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This paper describes a comprehensive review of 31 quasi or experimental research studies from the past
decade on the effect of PhET simulations on students’ conceptual understanding of physics. Two questions
guided the review: (i) To what extent do PhET simulations enhance students’ conceptual understanding of
physics? (ii)) What are the best ways to use PhET simulations to enhance conceptual understanding of
physics? The reviewed literature provides robust evidence that PhET simulations can significantly enhance
students’ conceptual understanding of physics and can be integrated into many active learning instructional
environments. The paper also points out gaps and directions of future research and suggests that educators
integrate PhET simulations in physics to create more meaningful learning.
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I. INTRODUCTION

McDermott (as cited by Sands [1]) defined conceptual
understanding as a functional understanding or the logical
ability to apply knowledge in contexts or scenarios other
than the one it was generated or attained. In line with this
definition, Balka et al. [2] defined conceptual understand-
ing as a student’s capability to reason in settings or
environments that require careful application of concepts,
descriptions, relationships, or representations. From these
definitions of conceptual understanding, it can be deduced
that conceptual understanding demands students’ ability to
synthesize information and knowledge from the known
schemas and apply it in a new context. Moreover, students’
conceptual understanding of physics is manifested by the
ingenuity and cleverness to coordinate disparate or different
bits of knowledge to solve a given problem by applying
known concepts in new situations [3].

The development of conceptual understanding of physics
among learners is of immense importance in the learning
process for the following reasons. First, conceptual under-
standing should be developed among learners as it helps
students connect knowledge across physics contexts so that
facts and procedures should not be isolated [4,5]. Making
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connections through concept maps, mind maps, and
reflections helps students integrate new concepts with ease.
This promotes conceptual learning and deep learning;
hence conceptual understanding is achieved. Conceptual
understanding helps students make connections between
what is already known to new physics phenomena. Good
linkage of knowledge helps students to develop a good
rapport for understanding new knowledge in physics.

Second, conceptual understanding is essential in the
development of metacognition in students. Metacognition
refers to higher-order thinking involving active control over
the thinking process involved in learning [5,6]. It can also
be defined as the study of memory monitoring and self-
regulation. Metacognition involves the theoretical work
where learners not only immerse themselves in content and
the facts of the topic. Students are involved in processes of
relating the facts to the overall explanatory frameworks,
applying facts to frameworks, and testing frameworks
against the facts [4,7,8]. Lastly, conceptual understanding
is vital in helping students to transfer knowledge to new
situations they encounter. Knowledge transfer is critical
in empowering students to practice the theories they
have acquired and accumulated from class learning.
Conceptual understanding helps students in transferring
conceptual physics knowledge into their daily lives [3,5,9].
Transferring the conceptual knowledge of physics to real
life is a critical component of physics learning that triggers
students’ innovative skills.

To ensure that students develop conceptual understand-
ing and mastery of learning in science education, teachers
are encouraged to use diverse methods in their teaching
[10]. That is, teachers should move for the inclusion of
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active learning methods in the classroom. Moreover,
teachers should strive to create a learning environment
that allows flourishing and thriving modern teaching
strategies to enhance the development of conceptual under-
standing to meet the needs and expectations of the
competitive labor market [11]. The 21st century teaching
styles demand teachers to be creative and original by fully
using the available resources.

One of the available resources that can and is being used
in ensuring that students develop conceptual understanding
in science, particularly in physics, is technology in the form
of interactive simulations [11]. There are many physics
simulations on the market and online free or for sale. Of
particular interest in this paper are the physics education
technology (PhET) simulations developed by the University
of Colorado Boulder; it is a nonprofit open educational
resource [12]. The PhET simulation project was initiated to
improve the way science is taught and learned across the
globe by using free interactive simulations. PhET simula-
tions are renowned worldwide due to their overwhelming
impact on enhancing the teaching and learning of science.
PhET simulations are vital in developing a platform enriched
with scientific and technological resources that enable
students to engage in scientific exploration, develop con-
ceptual understanding, make connections to everyday life,
view science as accessible and enjoyable, and take owner-
ship of the learning experience [13].

Perkins et al. [13] further emphasize that the PhET
simulations are flexible and available free of charge, and
address various learning goals; they are interactive, authentic,
and offer meaningful learning, and are research based. This
claim that PhET interactive simulations are fundamental in
aiding the enhancement and development of conceptual
understanding among learners in physics has sparked a
bandwagon of research in this area by researchers and
educators across the globe. There has been a surge in the
studies concerning integrating PhET simulations on stu-
dents’ conceptual understanding of physics in the past
decade. However, there is limited substantiated and com-
prehensive information obtained by analyzing the findings of
these studies to establish the status quo of knowledge in this
area. No literature review paper has been done to critically
appraise and assess the quality of knowledge in the studies
conducted and form a comprehensive and unified under-
standing of the stand-alone studies done in this field. In this
case, it can be stated that a literature review is needed to
establish, summarize, critically analyze and synthesize the
relevant available research studies on the topic at hand and
establish a comprehensive and holistic status quo of knowl-
edge in this area. The data from this review will be vital in
ascertaining the relevance and immense importance of PhET
interactive simulations in enhancing conceptual understand-
ing. Furthermore, this paper will establish the usability and
feasibility of PhET simulations in various instructional
designs. Lastly, this literature review will update the readers
with current literature regarding this topic and point the

research gaps and directions for future research in this area.
Thus, this paper aims to review the available literature on this
topic. In other words, this review paper investigates the effect
of integrating PhET simulations on students’ conceptual
understanding of physics by answering the following
research questions:
1. To what extent do PhET simulations enhance stu-
dents’ conceptual understanding of physics?
2. What are the best ways to use PhET simulations to
enhance conceptual understanding of physics?

II. METHODOLOGY

The proposed research questions were answered by
searching for relevant articles in the following databases:
ERIC, Scopus, Google Scholar, and an extensive follow-up
on ProQuest, Unpaywall, ResearchGate, Academia, and
google search in cases they could not be downloaded from
the designated databases. The search focused on journal
articles that have been published between the years of 2010
to March 2021. The keywords which were used in the search
of journal articles were “PhET interactive simulation OR
computer simulation,” “physics,” and “conceptual under-
standing OR understanding.” The term ‘“computer simula-
tions” was used in searching relevant studies as there are
other studies that used the term computer simulation in its
title or its keywords, yet in the study design and method-
ology, they used only PhET interactive simulations as the
only computer simulation to enhance conceptual under-
standing in physics. The papers included in this review were
analyzed by extracting their educational context, year of
study, what course the study was done in, how it was
measured, study design, results, statistical values, and the
effect size in cases where it was calculated. In answering
objective (ii), papers were grouped into four active learning
designs based on the core features of each instructional
design. Information on educational context, year of study,
what course the study was done in, how it was measured,
study design, results, statistical values, and the effect size in
cases where it was calculated was extracted and analyzed.

A. Inclusion and exclusion process

Researchers’ ability to demarcate the limits and boun-
daries and identify or create a working strategy or criteria is
one of the essential skills in having a comprehensive review
paper. Articles were included or excluded for analysis
based on the following criteria. The studies were selected
following the inclusion criteria as indicated in Table I.

The studies outside the scope of this study are those
that combined PhET interactive simulations and other
computer simulations, videos, microcontrollers, projectors,
interactive whiteboards, or other ICT resources to enhance
the conceptual understanding of students in physics. Again,
papers that used other interactive computer simulations,
not PhET interactive simulations to enhance conceptual
understanding were removed. Similarly, studies that used
PhET simulations to enhance conceptual understanding in
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TABLE L

Inclusion criteria that were used in selecting the articles.

Criteria

Meaning

Time interval

Type of intervention simulation used to enhance
conceptual understanding in physics

Study design

Studies that were conducted between the years 2010 up to March 2021.

Studies that strictly used PhET interactive simulation as the only teaching
resource or aid to enhance conceptual understanding in physics.

A study using simulation techniques by PhET simulations having an

experimental or quasiexperimental design with pretest and post
comparison groups.

The outcome of the study

A PhET simulated study where conceptual understanding in physics is one of

the outcomes being measured.

biology, mathematics, earth science, chemistry, or engi-
neering were excluded. In cases where the article was
published in several journals, one publication was used to
avoid duplication.

The total number of papers that made the overall dataset
was 6049 journal articles. The search that was done on the
Scopus database resulted in 2856 articles. Google scholar
produced 2810 articles. Again, a search in ERIC resulted in
274 articles. Articles that could not be downloaded from
these databases were extensively searched on journal out-
lets like ProQuest and other sites like Google search,
Unpaywall, academia, and ResearchGate so that relevant
articles should not be missed. This extensive search yielded
a total of 109 articles. The screening and eligibility
assessment process reduced the number to 310 articles.
At this stage, a total of 279 articles were removed as they
had used PhET interactive simulations together with other
interactive computer simulations or other ICT resources,

Records
identified by a

Records identified

e by a search in !

=3 Scopus using the search in google
g‘ keys words: scholar:

g n=2856 n=2810

they belonged to other science subjects (mathematics,
chemistry, biology, earth science, or engineering), or they
did not specify the type of interactive computer simulation
used. A total of 31 research studies on integrating PhET
simulations on conceptual understanding in physics were
analyzed. Thus, a total of 31 articles were identified and
included in this review. Figure 1 shows the inclusion and
exclusion criteria used in this review.

III. RESULTS AND DISCUSSION

A. To what extent do PhET simulations enhance
students’ conceptual understanding of physics?

PhET simulations are increasingly becoming a powerful
teaching resource for science educators across the globe.
Many science educators are integrating PhET simulations
into mainstream classes. Research evidence supports the
notion that computer simulation-based learning

Studies

downloaded by

extensive search
n=109

Records
identified
by a search

in ERIC
n=274

Duplicates
removed: n =2753

v v
[ Total records identified from the databases considered: n =6049

> A total of 1788 was removed as they were

irrelevant: n = 1788

Records that were removed for
reasons: n = 1198

Full-text studies that were eliminated with
reasons: n =279

g Records that remained after
§ duplicates were removed: n = 3296
2 }
Records that were screened:
n=1508
. !
L2} Full text assessed for eligibility:
g
= n=310
)
o .2 .. l . . .
S £ % Studies included in this review: n = 31
ISER= I~
S o 2
FIG. 1.

Preferred reporting items for systematic reviews and meta-analysis (PRISMA; [14]) flow diagram.
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(instruction) is regarded as a cognitive visualized tool to
enhance the effectiveness of learning among science stu-
dents [13,15-18]. PhET simulations have been used to
support activities on observation and reflection in learning
abstract concepts and generate real-time data to show
dynamic phenomena and information on how specific
parameters are changing synchronously to spark higher
orders of thinking. The following paragraphs summarize
studies on what extent PhET simulations enhance students’
conceptual understanding of physics.

A study by Park [19] on the effects of simulation-based
formative assessment on students’ conception in physics
revealed that PhET simulation improved students’ concep-
tion of physics. Students improved their conceptual under-
standing by developing skills in making scientific predictions
and explaining a given phenomenon with more valid
scientific ideas triggered by visuals of the PhET simulation.
Park [19] and Srisawasdi and Panjaburee [20] state that PhET
simulations’ visual aids provide an opportunity to elicit
students’ pre-existing understanding and opportunities to
challenge their initial understanding for conceptual change
and conceptual understanding. Maulidah and Prima [21]
noted that the use of PhET simulations in the teaching and
learning process could enhance conceptual understanding
and motivation among learners. They found that students
exposed to the learning by using PhET media demonstrated a
more remarkable improvement in conceptual understanding
and motivation than those who had learned without PhET
simulation as their teaching aid [22-25]. PhET simulation in
this study improved students’ cognitive skills such as factual
and procedural knowledge, transfer knowledge, applying
knowledge to relevant tasks, and developing inquiry and
exploration skills in students [10,18,24,26].

Salameh and Aldhamit [27] conducted a study on the
effect of PhET simulation learning on students’ under-
standing of electricity and concepts and their attitudes
towards physics learning. They deduced that PhET simu-
lations improved the understanding of electricity and mag-
netism concepts. There was a significant difference in the
post-test between the groups with a p value of 0.000. They
attributed the differences in the performances between the
groups due to PhET simulations that provided an oppor-
tunity for understanding concepts of electric charge and
electric current by providing visualization of the phenome-
non at a microscopic level. Another study by Tashdere [28]
underscored that PhET simulations are vital in improving
conceptual understanding and removing students’ miscon-
ceptions in the topic of direct current electric circuits
(DCEC). The statistical analysis of the post-test showed
that the experimental group significantly outperformed the
control group in understanding the key aspects and concepts
outlined in DCEC. The visualizations from PhET simula-
tions were noted to help in outlining theoretical circuit
conceptions and giving constructive feedback. This sparked
students to develop the correct scientific explanations, and
the immediate feedback from the PhET simulations encour-
aged students to think critically and scientifically.

A study by Haryadi and Pujiastuti [29] showed that the use
of PhET simulations in learning the topic on temperature and
heat produced a 37% higher normalized gain value than the
control class using the conventional learning method. They
emphasized the development of factual and procedural
knowledge among students in the experimental group, which
prodded them to analyze the concepts they had studied before
[29]. Panis [30] showed a significant improvement in the
conceptual understanding of physics by students in the
experimental group upon being trained or taught using
PhET interactive simulation media. Conceptual understand-
ing was probed by asking students to demonstrate a simu-
lation related to the learning and later explicitly explain the
physics concept exhibited by the PhET simulation [24,31—
33]. This allowed students to build their conceptual under-
standing based on the given PhET simulation; hence they
cemented their understanding of the physics concepts [34].

A study by Lin [35] established that PhET simulations are
powerful physics learning technology in assisting students
to visualize abstract concepts and connect mathematical
understanding to physics concepts. PhET simulations serve
the purpose of contributing to the development of concep-
tual understanding of physics without over-relying on the
use of mathematical operators. Again, Lin [35] asserts that
PhET simulations helped students develop a conceptual
understanding of physics by gaining intuition on how
mathematics is applied in physics. Thus, PhET simulations
helped students develop the appropriate metacognitive and
reflective skills needed to conduct meaningful problem
solving; hence students attained the conceptual understand-
ing of physics [22-24,35,36].

Another study by Gani et al. [37] underscored that
students improved conceptual understanding by using
PhET simulations on vibration and waves compared to
conventional learning methods. They went on and empha-
sized that the scores in the post-test by the experimental
group were higher than the control group. Students taught by
PhET simulation were seen to have improved in thinking
skills, concept analysis, creativity, and innovation skills, and
ability to transfer and apply concepts and knowledge to new
learning environments [2,24,37-42]. Rehman et al. [43]
highlighted that students in the experimental group who were
taught using PhET interactive simulation had developed a
higher conceptual understanding than those taught using
traditional learning methods. In line with this study, Alfajjam
[44] noted that PhET simulations present the information in
multiple representations that engage the students and pro-
motes conceptual understanding instead of cramming the
concepts. Lastly, Yunzal and Casinillo [45] noted a sta-
tistically significant difference (p = 0.00) between the
experimental and control groups, with a higher improvement
in the experimental group on conceptual understanding.

Table II shows studies that have been conducted to
enhance conceptual understanding through the use of PhET
simulations in physics.
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When implemented effectively, PhET simulation-based
learning environments are paramount in helping students
attain the appropriate conceptual understanding of physics
phenomena [15]. Researchers have shown the effectiveness
of PhET simulations on developing the proper conceptual
understanding of physics [19,32,51-54]. Furthermore,
research has established the effectiveness of PhET simu-
lations in shaping students’ conceptual understanding by
studying its viability as a remedial tool to help learners
correct the misconceptions they hold and provide the
correct conception of the phenomena [15,19,54,55].
Again, the researchers established that PhET simulations
propel learners to create and gain intuitive domain knowl-
edge that is more of qualitative knowledge than formalized
knowledge. Srisawasdi and Kroothkeaw [56] noted that
PhET simulations enhance students’ conceptual under-
standing of physics by developing metacognitive skills.
Metacognitive skills helped learners obtain more theoreti-
cal backing and focus and create a more logical, compre-
hensive, and structured understanding of the underlying
concepts.

B. What are the best ways to use PhET
simulations to enhance conceptual
understanding of physics?

The effectiveness of PhET simulations in the teaching
and learning process is tightly connected to the pedagogy
implemented in the learning situation. The effective use of
multimedia teaching and learning aids in the form of
dynamic simulations like PhET simulations significantly
impacts the levels of knowledge in students, predominantly
in performing, knowledge retrieval, conceptual understand-
ing, knowledge transfer, and active learning [57,58]. Thus,
this section looks into the literature on the best ways to use
PhET simulations to enhance conceptual understanding of
physics.

1. Inquiry learning

Inquiry-based learning with PhET simulations
design is based on these elements: (i) Elicitation and
clarification, which involves students’ discussion to
elicit their misconceptions. (ii) Prediction and implica-
tions to clarify students’ prior conceptions on the topic.
(iii) Testing the prediction of the competing conceptions
through PhET simulation learning. (iv) Elucidation
and linking involve clarifying the findings and linking
the results to the scientific conception through
students’ presentations and teacher-student discussions.
(v) Metacognitive evaluation and further testing. Table III
shows an analysis of the studies on inquiry-based learning
with PhET simulations.

A study by Fan et al. [51] acknowledged that
students in the interactive simulation instruction
approach (ISTA) group demonstrated more significant

gains in conceptual understanding, inquiry process
skills, and confidence in learning than their peers
in the convention instruction group. This made Fan
et al. [51] conclude that a combination of PhET
simulation and inquiry-based learning is effective in
enhancing student conceptual understanding, inquiry
process skills, and confidence in physics learning.
Husnaini and Chen [18], in their study, found that
guided inquiry-based virtual laboratory by PhET sim-
ulations is effective as the physical laboratory for
simple concepts. They highlighted that a guided
inquiry-based virtual laboratory by PhET is more
effective for improving the conceptual understanding
of difficult concepts and scientific inquiry self-
efficacy than the physical laboratory. Furthermore,
Husnaini and Chen [18] acknowledge that PhET
simulations provided the students with microlevel
processes visuals. Students were able to see the
motion of the electrons in the circuit. Thus, PhET
simulations can support the understanding of physics
concepts; hence, students can develop conceptual
understanding and high-level cognitive thinking
skills [39,59,60].

Similarly, Srisawasdi and Kroothkeaw [56] found
that conceptual understanding scores between pretest,
post-test, and retention tests differed significantly. The
test scores showed an improvement in students’ con-
ceptual understanding upon being exposed to PhET
simulations. Srisawasdi and Kroothkeaw [56] asserted
that conceptual change in students was attributed to the
development of the cognitive structure of conceptual
knowledge. This induced students to acquire scientific
skills and conceptual understanding on the topic of
refraction of light. Another study by Srisawasdi and
Panjaburee [20] underscored that students’ conceptual
understanding test scores improved significantly after
participating in experimental learning. It was also noted
that the integration of formative assessment in simu-
lation-based inquiry produced a better progression of
scientific understanding than without formative assess-
ment [19,20]. Formative assessments integrated into
inquiry-based learning through simulation ensure that
students’ ideas and knowledge are smoothly shared,
and misconceptions are corrected through recursive
feedback. [61-64]. Lastly, Senyigit et al. [65] under-
scored the impact of the blended learning program of
simulation-based inquiry learning on fostering more
meaningful learning in physics and other science
subjects through conceptual change. They noted that
students in the experimental group performed better
than students in the control group. There was a
statistical difference between the two groups with a
p value of 0.006.

There is substantial evidence from research
papers that supports inquiry-based learning assisted by
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PhET simulations to enhance conceptual understanding
among the learners. Inquiry-based learning aided by PhET
simulations fosters the flourishment of students’ conceptual
understanding by deepening students’ understanding of
physics. It helps learners to generate their understanding
about a phenomenon; hence they develop meaningful
learning. The dynamic visualization of PhET simulation
sparks curiosity in learners, making them engage more

Instructional method
and context
One group
pre-post-test
design
with control and
experimental groups.
CG vs EG

An experimental design

profoundly with the topic and content in physics; hence, E lé
they gain a deeper understanding instead of cramming, S|
recalling the given inquiry-based facts. Inquiry-based § Dll
learning assisted with PhET simulations also promotes 2 o
students’ engagement, independence, differentiated learn- 2 8

ing, and the love of physics. Lastly, inquiry-based learning
assisted by PhET prompts students to ask questions,
making observations, sharing ideas, and exploring more
about the given phenomenon. Thus, PhET simulations in
inquiry-based learning help students to create more mean-
ingful learning.

2. Problem-based learning

PBL model can significantly
improve the understanding of
high school physics concept
There is a significant difference ¢ test, p = 0.001
understandings between the

by PhET simulation with the
groups EG vs CG

Result
The use of e-handout assisted
in the scores of conceptual

Problem-based learning with PhET simulations is £
designed in a way that encompasses the following features: Lg
(i) Assigning a problem to the students at the beginning of E
the study, (ii) students evaluating and synthesizing knowl- ; 3 2 5
edge they found in different sources; i.e., the internet, = E e &
journals, books, etc., (iii) formulating a hypothesis and 2 5 ,%D q; ,%D
designing experiments based on the information sought, § § ~ E @ 2 - '{%
(iv) experimenting the hypothesis in PhET simulations, 2 z =] g § & g2 iz
(v) collecting the results, interpreting, and making A ﬁ 8E5¥ 8 §
conclusions. 'Su é S é =
A study by Rahmawati et al. [66] on the development £
of e-handouts assisted by PhET simulations with ol > g 8
problem-based learning (PBL) found that the e-handouts S| 3 g 3
aided by PhET simulations are of paramount importance gl o8]85 28 ¢ &s
in improving students’ conceptual understanding of gl =288 3 g E
physics. There were significant changes in the average g % S 5 = :8 2 ‘i
scores of the students’ pre-and post-test, which indicated a =1 8 § g = 2 ) &
gain in learning outcomes after using e-handouts 2 g o g = 52
assisted by PhET simulations with the PBL model of 8z |2e3 g g £
learning [22,67]. Students were seen to have developed S @) =
skills in conceptual understanding, critical analysis, criti- gl = ol o _
cal thinking, self-reliance, and skills of scientific explo- &l =228 =
ration, which required the students to relate, create, and E =7 “
donate the knowledge they acquired in their learning o o |8 g
environment [68,69]. A study by Doloksaribu and f £l s 2
Triwiyono [70] noted that students in the treatment group ° 3 '§ '§
increased virtual experiment abilities and conceptual g - -
understanding upon being exposed to PBL with PhET g 2
simulations. There was a statistically significant differ- < o
ence (p = 0.001) in the test scores of the control and > g 8 2z
experimental group. m & ~ g = _
The studies analyzed in Table IV show that E z E g ﬁ E 2
conceptual understanding can be enhanced through s AL a
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problem-based learning integrated by PhET simulations. E g 3 _ é §
However, further studies on this topic need to be gl “Hj § S g
studied in other regions across the globe to ascertain § l = l <
the significance of problem-based learning with PhET. 2 o 2 _ . E
More studies in this area will add valuable information to = 8 = 2 =
this field.
Z t0E
3. Virtual laboratory experimentation e o5 ﬁ . E e % é .

From the studies analyzed in Table V, Faour et al. ” % @ %f cjj: § QS 3 g 5“5 §
[72] noted that PhET simulations explicitly show the E P g9 2? 28,85 ﬁ—é 2=
direct current’s microscopic aspects and how it follows SlEZ2S ,§ 228 §8 _§ @Tg 9 £ E
at the microscopic level [27,33,55,59,73]. The simula- 8 3 § §§ 8 g A 3. £ 3 % @
tions on the flow of electrons helped students develop A é‘ é § q; I % S 2 i = .E' é §
the correct conceptions on the follow of electricity; 8 8 TTTmTET
hence, the students quickly acquired the conceptual = o - o
understanding of electricity concepts. Maulidah and 5 =3 2z & £ =3
Prima [21] focused on the use of PhET as a virtual £3 52‘0 o= =5 £ ééo
laboratory in the teaching and learning of waves and =5|s L‘;‘% @ '_é 8 ; RS g ©
sounds found that PhET impacted the cognitive aspects ,§ g 8 m = 8 - 20 g 3 8 m =
in students. These cognitive aspects are memorization, = g g - § ﬁ @ g g % ig’ - E i
conceptual understanding, application, analysis, evalu- 2 2 o E= HSoREER;E8E
ation, creation, and scientific experimentation skills. a; - H H H
PhET simulations were noted to impact students’ under- i -|3 o e
standing by combining theory and a virtual laboratory -% = 5 < g § ;-’. _ -
for experimenting [21]. E g Q & « EE % g—‘\ = 85 é

Farrokhnia and Esmailpour [73] studied the impact of g E e § 2 gﬁé 58S 3 B
real, virtual, and comprehensive experimenting on § g aoﬁ L%E :lﬁ g ‘g"ig g
students’ conceptual understanding of dc electric i =13 = 5 g3~ E 15)0 é’% = 15)0
circuits and their skills in undergraduate electricity 5 £| 53 3G Sagses 5543
experiments. They found that PhET simulations signifi- = SR R E° 57
cantly impact students’ conceptual learning, which =
invokes deeper learning and conceptual understanding, E é‘ g 2
just as in the physical laboratory. However, Farrokhnia E . § = EE
and Esmailpour [73] noted that PhET simulations com- z £ é g = 2 g 2
bined with physical laboratory activities significantly Sl 8-S _EZE z 5 g
impact students’ conceptual understanding with a value % § § o2 ‘rijé 2 o .
Qf p :.0.021_. Ajredini et al. .[75] indicated that exper- E 2 |23 Eo 3 '% i é}
imentation with PhET simulations has the same level of ol = ) = ° g S0
impact on conceptual understanding as physical labo- % © © “
ratory experimentation. The physical experimentation § 5 .| - -
group and PhET simulations group showed similar traits _ﬂg 523 = S
in conceptual understanding on post-test. Ajredini et al. 5|l =7 R A
[75] concluded that PhET simulations could substitute 7§
for physical laboratories when the physical laboratory is % 2| g 8
inaccessible. g 2| g g 2

Supurwoko et al. [74] demonstrated that PhET sim- c S § - '§
ulations, when used as a virtual laboratory, are very 3 -
productive in developing students’ conceptual under- ’-Qg) _ -
standing of the photoelectric effect compared to the 7 g = g
traditional learning style. It was noted in this study that = = ; §_ 2
students were able to construct their understanding of m kY £'8 _ S _
the photoelectric effect within the designated frame- = —§‘ § éég EE
works. Research by other scholars on computer s @l & = A
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simulations agrees with Supurwoko et al. [74] by noting
that simulations helped clarify abstract concepts show-
ing how electrons were jumping from the metal in the
photoelectric effect [24,42,52,69]. This helped students
to develop the correct conceptualization of the photo-
electric effect phenomena.

Rahmatullah ef al. [76] acknowledged that using
contextual physics teaching materials with the help
of an android-based virtual lab by PhET simulations
improved students’ conceptual understanding of
physics. The findings in this study are vital in showing
that physics teaching material assisted by PhET simu-
lations android-based virtual laboratories are of para-
mount importance in improving students’ conceptual
understanding [24,76,78]. The android-based PhET
simulations are significant in enhancing laboratory
activities by making the virtual laboratory aspect
ubiquitous. Students can do experiments right in the
comfort of their homes without going to school in the
COVID-19 pandemic period [76]. Bumbacher et al.
[77] noted that manipulative environments (PME/VME)
affect conceptual understanding development differently
depending on the topic at hand. Some topics in physics
will favor the use of physical manipulative environ-
ments for students to develop the correct conceptions of
the phenomenon better than virtual manipulation envi-
ronments and vice versa.

The reviewed studies on PhET simulations being
used in virtual laboratory experimentation to enhance
conceptual understanding in physics underscored the
significance of PhET simulation in virtual experiments
to improve conceptual understanding. Virtual laborato-
ries by PhET simulations enhance conceptual under-
standing by helping facilitators explicitly explain the
microscopic aspect of the phenomena to the students.
Learners are given a platform where they can indulge
and conduct all kinds of experiments without the
fear of damaging the apparatus or injuring themselves.
Furthermore, learners can try the experiments virtually
and know the working procedure before conducting it
in the laboratory, and through several trys, they can
deduce the best laboratory protocol. That is, PhET
simulations can be used in pre-laboratory exercises.
This can help learners predict, explain, and test the
hypothesis; hence learners can develop a correct con-
ceptual understanding of physics concepts. Thus, a
PhET virtual laboratory can make up for a physical
laboratory when schools do not have well-furnished
laboratories.

4. Scaffolding learning

Scaffolding learning looks at helping learners to fill in
crucial gaps in abilities and knowledge such that they

should work at completing the given task with maxi-
mum goal attainment. Scaffolding learning calls on
facilitators to adjust the amount of guidance given to
learners to meet the potential level of performance of
the students. The scaffolding function which this paper
digs deeper into is conceptual scaffolding. Conceptual
scaffolding with PhET simulations takes the form of
expert modeling in which an expert discusses what
aspects of the problem they would consider in solving
the problem. Planning animations and virtual experi-
ments with guidance from the teacher highlighting areas
of significant importance to the learning goals. Lastly,
scaffolding learning with PhET simulations engages
students to develop concept maps that outline the crucial
material learned. Scaffolding learning with PhET sim-
ulations in physics has been used, and it is a developing
field. Table VI shows studies on scaffolding with PhET
in physics.

Studies by Eveline et al. [79], Ardiyati et al. [78],
and Utami er al. [80] noted that scaffolding learning
with the integration of PhET simulations enhanced
conceptual understanding from the descriptive analysis.
Test scores from these studies highlighted that the
scaffolding approach with PhET allowed students to
develop the correct conceptual understanding of physics.
They could not ascertain the significance of the changes
in the post-test score by using inferential statistics.
Eveline et al. [79], Ardiyati et al. [78] and Utami et al.
[80] acknowledge the need for more studies with large
participants to compare results in this area. Mabhtari
et al. [81] noted that students’ conceptual understanding
of physics improved through scaffolding learning with
PhET simulations by recording a medium category of a
gain analysis (0.48). Lastly, Moser et al. [82] noted that
scaffolding learning with PhET simulations increased
students’ performance and conceptual understanding on
the post-test by using descriptive statistics. However,
inferential statistics show no significant differences in
the control and experimental groups (p = 0.68) with an
effect size of 0.00.

Studies on scaffolding learning assisted by PhET sim-
ulations in physics have shown that students improve their
conceptual understanding and attain meaningful learning
substantiated by the visualization which PhET simulations
provide descriptively. However, research on scaffolding
learning with PhET simulations in physics is inconclusive
as there are many gaps and discrepancies in results due to
the small sample size used in the previous studies. Thus,
more studies with a large sample size are needed to
establish coherent knowledge in this field and make
generalizations.
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IV. CONCLUSION

This paper presents a systematic review of the research
studies investigating the effects of PhET simulations on
students’ physics conceptual understanding in the past
decade. The paper addressed the following research ques-
tions regarding the efficacy of using simulations in physics
education. (1) To what extent do PhET simulations enhance
students’ conceptual understanding of physics? (2) What
are the best ways to use PhET simulations to enhance
conceptual understanding of physics? The key findings are
that (i) there is a large number of research papers showing
that PhET simulations are effective at developing students’
conceptual understanding in various physics topics;
(i) instructional strategies for using PhET simulations to
improve conceptual understanding include inquiry-based
activities, virtual lab experimentation, problem-based
learning activities, and scaffolded learning activities.
These studies and results span from many different coun-
tries and education systems.

This paper recommends integrating PhET simulations in
the teaching and learning of physics. They offer a teaching
aid with powerful interactive visualizations and animations
to enhance students’ conceptual understanding of physics.

These visualizations can meet the learning needs of 21st
century digital learners in any learning design to enhance
conceptual understanding in physics. Teachers should
embrace and spearhead the integration of PhET simulations
in the teaching and learning of physics.

However, there is an urgent need for further studies to
ascertain the impact of collaborative and group learning
methods assisted by PhET simulations to enhance con-
ceptual understanding in physics as it is an active area of
study with little or no research done currently. Also, this
study noted the need for the study on the effect of PhET
simulation-based learning on students’ cognitive engage-
ment and conceptual understanding as it is currently an
untapped field of study in education.
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