on the posttest). Changes in the n-gain scores of the experimental and control groups are far
apart, each with a score of 0.67 (moderate criteria) and 0.18 (low criteria).

The statistical analysis was carried out to evaluate the details of the differences in increasing scores of each
treatment group. As a reference of statistical testing are the results of data normality test. Details of the results of

the data normality test are presented in Table 4.

Table 4. Results of normality test, p > 0.05.

G P Kolmogorov-Smirnov Shapiro-Wilk Data
roups arameter Stat. Df Sig. Stat. | Df Sig. | normality
Experimental Pre-test 0.183 44 0.001 | 0.940 44 0.023 | No
Post-test 0.333 44 0.000 0.791 44 0.000 | No
Control Pre-test 0.184 44 0.001 0.937 44 0.018 | No
Post-test 0.165 44 0.00% 0.915 44 0.003 | No
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The Kolmogorov-Smirnov and Shapiro-Wilk tests were employed to measure the normality of the data in
experimental and control group. The results of the normality test based on the pre-test and post-test parameters
were none of the test variables were normally distributed. The data tested were not normally distributed (p-value <
0.05). Based on these results, the different test used the non-parametric statistical analysis. The paired sample
difference test employed the Wilcoxon test. For the independent sample, the Mann-Whitney U test was applied.

The results of the two tests are summarized in Table 5 and Table 6.

Table 5. Results of Wilcoxon tests, p < 0.05.

Group N Mean rank Sum of ranks Z Sig.
Experimental Negative ranks 0 0.00 0.00 -5.808 0.000
Positive ranks 44 66.50 2926.00
Ties O 0.00 0.00
Total 44 66.50 2926.00
Control Negative ranks 0 0.00 0.00 -5.798 0.000
Positive ranks 44 22.50 990.00
Ties 0 0.00 0.00
Total 44 22.50 990.00

Table 6. Results of Mann-Whitney tests, p < 0.05.

Group N Mean rank Sum of ranks | Mann-Whitney z Sig.
Experimental 44 66.50 2926.00 0.000 -8.214 0.000
Control 44 22.50 990.00
Total 88 89.00 3916.00

The results of the Wilcoxon test (Table 5) confirmed that there was a difference of CT skill scores on the pre-
test-posttest for the two treatment groups (p-value < 0.05). It means that the learning treatment in the
experimental group and the control group has an impact on CT skills. Furthermore, differences in CT skills
between treatment groups based on posttest parameters were analyzed using the Mann-Whitney test (see Table 6).
The results showed a difference of CT performance between the experimental and control groups (p-value < 0.05).
These results have confirmed the significant impact of the PBL model with assistive virtual simulation on students'

CT skills.

5. DISCUSSION

Developing students' CT skills has been attempted by implementing PBL pedagogy utilizing PhET assistive
virtual simulation in mobile application. In the distance learning system, the proper pedagogy is a reflection of
structured learning (Pozzi et al., 2020). To achieve this, this current study employed observers who were tasked
with observing the progress of learning and providing feedback on the learning process. In addition, researchers
reviewed the results of the CT measurement (pretest) before the learning treatment intervention in the
experimental and control groups. The results of the pretest in the experimental group (PBL with a PhET assistive
virtual simulation in mobile application) and the control group (expository teaching) were both in the "less critical"
category (based on indicator parameters). After the learning intervention in the experimental group, the posttest
results increased to "critical” (see Figure 2). Likewise with individual CT scores (see Figure 3), the average pretest-
posttest in the experimental group was improved, from "less critical”" (in the pretest) to "critical" (in the post-test).
This is, of course, the effect of PBL with a well-implemented PhET assistive virtual simulation, and cannot be
separated from observer feedback during learning.

Based on observer feedback during the learning process, the aspects that teachers need to pay attention to
implement PBL using PhET virtual assistive simulation are motivating students, organizing learning, diversifying
authentic problems, and encouraging interaction among students. Based on observer feedback on these aspects,

improvements of the learning process were carried out in each subsequent meeting. The focus of improvements
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made by the teacher was: First, optimizing student motivation. Motivating students is one aspect of supporting the
success of PBL pedagogy, especially when it is carried out systematically so as to encourage deep learning (Harun,
Yusof, Jamaludin, & Hassan, 2012). Motivating by the teacher provides an overview of the importance of a learning
process that will be passed by students, so it is clear the students’ reasons to continue to be involved in the learning
process (Arends, 2012). Student motivation can be optimized at the beginning of learning and during the learning
process (Fukuzawa, Boyd, & Cahn, 2017). The results of previous studies show that student motivation also
supports the development of students' CT (Festiawan, 2021). The teachers” encouragement in motivating students
has an impact on the effectiveness of the PBL model (Luo, 2019).

Second, optimizing the organization of learning, the implementation of PBL is pursued in accordance with the
phases of teaching, as a guarantee of achieving the expected learning objectives, the control of the learning process
of PBL must be optimal. Third, diversify authentic problems, in PBL pedagogy, to support students' CT flexibility,
authentic problems need to be diversified (Evendi et al., 2022). Knowledge construction is built based on presenting
authentic problems, and solving them as evidence of students' depth of thinking (Kumar & Natarajan, 2007).
Learning based on authentic problem solving can develop students' CT skills (Dennis & O'Hair, 2010). It is also
claimed to be the foundation for effectively training 21st-century skills (Preus, 2012). The ways teachers diversify
authentic problems into additional preferences (tastes) when students learn (Monrat, Phaksunchai, & Chonchaiya,
2022). Fourth, continue to encourage interaction between students during the learning process. Interaction means
that during the discussion students are expected to convey ideas and get responses from other students.

Observers’ feedback benefits students to get CT in learning with the PBL model using PhET assistive virtual
simulation. This is different from expository teaching (as the control group in this study). On the posttest, they did
not achieve good results in CT activities. This is in accordance with the results of previous studies that expository
teaching methods are considered as traditional or conventional teaching, and are considered inadequate for the
purpose of providing in-depth knowledge and training in critical thinking (Bilad et al., 2022). Meanwhile, PBL is
considered feasible as a pedagogy that leads students to develop their CT through deep conceptual knowledge
(Fitriani, Samsuri, Rachmadiarti, Raharjo, & Mantlana, 2022). The difference in learning results in the posttest of
the experimental and control groups is evidence of the impact of PBL interventions using PhET assistive virtual
simulations that are effective to improve students' CT skills (see Table 6). The strength of the PBL intervention is
the use of PhET assistive virtual simulation. The results of previous studies show the power of PhET virtual
simulation in building a comprehensive understanding of materials with a high level of abstraction (Verawati et al,,
2022). The current study addressed the problems related to online learning utilizing PBL approach with PhET
assistive virtual simulation as a new framework for teachers to train students' CT. Through these learning
interventions, it was found that teachers provided a motivating and engaging environment for remote learning, as
was expected in today's digital pedagogy (Papadakis et al., 2020). The results proved that PBL with PhET assistive
virtual simulation had overcome student boredom in classes. It was evident from the dynamic interaction that has
been built in learning. It also made an impact on developing students' CT skills. This finding refutes previous
concerns that non-interactive learning content will only be burdensome and have no impact on expected learning
achievement (Viktorova, 2020) and that unmotivated digital environments have an impact on knowledge input and
less convincing learning outcomes (Schmitz et al.,, 2012). In fact, PBL with PhET assistive virtual simulation has
provided an interactive learning situation and has an impact on improving students' CT skills. The results of this
study are in accordance with previous findings, that Android-based PhET Simulation can improve students' critical
thinking skills in science learning (Hasyim, Prastowo, & Jatmiko, 2020). In addition to critical thinking, the
application of PhET simulation can also trigger students' creative thinking skills and conceptual understanding
(Habibi, Jumadi, & Mundilarto, 2020).
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6. CONCLUSION

The present study applied Problem Based Learning (PBL) by utilizing PhET assistive virtual simulation in
mobile application. The implementation of the learning has been observed and the impact on students' CT skills has
been analyzed. Several aspects need to be addressed in implementing PBL by utilizing PhET's assistive virtual
simulation, including optimizing student motivation, organizing learning, diversifying authentic problems, and
encouraging interactivity among students. Descriptive analysis shows that PBL by utilizing PhET assistive virtual
simulation is better in developing students' CT skills when compared to expository teaching. Statistical analysis
showed a significant difference in improving students' CT skills between PBL using PhET assistive virtual
simulation and expository teaching. Finally, based on the findings in this study, researchers hope that PBL
pedagogy utilizing PhET assistive virtual simulation can be maintained and implemented in regular classroom
teaching. Similar studies can be conducted on other materials or other subjects to explore their effects not only on

CT skills but also on other learning outcomes.
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