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Chapter 1: Introduction

It is often difficult for middle school students to learn about chemistry and physics. It is
not uncommon to hear that they find it boring and difficult. Questions like “When will we ever
use this?”, “Why do we need to learn this?” and “When are we going to be done?” are equally as
common and can cause undue stress on classmates and educators alike. One reason for the
difficulty’s students face in learning about these concepts is that they deal with things that are too
small to be seen with the naked eye. The composition of matter, the parts of an atom, the effect
of charged particles, for instance are basic concepts of chemistry that students must learn about.
Likewise, energy conservation, vectors, and forces are key concepts in physics that students
often struggle with. As technology continues to evolve and our access to it grows, educational
paradigms are shifting to meet the changing needs of our students. The use of virtual labs and
simulations have been increasing rapidly in the last decade which offers an entirely new method

of instructing chemistry and physics.

There are an incredible number of virtual labs and simulations that are available free to
educators around the globe. Molecular workbench, learn.genetics, HHMI Bio interactive,
Glencoe virtual labs, and Nova labs are just a few examples of resources currently available, but
the list continues to grow. One simulation that has grown in popularity and availability is PHET
interactive, developed by the University of Colorado. There are dozens of different PHET
simulations that are free to all educators that focus mostly on chemistry and physics (math and

engineering applications do also exist).



There are numerous aspects of PHET simulations that make them useful for both
learners and educators alike. These simulations provide aesthetically pleasing visualizations with
very little on screen text. Students can manipulate and visualize the nucleus of an atom in ways
that would be impossible in the traditional laboratory. They can change variables and test
hypothesis in real time, receiving immediate feedback to inform further experimentation.
Students find the simulations not only fun and engaging, but effective in learning new content.
PHET simulations also use implicit scaffolding which provides an incredible amount of
flexibility for educators. Implicit scaffolding allows students to explore the simulation in a way
that builds their content knowledge with little to no guidance from the instructor. The
simulations naturally build on themselves and students growing knowledge in a way that feels
like playing a game to a student. This builds students autonomy and self-confidence while
making these difficult concepts more tangible and accessible to students of all ages and

backgrounds.

There are many benefits of using online simulations such as PHET for chemistry and
physics instruction. The purpose of this thesis is to identify successful ways to use these
simulations to enrich the education of middle school science students. Having these simulations

and effective methods of their use in one place would be useful to educators around the world.



Chapter 2: Literature Review

Contemporary Research in Science Education

Physical Activity and Science Learning

Today’s students are spending far more time in front of screens (televisions/video
games/cellphones, etc.) than ever before. Although it is recommended that children participate in
at least sixty minutes of physical activity a day, only 28.7 percent of children report meeting that
daily goal (Finn, Yan, & Mcinnis, 2018). Lack of physical activity puts students at a greater risk
of developing chronic illnesses such as high blood pressure, diabetes, and obesity. The purpose
of this study was to investigate the impact that outdoor education programs have on physical
activity and science knowledge in elementary students in an economically disadvantaged urban

community (Finn, Yan, & Mcinnis, 2018).

The program in this study included forty-four students from two fourth grade classes from an
urban community in Massachusetts. The children included nineteen boys and twenty-five girls
between the ages of nine and ten years old. These students spent five hours a day at a nearby
YMCA campus for five consecutive days. The campus and its unique ecosystems provided
students with an opportunity to engage in four main curricular areas: science and mathematics,
healthy living, environmental education, and team building (Finn, Yan, & Mcinnis, 2018).
During these five days, students participated in soil and water sampling, map making, canoeing,
archery, nature hikes, and team building games, all while wearing devices to track steps and
heart rate (this information was analyzed later by the students). They also played team building
games and were exposed to healthy living lessons that included nutrition education,
water/boating safety, fitness challenges, and others (Finn, Yan, & Mcinnis, 2018).
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To gather data, students took a twenty-question science test before and after they engaged in the
program. These tests were similar in content but not identical and were based on national science
standards. Baseline data was also gathered for six hours of a typical school day using pedometers
and devices to measure heart rate. These same devices were used on the same children during the
five-day program at the YMCA campus (Finn, Yan, & Mcinnis, 2018). Results showed that
students were significantly more active during the outdoor education program than they were on
a typical school day. Students steps per hour increased significantly during this program and
sedentary time decreased dramatically (Finn, Yan, & Mcinnis, 2018). These findings are
constant with similar studies regarding physical activity and outdoor environments (Finn, Yan, &
Mcinnis, 2018). Students were also able to use their own data to draw scientific conclusions,
which challenged them to gain as many steps (or data points) as possible. Average test scores on
the twenty-question assessment increased about 6.5 percent after the outdoor education program,

as compared to baseline data.

Citizen Science and Engagement

Public Participation in Scientific Research (PPSR) or citizen science is a method of data
collection that calls on the general public to provide massive quantities of data about the natural
world. There are numerous examples of citizen science projects playing crucial roles in
research: studying bird migration patterns, tracking dolphin and bat populations, collecting
weather data, identifying coral bleaching, as well as monarch butterfly populations and
migrations. These methods provide researchers with a wealth of data with little effort or cost, but
their benefits do not stop there. This type of research can also be used to effectively engage
students in scientific inquiry and content discovery, while fostering a sense of community

(Vitone, et al. 2016). This study examined both the effectiveness of citizen science in delivering



meaningful science instruction, and the impact it can have on a student’s overall attitude towards

science.

Projects such as these are often seen in extracurricular activities like camps or after school
programs. They are rarely seen in college classrooms, but the researchers argue that it is an ideal
setting for a study such as this (Vitone, et al. 2016). Students were selected from an entomology
course offered to non-science majors in their first or second years of education. The researchers
state that this method allowed for larger cohorts of students, from various backgrounds and prior
knowledge of relevant science content, to be studied for longer periods of time (Vitone, et al.

2016).

Students enrolled in the course were required to complete one of two citizen science projects:
“The School of Ants” or the “Backyard Bark Beetles” project. The School of Ants project asked
participants to place crushed up cookies on an index card in two types on environments: a paved
space like a driveway or parking lot, and a green area like a lawn or a field. After an hour, the
index cards are collected and put into individual bags. These bags were then placed in the freezer
and then sent to the laboratory of AL at the University of Florida. The species of the ants is
determined and added to a list of that species’ known range. Participants learn about the species
they collected, their specific biology, as well as other local species they may also encounter
(Vitone, et al. 2016). The Backyard Bark Beetles project asked participants to build simple insect
trap using a two-liter bottle and ethanol-based hand sanitizer. These traps were placed in trees
and left for twenty-four to forty-eight hours. Beetles trapped in the bottles were then placed in a
freezer and then sent to the Laboratory of AL at the University of Florida. Similarly to the
School of Ants project, participants received species information which was added to an

interactive “known range” map (Vitone, et al. 2016).



Data was collected through pre and post course surveys regarding student’s general knowledge
of insects as well as their trust/interest in science and their willingness to participate in science
activities. Students were also given a pre and posttest that was content based and subjective.
After analyzing the data, it became obvious that significant gains were made in content from the
beginning of the semester to the end. The survey indicated that the biggest shifts in students’
attitudes towards science were in general interest of entomology but also their willingness to

participate in science activities (Vitone, et al. 2016).

The Role of Wait Time

In casual, everyday conversations, pauses between those speaking is generally kept to a
minimum. The pause may indicate that a listener is not paying attention or engaged in the
conversation. An extended pause my also indicate that there is some perceived trouble in the
conversation. This pause, or wait time, however, can have a profound impact in a classroom
setting. The use of wait time has come under significant review lately as it relates to effective
assessments and questions in schools around the globe (Ingram & Elliott 2015). Most educators
wait, on average, less than one second after asking a question before rephrasing or restating it in
any way (Ingram & Elliott 2015). This study examines the impact that extended wait time (more
than three seconds) and turn taking have on students thinking and reasoning abilities, as well as

their ability to construct more comprehensive responses.

This study examined video recorded math lessons to students between the ages of twelve and
fourteen. The participants included four experienced teachers from four contrasting schools that
agreed to have their math lessons recorded. These lessons would have proceeded even without
the study, so the data is considered naturally occurring (Ingram & Elliott 2015). Conversation
Analysis (CA) is an ethnomethodological approach to talk-in interaction analysis and was used
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to develop the arguments presented in this study (Ingram & Elliott 2015). The researchers argue
that the turn taking structure, one of the four main concepts of Conversation Analysis, offers the

most opportunities for the use of extended wait time.

Turn taking is used in most classroom settings, regardless of curriculum, but is not seen as
frequently in everyday conversation. The idea of one person speaking in the room at a time while
all others listen has numerous benefits. It can help set norms and routines in a classroom that
improve overall efficiency and effectiveness. Turn taking also gives teachers the built-in wait
time that drives deeper student thinking and engagement. Researches focused on four categories
of pauses for this study: pauses when a teacher finishes speaking and a student starts speaking,
pauses when a teacher finishes speaking and then takes the next turn, pauses when a student
finishes speaking and a teacher starts speaking, and pauses when a student finishes speaking and

then takes the next turn.

Extended wait time has been seen to alter not only student behavior, but teacher behavior as well
(Ingram & Elliott 2015). A pause of greater than three seconds has shown a decrease in failures
to respond (such as “I don’t know”), longer student responses (with an increased likelihood of
logical reasoning), and an increase in student questioning. Several other studies examined by
these researchers also show a link between these extended wait times (more than three seconds)
and increased cognitive achievement in both math and science (Ingram & Elliott 2015).
Extending wait time more than six seconds, however, resulted in lower levels of attainment as

they often caused students to become bored or disinterested (Ingram & Elliott 2015).

Overall, turn taking (and the opportunities to use extended wait time) has been shown to increase
deeper thinking and questioning by students. The implications of this study are numerous, as

wait time impacts both student and teacher behavior in the classroom. It is clear that teachers
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must have a nuanced approach to wait time, which necessitates a deep understanding of induvial
students and classes. This wait time gives students an opportunity to continue to think about
responses instead of feeling the need to provide an immediate response, no matter the accuracy.
Contrary to popular belief, this wait time should be considered not only after the teacher asks a
question, but also after a student answers the question. This time gives the student, and other
students in the room, an opportunity to expand on the logic and reasoning of an argument. The
wait time can also give students an opportunity to reflect on their answers, which increases
metacognition. Having this ability to reflect on one’s own learning can lead to higher

achievement in the classroom, regardless of content.

Effect of Live Simulations

Technology and technological developments have come a long way in the past fifteen years and
it now permeates almost every facet of our lives. Along with this advancement, educational
practices have seen a shift to incorporate these new technologies in a way that improves the
access and overall education of students around the globe. Simulations and other interactive
technologies offer students a method of achieving deeper understanding of scientific content
while also complimenting students distinct learning styles to better personalize education (Chen,
Howard, 2010). Accessing these simulations may also spark a desire in a student to pursue a
career in in the STEM (science, technology, Engineering, and math) field. The authors sought to
examine the impact that simulations have on student inquiry and positive attitudes towards
science while also examining previous related research and ways one can optimize these

simulations.

Three hundred and eleven middle school students (one hundred eighty-six males and one
hundred twenty-five females) from Ohio, Pennsylvania, West Virginia, and New York
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participated in an interactive simulation through The Challenger Learning Center (Chen,
Howard, 2010). All seven teachers involved participated in a one-day training prior to the
simulation so that they could lead a weeklong introduction to the simulation beforehand.
Students connected remotely to the Learning Center and interacted with a “Flight Leader” to
navigate a two-hour long scenario (Chen, Howard, 2010). In this scenario, a category three
hurricane is approaching Montserrat from the East as the Soufriere Hills volcano is preparing to
erupt. Participants worked in teams to tackle numerous challenges that arose from this scenario,
including calculating areas at risk of rock falls, analyzing tectonic plate activity to predict time of
eruption, and calculating the time the hurricane would make landfall. In addition, teams were
asked to use population maps to plan evacuation to a nearby safe zone while communications

team relayed information between teams and mission control (Chen, Howard, 2010).

Both qualitative and quantitative data was collected through pre a post simulation surveys as well
as pre and post content-based tests (Chen, Howard, 2010). The survey used in this study was the
Test of Scientific-Related Attitudes designed by Fraser from Klopfer's Classification which uses
a one-five scale that is appropriate for use by middle school aged children (Chen, Howard,
2010). The content test included forty items related to the scientific content covered in the
simulation with the posttest being similar but not identical to the pretest (Chen, Howard, 2010).
Survey results showed gains in several areas from before and after the simulation; the most
significant increase was of student perception of normality of scientists (3.14 to 3.22 on average)
(Chen, Howard, 2010). There were also drastic gender differences on adoption of scientific
attitudes and career interest in science. Males showed far more interest in pursuing scientific
careers and higher adoption of scientific attitudes than their female counterparts (Chen, Howard,

2010). Researchers found that there were drastic differences in content scores from one
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classroom to the next. It is thought that these differences have more to do with the teacher’s
introduction of the content before the simulation than the simulation itself (Chen, Howard,

2010).

Motivation in Science

In this time of extreme technological and scientific advancements it is more important than ever
to have a population composed of scientifically literate individuals. Student motivation plays a
significant role in education across content areas around the globe, especially science. Increased
motivation allows the teacher to challenge their students beyond basic questions as students are
more likely to persevere and push through obstacles and struggles. Students are more likely to
continue research or share ideas on their own time, outside of the classroom, if they are
motivated by the subject. It is often an educator’s initial goal at the beginning of the year; to get
the students “hooked” or motivated to participate and learn. In this study, researchers examined
five motivation components (intrinsic motivation, self-determination, self-efficacy, career
motivation, and grade motivation) in undergraduate science and non-science major students

(Glynn, et. al 2011).

To gather appropriate data, questionnaires were distributed to identify trends seen in motivation
in males and females from science, and non-science majors. Participants in this study included
six hundred and eighty undergraduate students from a public university in the southern United
States (Glynn, et. al 2011). Three hundred and sixty-seven of these students were science
majors; two hundred and forty were female and one hundred and twenty-seven were male. Of the
three hundred and thirteen non-science majors, two hundred and fifteen were female while
ninety-eight were male (Glynn, et. al 2011). The questionnaire included twenty-five questions
that students used a rating scale of frequency to answer: 0 = never, 1 = rarely, 2 = sometimes, 3 =
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often, 4 = always. Some questions included:1. The science | learn is relevant to my life. 2. | put
enough effort into learning science. 3. | spend a lot of time learning science. 4. | am curious
about discoveries in science. 5. | think about the grade | get in science. Previous studies using
similar questionnaires were used to revise this questionnaire to ensure construct validity.
Participation in this questionnaire was voluntary and resulted in a small amount of extra credit

for that semester (Glynn, et. al 2011).

Results of the questionnaire showed that science majors scored significantly higher in all five
motivation components than non-science majors (Glynn, et. al 2011). Of the science majors,
males showed higher self-efficacy than females while females showed higher self-determination
than males. This trend was also present amongst non-science majors (Glynn, et. al 2011). This
data is supported by the fact that women have higher enrollment and completion percentages
than males do and that they are more likely to attend class on time, sit at the front of the room,

and take notes (Glynn, et. al 2011).

Implications from this study are numerous and include the importance of using tools like this
questionnaire to assess motivation in science. Educators can use this research (and these tools) to
identify not only which students are motivated to succeed in science, but also why. Identifying
these things early in a semester/year can have major impacts in the direction the course takes.
The knowledge of student interest and motivation can be used by instructors to create
assessments, but also lessons and activities that are more likely to engage and motivate their
students. An increase in motivation can increase self-efficacy as well as self-confidence.
Students are more likely to continue trying, even after repeated failure, and seek out input from
peers or colleagues. This perseverance and willingness to cooperate with others is incredibly

important when cultivating a society of scientific literacy and growth. Administrators at higher
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education facilities can use questionnaires like this to assess the success of their programs and
gauge when it is appropriate to make changes in these programs to encourage student growth and

SUCCesS.

Socio-Scientific Issue-Based Instruction

Engaging and motivating students is an incredibly important step in any educational content,
especially science. Students that are more motivated and engaged are more likely to persist
through failure which can make them more successful in the classroom as well as in their
everyday lives. One way to engage students is to make the curriculum accessible and more
closely related to students lives outside of the classroom. Examining and exploring socio-
scientific issues is one way to relate curriculum to a student’s life. This connection in turn can
motivate and engage students beyond the normal lecture style used by many educators. Socio-
scientific issues are often complex issues that students are likely to be confronted by in their
everyday lives. These issues provide context for students to increase active participation through
procedural and technological associations with science (Sadler, et al. 2016). Researchers in this
study attempted to answer two fundamental questions:1. To what extent to Socio-scientific issue-
based instruction support student learning of science content and 2. How do assessments at
variable distances from curriculum reveal patterns of learning associated with socio-scientific

issue-based learning? (Sadler, et al. 2016).

Although there are several models of socio-scientific issue based instruction, all of them share
three basic features: They use a complex socially relevant issue as the main theme, they engage
learners in higher order thinking, and they pay specific attention to social and scientific
dimensions of the issue (Sadler, et al. 2016). This instruction can provide opportunities for
students to use evidence-based reasoning while considering multiple different perspectives to
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solve an issue facing society. This study also examined the use of assessments at variable
distances, proximal (close assessment) and distal (not close). Proximal assessments include those
that are given during the instruction and can be used as a type of formative assessment to allow
the educator to make decisions about the direction the lesson needs to take based on student data.
Distal assessments include things like unit tests or other forms of summative assessment. These
assessments are given after instruction has concluded and are often closely aligned to the

standards of the specific course.

Participants in this study included sixty-nine secondary students taught by three different science
teachers across the state of Florida. These teachers used a socio-scientific issue-based curriculum
designed around the use of biotechnology for identifying and treating sexually transmitted
disease (Sadler, et al. 2016). This intervention took place over a course of approximately three
weeks and was based on a narrative involving the emergence of a new strain of sexually
transmitted viral disease. Issues examined by the students included how this novel disease
would impact individuals and communities as a whole, and how biotechnology can be used to
identify the disease-causing agent (Sadler, et al. 2016). During the investigation, students
followed the work of a scientist as she identified the disease-causing agent as the human
papilloma virus and examined quantity and content of the viral DNA. Students also investigated
social responsibilities like vaccination policies and their interaction with individual rights
(Sadler, et al. 2016). For the proximal assessment, researchers used a nineteen-question multiple
choice assessment covering content directly related to the intervention. For the distal assessment,
researchers used an eighteen-question multiple choice assessment using questions that were

derived from State and National assessments that focused on the concepts addressed in the
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instruction (Sadler, et al. 2016). Both assessments were given before and after the instructional

content was delivered.

Results from the proximal assessment nearly doubled from the pre assessment to the post
assessment. The distal assessment showed an average increase from thirty eight percent to fifty
four percent. Paired t-tests showed that both assessments showed gains that were both practically

and statistically significant (Sadler, et al. 2016).

This study reveals major implications for educators in the scientific field. It is clear that making
content relevant to the student’s everyday life will make their learning more significant. This
connection can also improve student interest and engagement, which often results in a higher
level of success in the classroom and in their lives. Socio-scientific issue-based learning can also
increase civic participation of students later in their lives as these activities encourage evidence-
based reasoning, use of relevant technology, and collaboration between individuals and agencies.
Solving real world problems can also increase a student’s self-confidence, encouraging them to
take a reasonable approach to problems they encounter in the classroom and out in the real
world. This study also identifies the importance of using both proximal and distal assessments to
examine students learning and growth. These assessments can be used not only to identify when
students reach set expectations or standards, but they can also be used to inform teacher
instruction. As any educators knows, it is important to personalize every lesson to specific

students and classes as no two students or classes learn in the same way.

Effectiveness of Technology Enhanced Flipped Classroom

As technology advances in our society, and the range of educational applications grows, so too

does the need for increased integration of this technology into classrooms across the country.
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Educational technology offers seemingly unlimited opportunities to improve instruction,
assessment, and planning of science lessons. Students have been shown to be more engaged in
their learning when using technology that has continued to change and evolve to cover all topics
and domains that can be imagined (Sezer 2016). A flipped classroom is a technique that allows
students the opportunity to use educational technology before the typical lesson is discussed in
the classroom. Students access various resources covering a topic or problem at home or
individually, which gives them a chance to build successful work habits and strategies. After
student’s have examined information on their own, they discuss their findings and/or questions
with their peers in the classroom. Flipped classrooms have often been described as switching
when and where homework and typical “classroom lessons” take place. This study sought to
answer three basic questions: 1. Does a flipped classroom environment increase academic
achievement when compared to traditional methods? 2. Is student motivation significantly
different in a flipped classroom environment? 3. What opinions do students have about a flipped
classroom environment? (Sezer 2016)

Participants of this study, which took place over a two-week time period (three total hours),
included a total of sixty-eight sixth grade students in the 2013 to 2014 school year (Sezer 2016).
Thirty-five students (twenty male and fifteen female) in the experimental group were taught in a
flipped classroom environment, while thirty-three students (seventeen male and sixteen female)
in the control group were taught using traditional methods. The average age of the participants
was twelve years old with similar levels of academic achievement as described by their course
instructor (Sezer 2016). Both qualitative and quantitative data were collected in this study to
answer the above research questions. To measure achievement, researchers used a twenty-three

questions multiple choice pre and posttest. These tests had undergone previous pilots to ensure
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content validity and reliability (Sezer 2016). To determine motivation of students towards
science learning, a twenty-three-item scale was administered to participants before in both
experimental and control groups. Likewise, three open ended questions were given to both
groups to measure students’ perceptions and opinions about a flipped classroom environment

(Sezer 2016).

After the two-week program, data from both qualitative and quantitative assessments was
collected and analyzed by researchers. Results from the achievement tests indicated an
improvement from an average score of 13.11 to 18.02 on the pre and posttest respectively for
students in the experimental group. Students in the control group saw significantly less growth in
pre and posttest scores with an increase from 12.54 to 15.45 respectively (Sezer 2016). The
motivation assessment data showed similar trends, with an increase in the average motivation of
students in the experimental group from 79.28 to 92.20, while students in the control group
showed an increase in average motivation from 78.90 to 84.09 on the pre and post assessments
(Sezer 2016). Finally, the three open ended questions regarding perception of the flipped
classroom indicated positive attitudes and opinions towards this strategy, specifically a feeling of
increased motivation and interest (Sezer 2016). The data collected clearly supports the argument
that a flipped classroom environment has a positive impact on academic achievement,

motivation, and student perception of science learning.

Classroom Management Styles

It is well documented that students learn in a variety of ways that depend on many factors that
include culture, background, prior knowledge, and many more. Likewise, teachers often teach in
different ways depending on their background, style, and experience. Effective teaching is
crucial in reaching all students, every day, in their educational pursuits. Classroom management
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refers to everything a teacher does and says inside his or her classroom. Effective classroom
management inspires inquiry and cultivates a safe environment where students feel comfortable
enough to relax and explore, without the risk of embarrassment. Researchers in this study
examined how teacher’s classroom management style (interventionist, non-interventionist, and
interactionist) impacts satisfaction with classroom climate and student’s academic achievement

(Djigic & Stojiljkovic 2011).

Three main classroom management styles were identified: Non-Interventionist- Believes a
person has their own needs and teachers have little control over them. Interventionist- Believes
that the external environment impacts development, so the teacher needs complete control over
the environment. Interactionist- Believes focus should be on individual choices students make in
order to change the environment while also keeping in mind how the environment is impacting
the student (Djigic & Stojiljkovic 2011). Participants included two hundred and seventy-three
primary school teachers (two hundred and thirteen females, sixty males) from various
disciplines, ranging in age from twenty-four to sixty-four. Trained observers used the “Protocol
for classroom management styles assessment” (PCMSA) to identify patterns of behavior in
teachers in order to determine which of the above three management styles are used most
frequently (Djigic & Stojiljkovic 2011). To measure classroom climate, both students and
teachers were administered the “Scale of satisfaction with classroom climate” (SSCC) survey at
the end of each observed class (two per teacher). This questionnaire used a five-point scale
related to teacher performance and interactions in the classroom, as well as student participation
and interest in learning activities in the classroom (Djigic & Stojiljkovic 2011). To measure
student achievement, researchers used average class score in each class and instructor from one

semester to the next.
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Of the two hundred and seventy-three teachers observed, 59.5 percent demonstrated a mostly
interactionist classroom management style, 24.2 percent demonstrated and interventionist style,
and 16.4 percent demonstrated a non-interventionist style (Djigic & Stojiljkovic 2011). Results
from the classroom climate questionnaire indicated that both teachers and students were most
satisfied by a classroom climate created by and interactionist teacher. Researchers also noted that
there was a significant correlation between student and teacher’s classroom satisfaction and was
strongest when the teacher was an interactionist (Djigic & Stojiljkovic 2011). Regarding
academic achievement, results indicated that students are, on average, more successful in a
classroom climate created by an interactionist teacher. Averages in these classrooms were
significantly higher (4.2 average) than in interventionist (3.8) and non-interventionist classrooms

(3.84) (Djigic & Stojiljkovic 2011).

Blended Learning

It is common in many classrooms around the world for instructors to use a textbook and lecture
approach to teaching the content to their students. A textbook and readings are assigned before
the lesson, and students listen to a lecture covering the relevant material. Although this
instructional approach may be useful for some students, many others find it boring and
unengaging, which may lead to a student avoiding the sciences (Stockwell, et al. 2015). On the
other hand, the increase in access to technology has led to an increase in strictly online
education. Students can access vast amounts of information and can use this information to
complete assignments on their own. Online education is valuable because it gives students an
opportunity to access the information that they may not be able to get in a traditional classroom
setting. However, these online courses show a high rate of incompletion, indicating that it is not

the ideal strategy for all students (Stockwell, et al. 2015). To highlight positive aspects of each
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strategy, while mitigating inadequacies, a blended learning approach is being used more
frequently. Blended learning uses a mix of both online/electronic learning as well as traditional
face to face interactions. Researchers in this study attempted to identify the impact that pre-class
video assignments and in class problem solving have on engagement, class satisfaction, and

academic performance (Stockwell, et al. 2015).

Participants of this voluntary study included one hundred and eleven undergraduate students
(sixty male and fifty-one female) enrolled in Biochemistry at Columbia University (Stockwell, et
al. 2015). Students were randomized by gender and previous exam grades and were then placed
into one of four groups: Students in group one prepared for a lecture using a textbook. Group two
prepared for a lecture using a video. Group three prepared for in class problem solving with a
textbook. Group four prepared for in class problem solving using a video (Stockwell, et al.
2015). Before class, students either received a link to an introductory video or a link to a
textbook covering the same content, based on their grouping. In class, students either listened to
a traditional lecture, or a similar lecture that had students solve problems related to the material
being covered. At the end of the class, participants took a twenty minute online, multiple choice

exam on content covered (Stockwell, et al. 2015).

To identify student engagement discrepancies, researchers examined attendance for each group.
Of the students that received the video introduction, 84% attended class while only 67% of
students that received a textbook introduction attended class (Stockwell, et al. 2015). These
results were consistent with the hypothesis that videos are more engaging to students and spark
more interest. Results indicated a higher level of satisfaction when students viewed the video
introduction (4.3/5) than when they received the textbook introduction (2.9/5) (Stockwell, et al.

2015). When reviewing the exam data, results indicated the following average scores from each
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group: 1. Textbook and traditional lecture — Average of 61/100. 2. Video and traditional lecture
— Average of 67/100. 3. Textbook and problem solving — average of 73/100. 4. Video and

problem solving - average of 80/100 (Stockwell, et al. 2015).

These results clearly indicate that students performed better when instructors used a blended
learning approach. Using a mix of online/electronic materials in combination with in-person
problem solving led to higher satisfaction and academic success than traditional methods

(Stockwell, et al. 2015

Simulations in Science: Gamified Laboratory Simulations

Many students in high school and college report that they have little to no interest in science and
a large portion graduate with minimal scientific skills (Bonde, et al. 2014). It has been argued
that this may be a result of emphasis being put on memorization, lecturing, and “cookbook” type
laboratory activities. This approach limits students’ abilities to naturally explore phenomena and
make connections between science education and the solving of real-world problems. This is a
significant concern for not only science educators, but the entire biotechnology field, as it
depends on the development of highly educated graduates with a strong grasp on scientific
concepts (Bonde, et al. 2014). Because laboratory activities that may address these issues are
often expensive, time consuming, or dangerous, there is a sense of urgency to develop effective
and efficient instructional methods that engage and motivate students. The US National Research
Council recently published a report concluding that games and simulations have significant
potential to improve science education at elementary, secondary, and undergraduate levels
(Bonde, et al. 2014). Researchers in this study hypothesized that gamification of simulations
(including story telling aspects, conversations with fictional characters, and scoring systems)
may lead to greater gains in learning and motivation in biotech students (Bonde, et al. 2014).
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Two gamified simulations were used by researchers in four studies: a crime scene lab and a
genetic engineering lab. The crime scene lab involved students exploring a crime scene and
engaging in a storyline while they analyzed blood samples, used PCR and gel electrophoresis
technologies to develop evidence to convict the perpetrator (Bonde, et al. 2014). The genetic
engineering lab asked students to produce a new life saving medicine through molecular cloning,
fermentation, and virtual animal testing. Each simulation included multiple choice questions
triggered by on screen actions that provided immediate feedback and explanations to the student

as they interacted with immersive 3D laboratory environments (Bonde, et al. 2014).

The first study examining the gamified genetic engineering simulations impact on motivation
found that 40 out of 41 students from Stanford University Online High school in AP Biology
found the simulations to be interesting and relevant. Twenty-three of those students found it
more interesting than classroom wet labs (Bonde, et al. 2014). A second larger study was
conducted using the crime scene simulation with one hundred forty-nine students from two
biology classes at a high school in Braintree Massachusetts participating. 97% of those students
found the simulation to be interesting and 86% said that it was more interesting than ordinary
exercises (Bonde, et al. 2014). The third study was conducted examining fifty-seven students
from a Danish high school using both simulations. Researchers found that 44% of students
completely agreed with the following statement: “I consider pursuing an education within
biotechnology or other biological subject to a greater extent, after having used the gamified
laboratory simulator.” (Bonde, et al. 2014) The final study broke ninety-one students from the
Technical University of Denmark into two groups: one group used the crime scene simulator
while the other group received traditional lecture instruction (Bonde, et al. 2014). Each group

took a pretest and a posttest consisting of forty multiple choice questions. Researchers found
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4.2% greater gains in learning outcomes in students that participated in the simulation when
compared to students that received traditional instruction. This difference, however, was not

statistically significant (Bonde, et al. 2014).

Learning Physics Through Game Simulations

Teaching science to middle school students is not always easy, and it is increasingly difficult to
engage and inspire them in the classroom. It is often reported that students fail to pursue a career
in the sciences because they find it boring or too difficult to engage in daily. This is due in part to
the abstract nature of much of the content like the parts of an atom or forces. Instructing
electrostatic content for instance is difficult because magnetic fields and chargers can be difficult
to visualize and manipulate. To fully grasp and apply this knowledge, students need to be able to
build testable and flexible models, which can present some difficulty (Anderson & Barnett
2013). Teachers are constantly searching for new ways to spark an interest in a student that
would otherwise avoid the sciences. One method to address these issues is the use of virtual
simulations or games that are designed to scaffold student exploration and learning to increase
content knowledge. Researchers in this study used a 3d computer simulation game
(supercharged!) to measure the impact that it has on students conceptual understanding of

electrostatic concepts (Anderson & Barnett 2013).

Supercharged is an action racing game that allows students to pilot a spaceship through and
around obstacles to reach a black hole, which represents the way out. Students may manipulate
the type and magnitude of charge that their ship has as they maneuver around obstacles with
varying types of charges. The relationship between the charge of the ship and the charge of the
surroundings/obstacles determines the ships movement. The levels become more difficult as
students advance, requiring them to pay specific attention to various aspects of electromagnetic
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fields. In short, this game was designed to help students identify how charged particles respond

to electric and magnetic fields (Anderson & Barnett 2013).

Participants of this study included ninety-one 8th grade students from an urban middle school in
the northeastern United States. Five separate classes were observed over seven class periods with
students broken into two groups: Three classes served as the experimental group (fifty-nine
students) that played supercharged. Two classes served as the control group (thirty-two students)
that participated in guided inquiry investigations designed to cover the same content as
supercharged (Anderson & Barnett 2013). Researchers collected both qualitative and
quantitative data to assess the impact of the supercharged game. A pre assessment was given to
both groups of students before the intervention, consisting of twelve questions that provided
space for students to explain their thinking. A post assessment that was similar but not identical
was given after the lessons were completed. A subset of students from each group were also
interviewed to better gauge their understanding of electrostatics using diagrams and explanations

of their thinking (Anderson & Barnett 2013).

Results from the pre and post assessment demonstrated a significant positive difference between
the control group and the experimental group (Anderson & Barnett 2013). Researchers noted that
although it was a modest difference, students in the experimental group performed better on the
post assessment than did students in the control group. It was also noted that there was no
significant difference between male and female participants (Anderson & Barnett 2013).
Interviews conducted with students from the experimental group resulted in a significant number
of references to the supercharged game when describing electrostatic phenomena. When asking
the students from the control group, the answers were similar, but the explanations varied

greatly. Students from this group would often refer to the teachers drawing, “I don’t know why,
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but that’s what the teacher drew”, which demonstrates more of a dependence on memorization

(Anderson & Barnett 2013).

PHET Simulations: Who’s Interested

Online resources are an incredibly useful tool in science education. Simulations like PHET give
students an opportunity to interact with and explore phenomena that would be impossible to do
in the traditional laboratory. They can also allow students to conduct virtual experiments in
which they can manipulate multiple variables and receive immediate feedback. Implicit
scaffolding allows students to continue investigating and building upon previous concepts with
little to no guidance from the instructor. As technology evolves and our access to it grows in the
educational setting there has been tremendous research on the impact that these simulations can
have on student learning, engagement, and growth. Researchers in this study used Google Trends
and Web analytics to explore interest in and usage of the PHET website (Zhang 2014).

Data from Similarweb was used to identify keyword searches that sent traffic to the PHET
website. A google search of online simulations listed PHET as the first result, meaning most of
the traffic visited that site (Zhang 2014). Google trends shows that interest in PHET simulations
started around September 2005. This study used data from September 2005 to November 2013
which included ninety-nine months. Student academic performance data was retrieved from the
National Assessment of Educational Progress which measures performance of fourth through
eight graders every two years, and reports math reading and science scores on a scale from zero
to five hundred. Achievement gap data was obtained from the National Center of Educational
Statistics. The percentage of students living below the poverty level by state was retrieved from

the U.S Department of Commerce, Census Bureau (Zhang 2014).
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Analysis of this data illustrated a steady growing interest in PHET simulations that also
demonstrated a cyclic pattern that correlated with the school year (Zhang 2014). Researchers
found a positive correlation between PHET searches and the average percentage of students at or
above the proficient level across all grade levels and subjects. These findings suggest that higher
achieving students are more likely to search PHET (Zhang 2014). Researchers also found that
internet users that were minorities and those living below the poverty level were less interested

in PHET simulations (Zhang 2014).
Features of PHET Simulations

With the increased availability of technology in schools across the country, the use of
simulations in science is becoming an attractive alternative to traditional laboratory experiences.
PHET simulations, developed by the University of Colorado, are among the most popular with
dozens of virtual experiences for both math and science (Perkins, et al. 2010). Physics and
chemistry classrooms are using these simulations in lieu of traditional laboratories because they
offer students a chance to explore and manipulate things that would otherwise be impossible, like
the nucleus of an atom. These simulations often connect real life phenomena with the underlying
science in a way that is interesting and engaging to students (Perkins, et al. 2010). Authors of this
article discussed design features of PHET simulations that support inquiry learning and highlight

standards that are addressed in a few examples of inquiry-based lessons.

Nobel Laureate Carl Wieman started the PHET project to address known student difficulties

while improving the way science is taught and learned (Perkins, et al. 2010). Each simulation is
designed by a team of scientists, software engineers, science educators, and researchers before it
is rigorously tested through student interviews and observations of use. One important aspect of

these simulations is the use of implicit scaffolding, that allows students to explore and build
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content knowledge without the direct guidance of an instructor. The choice of visual
representations and controls, animated models, and immediate feedback provided by visual
changes, all work to guide student thinking during exploration (Perkins, et al. 2010). Tabs along
the top of the simulation offer further scaffolding as each tab provides a bit more complexity and
depth to the content. As students explore and gain a basic understanding, they are pushed to
expand their thinking in the next tab. Connections to the real world are a crucial feature of these
simulations as they anchor students thinking to something that is “real life” and tangible.
Purposeful constraints are also used to filter out complexities and allow students to focus on key

ideas (Perkins, et al. 2010).

The authors of this article noted that both physical and virtual labs can be used to foster inquiry-
based learning but that simulations offer several advantages (Perkins, et al. 2010). They can
replace physical lab equipment that is either impractical to set up or unavailable. They can be
used for experiments that would be otherwise impossible, such as manipulating the nucleus of a
hydrogen atom or examining the impact of increased greenhouse gasses on the planet. They
allow for students and teachers to change variables to address specific student questions while
explicitly connecting multiple representations. They also support out of class inquiry learning
while cultivating a low risk environment that allows students to explore. The authors suggest
using both physical and simulation labs in tandem: use simulations to introduce concepts and
build a framework of knowledge and then a physical lab where students use their knowledge to
predict or explain physical phenomena (Perkins, et al. 2010). The authors then provided a
framework for one such laboratory experience using the Faraday’s Electromagnetic Lab
simulation, complete with descriptions of sequence of activities and lesson objectives that can be

used for a high school physics class.

30



Virtual simulations have become increasingly popular in the past five to ten years as students’
access to technology increases. PHET simulations developed by the University of Colorado are
among the most popular, with over 86 simulations and around ten million uses a year
(Podolefsky et al. 2010). One aspect of these simulations that draws educators is the use of
implicit scaffolding, which allows students freely explore a simulation to build a framework of
knowledge with little to no guidance from instructors. PHET simulations also offer a significant
amount of interactivity in terms of feedback, control of variables, and multiple visual
representations of complex content (Podolefsky et al. 2010). Much of this content would be
impossible to explore if not for the use of these simulations, such as the movement of molecules
in solid. The use of balanced challenges and implicit puzzles often engage students in their
learning in a low risk, high reward fashion. The researchers in this study focused on two themes
of these simulations and their impact on student learning: engaging exploration and the use of

analogy (Podolefsky et al. 2010).

Engaged explorations, as described by the authors of this article, involve student’s active
interaction with learning materials, sense making and exploring via their own questions
(Podolefsky et al. 2010). The implicit scaffolding built into PHET simulations naturally guide
students through complex scientific content that is appealing and fun to interact with. Tabs at the
top of the simulation allow students to manipulate more complex variables that effect a system or
phenomena to better build their framework of understanding. Analogy is a cognitive tool that
uses familiar concepts or ideas to make sense of and generate new ideas about a topic that is
unfamiliar to the students (Podolefsky et al. 2010). Six separate undergraduate students from an
introductory physics class were interviewed to gather qualitative data as they interacted with the

“Wave Interference” simulation. Each student interacted with the simulation for about one hour
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in which there was no complete understanding of wave interference expected, only that a basic
framework of knowledge was beginning to be built (Podolefsky et al. 2010). Researchers gave
little guidance during this hour but did ask probing questions to get a better understanding of

student thinking and perceptions as they progressed through the simulation.

Researchers found that after asking one basic conceptual question about wave interference
students continued to ask their own question and then investigate those questions using the
simulation (Podolefsky et al. 2010). Only two interviews were detailed by researchers, but it was
noted that although both students took drastically different approaches to interact with the
simulation, both showed major progress in developing a basic framework of understanding
(Podolefsky et al. 2010). Researchers noted that students were using all the aspects available to
them to answer the questions they posed themselves, manipulating variables and testing their
hypotheses’. Researchers observed almost an expert like navigation through these simulations by
the students and contribute this to the simplistic and intuitive design of the simulation
(Podolefsky et al. 2010). Both students were identifying important patterns and underlying
concepts to describe wave interference despite not having any specific prior knowledge of this
concept. The use of water waves gave students something common that they have seen
previously to anchor their new learning. This transitioned into the use of lightbulbs and
flashlights to create light waves that students would interfere with. At the conclusion of the one
hour, both students were able to give accurate descriptions of basic wave interference

(Podolefsky et al. 2010).

Impact on Creativity
Middle school science classes can play a pivotal role in shaping the career paths chosen by the
next generation (Astutik, Prahani, & 2018). These classes can push students away from pursuing
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a career in science or it can ignite a spark of creativity and wonder than may stick with them for
their entire lives. It is important as educator to understand the important role they play in shaping
a student’s views towards science. As technology advances and our access to technology in
school increases, it is important to use these resources to provide students with a stimulating and
engaging curriculum. PHET simulations produced by the University of Colorado offer many
advantages that traditional lecture styles do not (Astutik, Prahani, 2018). These simulations give
students an opportunity to visualize and experiment with things that would be impossible to work
with in the lab, like manipulating the nucleus of an atom. They offer implicit scaffolding that
allow students to explore and investigate phenomena with little to no instruction. PHET
simulations also integrate a collaborative creativity learning model that can be used to increase
not only content learning, but also scientific creativity which is an important skill to poses.
Researchers in this study used practical learning observation sheets, scientific creativity tests
sheets, and student response questionnaires to determine the effectiveness of the collaborative

creativity model integrated into PHET simulations (Astutik, Prahani, & 2018).

Participants in this study included one hundred forty-four junior high school students taking a
natural science course in Indonesia. Students were first broken into four groups and given a pre
assessment of scientific creativity using a Scientific Creativity Test Sheet. The indicators of
scientific creativity on these sheets included unusual use, technical production, hypothesizing,
science problem solving, creative experimentation, and science production (Astutik, Prahani, &
2018). A lesson about mechanics was then taught to the students using a PHET simulation that
used the collaborative creativity learning model. The simulation included five phases: 1. Identify
a problem. 2. Explore ideas 3. Collaborate. 4. Elaborate. 5. Evaluate the process (Astutik,

Prahani, & 2018). After the lesson was complete, researchers used a post assessment that was
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similar but not identical to the pre assessment and administered a questionnaire regarding
feelings toward science. The questionnaire included several yes or no questions including; | feel
capable of performing scientific creativity skills, Scientific creativity is new to me, and 1 find

learning new material to be easy (Astutik, Prahani, & 2018).

Researchers analyzed the collected data and noted extremely low pre assessment scores which is
to be expected. Analysis of post assessment data indicated significant improvements among all
students in each group (Astutik, Prahani, & 2018). Group one demonstrated 72% gains, group
two demonstrated 74% gains, group 3 and group four demonstrated 71% gains. Results from the
questionnaire indicated an increase in positive attitudes towards science and an increase in
creative thinking. This data was also supported by classroom observations during the study

(Astutik, Prahani, & 2018).

Implicit Scaffolding

Students often struggle learning chemistry for a variety of reasons, one being the fact that most
of the content covered (protons, neutrons, electrons, bonding etc.) deals with things far too small
to be seen with the naked eye. Not having tangible evidence in front of a student may cause them
to become disengaged or disinterested, leading to frustration for both the teachers and the
students. Research has shown that using inquiry-based lessons in which students develop
evidence-based arguments through exploration and discussions supports student engagement far
more than traditional lectures (Moore, et al. 2013). PHET simulations developed by the
University of Colorado use implicit scaffolding that allows students to explore and test concepts
that would otherwise be impossible. These simulations are growing in both number and detail
and are specifically designed to allow student investigation with little to no instruction.
Researchers in this study used a PHET Simulation (Molecular Polarity) with no instruction to
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measure the impact it has on student engagement and frustration, attempting to answer three
basic questions: 1. Can students use this simulation without instruction? 2. Does the simulation
support content discussion? 3. Do students view the simulations as easy and useful or frustrating
and unproductive? (Moore, et al. 2013)

Participants of this study were selected from a General Chemistry course at a public university in
the Western United States, with around twenty-three thousand students. The class observed was
from the first section of a two-semester introductory class and consisted of eighty-nine students,
with eighty participating (Moore, et al. 2013). Data was collected from one class period in
which students selected their own groups of one to four students, with most groups consisting of
three students. At the beginning of the class, the instructor showed students how to find and
download the simulation that would be used and told students to take around ten minutes to play
and explore with the simulation. Students were asked to try and find out how the shape of a
molecule effects polarity. Data was collected through video of the lesson, written observations,
mouse click data and audio recordings of each group, and individual clicker response questions

(Moore, et al. 2013).

Results from the mouse click data indicated that of twenty-three total click options (features they
could explore), students explored on average 18.3 of them (Moore, et al. 2013). Audio
recordings that were later transcribed contained a total of 1973 discussion segments or
utterances. Around 133 (7%) of the recorded audio involved group arrangement, 1233 (62%) of
the segments involved polarity, 204 (10%) involved school in general, and 404 (20%) were
considered “other” conversation (Moore, et al. 2013). Review of the clicker question data
indicated that 92% of students said that the simulation would be somewhat to very useful in their

learning and only 11% indicated that they felt frustrated during the simulation. When asked to
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describe the frustration felt when using the simulation, 57% indicated no frustration, 33%
indicated very brief frustration, and only about 3% indicated significant frustration (Moore, et al.
2013). It was clear to the researchers after analyzing the collected data that the simulation was

effective in engaging students in the molecular polarity lesson.

Studying chemistry in middle and high school can be difficult as a student because the content
covered is not always easy to examine or explore. One common struggle that students have when
leaving high school is the difference and proper use of subscripts and coefficients (Moore &
Perkins 2014). Simulations like PHET, developed by the University of Colorado, offer students a
chance to manipulate models of atoms and molecules that could not be explored otherwise.
These simulations also offer the opportunity to use implicit scaffolding, a common theme in
PHET simulations (Moore & Perkins 2014). Implicit scaffolding consists of built in principles
that guide student inquiry and learning without explicit instructions. The feedback provided by
this framework allows students to self-monitor and assess their understanding as they interact
with the simulation. Researchers in this study used the PHET “Build a Molecule” simulation to
answer the following research questions: 1. Can connections across representations be implicitly
scaffolded through design features of the simulation? 2. Can student use of an interactive
simulation connecting particulate and symbolic level molecular representations increase their

ability to write and interpret chemical formulas? (Moore & Perkins 2014)

A total of sixty-four students from three different fifth grade science classes participated in this
study. Each class spent seventy-five minutes using the simulation alongside a two-page activity
sheet which consisted of challenges and places to record drawings and observations students
made (Moore & Perkins 2014). Students were never told explicitly about coefficients and

subscripts by the activity sheet or the teacher but were called on periodically to share their
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findings with the class, which often included descriptions of both concepts. Qualitative data was
collected to evaluate the effectiveness of the simulation through analysis of student responses to
pre, post, and delayed (two weeks) post assessments. Each assessment consisted of ten questions,
asking students to either write a chemical formula from a particulate representation (6 questions)
or to draw a particulate representation when given a chemical formula (4 questions) (Moore &

Perkins 2014).

Results from the assessments illustrated significant gains across all questions from both the post
assessment and the delayed assessment (Moore & Perkins 2014). Students scored, on average,
50% better on the post assessment than they did on the pretest and scored 43% better on the
delayed post assessment than on the pretest. It was also noted that the relatively high pretest
assessment questions resulted without any previous discussions about on atoms, molecules, or

chemical formulas (Moore & Perkins 2014).

With the rapid advancements in technology, we have seen an increase in the number of
simulations available for educational purposes. These simulations are especially useful in the
science classroom when teaching about abstract concepts, or those that are too small to be seen
and manipulated in the normal classroom setting (Kukkonen et al. 2013). Accuracy is extremely
important when creating a simulation and is equally important when selecting the appropriate
time to use them. Recently, we have seen in increase in the use of inquiry and implicit
scaffolding within these simulations. Scaffolding allows students to reach otherwise unattainable
learning outcomes without the explicit aid of an instructor (Kukkonen et al. 2013). Tasks start
out relatively simple and easy to understand. As students’ progress through the simulations, they
build on previous concepts covered and become progressively more difficult. Inquiry is a process

of asking questions and attempting to find answers to those questions using the available
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resources. Students are required to test hypothesis and describe the outcomes using evidence
gathered in the process. Researchers in this study examined the impact that scaffolded inquiry-
based simulations have on the ability of 5" graders to model the greenhouse effect (Kukkonen et

al. 2013).

Participants in this study included twenty-one students (8 male, 13 female) age ten to eleven
from a 5™ grade class in a rural setting. The lessons were taught by a student teacher that was
supervised by the certified teacher with contributions from two science educators/researchers
from a Finnish University (Kukkonen et al. 2013). The intervention took place over five class
periods with researchers collecting qualitative data regarding student’s ability to construct
accurate models. In the first lesson, students were asked to draw their conceptions of clouds, the
atmosphere, and the greenhouse effect. During the second lesson, students explored the internet
(guided by a worksheet) to investigate and describe the layers of the atmosphere. The third
lesson asked students to read internet-based materials about the carbon cycle and humans’
impact on that cycle. During the fourth lesson, students used the greenhouse effect PHET
simulation produced by the University of Colorado. Students were asked to systematically
explore the simulation and record observations about levels and relationship between carbon
dioxide and temperature throughout history (Kukkonen et al. 2103). The last lesson again asked
students to draw their conceptions of the atmosphere and the greenhouse effect and to annotate
their drawings. Researchers analyzed the drawings before and after the intervention to determine

accuracy and improvement (Kukkonen et al. 2013).

Researchers found that although students did have some prior knowledge about the greenhouse
effect, their drawings were simple and lacked crucial information (seven students were not able

to produce any drawing or descriptions). Before the intervention, most students included only
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one type of gas (oxygen or carbon dioxide) and talked mostly about cloud formation and
composition (Kukkonen et al. 2013). Researchers found that after the intervention, students
described clouds less, but had far more detail about different gasses in the atmosphere, there
sources, and solar radiation. It was noted that most students were able to show radiation being
trapped by the atmosphere and solar radiation being absorbed and re radiating thermal radiation
(Kukkonen et al. 2013). Student also illustrated photons (using arrows or dots) and were more
accurate with descriptions and labels than they were before the intervention (Kukkonen et al.
2013). Only one student was not able to produce any model or description of the greenhouse

effect after the five-lesson intervention.

Learning chemistry can be difficult for students of all ages because much of the content covers
things that cannot be seen with the naked eye. Atoms, protons, neutrons, electrons, and charges
are crucial components of any chemistry curriculum but cannot be physically manipulated and
explored in a traditional laboratory setting. For this reason, interactive simulation usage has
continuously grown for the last decade. Simulations like PHET interactives use implicit
scaffolding, which allows students to explore concepts such as chemistry with little to no
instruction. Researchers in this study examined the impact that guidance has on student’s

exploration of PHET simulations and student engagement (Chamberlain, et al. 2014).

Participants of this study included two hundred and ten students enrolled in a general chemistry
course at a large research university. Students worked in groups of two on university owned
computer during a fifty-minute recitation period (Chamberlain, et al. 2014). This simulation used
was a PHET acids and bases interactive that was designed to support students in examining the
role of solution concentration and strength of acids and bases. The simulation uses implicit

scaffolding by including two tabs. The first is an introductory tab that includes five solutions
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with the same concentrations but different strengths of acids and bases. The second tab allows
students to build custom solutions (Chamberlain, et al. 2014). As students investigate and
explore the first tab, they gain immediate feedback on different variables that they can then
explore further in the custom solution tab. Students were broken into three groups based on the
amount of guidance that was provided. Light guidance instructed students to explore the
simulation and record ten observations. Moderate guidance included a few more specific tasks
that students needed to complete, while heavy guidance walked students through exactly what
they should be clicking on and when. Data was collected through field observation notes and

mouse click recordings (Chamberlain, et al. 2014).

Results indicated a significant difference in the number of features used between the light and
heavy guidance groups. Students in the light guidance group clicked on nearly twice as many
features as the heavy guidance group (Chamberlain, et al. 2014). Researchers also noted that
more guidance seemed to strongly discourage exploration. Students in the light guidance group
averaged about 7.6 clicks per minute, the moderate guidance group averaged 5.4 clicks per
minute, and the heavy guidance group averaged only 2.2 click per minute. Researchers note that

this data represents relative engagement of students in each group (Chamberlain, et al. 2014).

PHET simulations have been shown to increase engagement in students across a wide range of
age groups from various backgrounds (Adams, et al. 2015). They are especially useful when
learning chemistry and physics as students can explore and manipulate variables in real time,
with immediate feedback, in a way that would be impossible in a traditional laboratory. The use
of implicit scaffolding in PHET simulations allows students to build content knowledge with
very little support and guidance from instructors or peers. Researchers in this study examined the

effect these simulations have on student learning at home, without any peer interaction.
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Participants of this study included seventy-seven 10" through 12" grade students in an
introductory high school physics course. Students were broken into two groups: one group used
PHET simulations at home while the other used the same simulations in class (Adams, et al.
2015). In both groups, students were given a guiding worksheet that helped students’ progress
through the simulations. Students in both groups were given pre and post tests before and after
each of the three simulations that were used in this study. The three simulations included the
static electricity simulation, the Faraday Induction simulation, and the nature of matter

simulation (Adams, et al. 2015).

Results indicated that statistically significant gains were made by both groups on posttests
related to each simulation (Adams, et al. 2015). This implies that these simulations are effective
in teaching new science content. The static electricity simulation showed an average increase of
15.5 points from pretest to posttest when using the simulation in class and an average increase of
14.9 points when it was used at home. The Faraday induction simulation showed an average
increase of 57 points from pretest to posttest when using the simulation in class and an average
increase of 54.1 points when it was used at home. The nature of matter simulation showed an
average increase of 14.5 points from pretest to posttest when using the simulation in class and an
average increase of 19.7 points when it was used at home (Adams, et al. 2015). Researchers
noted the substantially larger gains in the Faraday Induction scores because this topic was new to

students which left a tremendous amount of room for growth.

The results from this study indicate that these simulations are effective in teaching new science
content to students in high school, which has been substantiated by other similar studies (Adams,
et al. 2015). Very similar gains were made when students interacted with these simulations at

home and in the classroom. This implies that the implicit scaffolding used by PHET is an
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effective method of instruction that allows students to explore and build content knowledge
without explicit instructional support. It seems necessary to include guiding questions to ensure
students are exploring the necessary aspects of each simulation but that very little else is needed
(Adams, et al. 2015). Recently, there has been a greater demand for instructional tools that can
be used by students away from the school and outside of the classroom. PHET allows students
the freedom to explore at their own pace while reaching academic objectives. This can build
autonomy in students which is a necessary skill for anyone entering the workforce, especially

those in the STEM field.

Online simulations are becoming increasingly common in science classrooms around the world,
especially in chemistry and physics. One of the more popular simulations include PHET, created
by the University of Colorado. These simulations allow students to explore and manipulate
variables in a way that cannot be done in a traditional lab. There have been numerous studies
about the effectiveness of these simulations, and many recognize the use of implicit scaffolding
as being one of the main reasons for the simulation’s success (Roll, et al. 2014). Implicit
scaffolding allows students to navigate and explore phenomena with little to no guidance form
the instructor. It has been said that guiding questions can assist students in reaching pedological
goals through these simulations, but what impact does the level of this guidance have?
Researchers in this study examined the effect that scaffolding has on learning, contingent to prior
knowledge, and how students’ expectations change with time based on given scaffolding (Roll,

etal. 2014).

Participants of this study included one hundred post-secondary students in their first-year physics
class in a large university in Canada. To collect necessary data, participants completed a pre-test

to assess prior content knowledge and a pre survey to assess attitudes (Roll, et al. 2014). Students
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were split randomly into two groups to complete a twenty-five-minute PHET activity on light
bulbs: one group received high levels of scaffolding, the other low levels of scaffolding (Roll, et
al. 2014). A mid-survey was administered to both groups after the lesson that was identical to
the pre-survey. A second twenty-five-minute activity on resistors was completed by both groups
and each received low levels of scaffolding. Finally, a post test was administered to gauge

learning as well as the final survey to assess attitudes towards the simulation (Roll, et al. 2014).

Researchers found no significant difference between the high- and low-level scaffolding groups
on the pre-test. Identical questions on the pre and posttest indicated significant learning for both
groups (Roll, et al. 2014). Researchers also noted that students with lower levels of prior
knowledge (indicated by pretest scores) showed more growth than students with higher levels of
prior knowledge (Roll, et al. 2014). Within the highly scaffolded group, students with higher
levels of prior knowledge significantly outperformed students with lower levels of prior
knowledge, but this difference was not seen in the low-level scaffolding group (Roll, et al. 2014).
Survey results indicated that students in the highly scaffolded group associated success with
memory and recall more than the low-level scaffolded group (Roll, et al. 2014). Results also
indicated that students with low levels of prior knowledge began more certain of their abilities,
but confidence dropped as the activity progressed. The exact opposite trend was seen with
students in with high levels of prior knowledge (Roll, et al. 2014). No significant differences

were found regarding scientific reasoning.

This study highlights the importance of identifying prior knowledge before using these online
simulations. Results indicate that students with low levels of prior knowledge did not benefit as
much from scaffolding as those with higher levels of prior knowledge (Roll, et al. 2014). This

implies that students should be given a chance simply to explore these simulations without
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guidance to start to recognize and discuss patterns on their own. This is a way to build prior
knowledge and make the scaffolding more effective. The simulations themselves have
scaffolding built into them, which allows these students to explore freely while still progressing
towards academic goals. Educators must take time to identify prior knowledge and then build

upon it before using guided and highly scaffold questions for students.

The use of scaffolding in education is process by which educators use various instructional
techniques to move students progressively towards stronger understanding of content while also
building autonomy and independence (Penn, Umesh 2019). Virtual simulations such as PHET,
created by the University of Colorado, are incredibly useful when it comes to engaging students
and allowing for exploration of materials that would not be possible in the traditional laboratory
setting. These simulations use built in, implicit scaffolding; that is students can explore and
“play” while building content knowledge with little to no guidance from an instructor.
Researchers in this study hope to answer the following questions: How does implicit scaffolding
embedded in virtual simulations facilitate learning of physical sciences and how does this

scaffolding benefit students? (Penn, Umesh 2019)

Participants of this study included fifty physics and chemistry students (broken into ten groups)
during their third year of physical science education at a South African tertiary institute of
learning (Penn, Umesh 2019). Researchers identified two content areas that students found to be
abstract via an online poll. Two tutorials were then constructed using PHET simulations
examining Faraday’s Law and Balancing Chemical equations. These tutorials were presented to
students in two sessions spanning two weeks in which there was no face to face instructional
guidance beyond the instructor identifying target instructional learning outcomes (Penn, Umesh

2019). Data was collected via reflection diaries with six guided reflection prompts and
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screenshots from tabs within the simulation from the tutorials. Each of the ten groups had a
single reflection diary in which all collective thoughts were gathered. Ten follow up focus group
interviews were conducted after each group had worked through the tutorials using the PHET

simulations (Penn, Umesh 2019).

After coding and analyzing all reflection diaries, screenshots, and focus-group interviews, four
main themes emerged (Penn, Umesh 2019). One major theme to emerge was the idea of self-
directed learning. Nine out of ten groups indicated that the layout of the simulation guided them
through each section without overthinking or asking for help. Groups also mentioned the instant
feedback and real time data collected after changing variables was helpful and encouraged self-
teaching and exploration (Penn, Umesh 2019). Another theme to emerge involved guided
inquiry. All ten groups indicated that the implicit instruction in the simulation allowed them to
progress towards the learning outcome using only embedded prompts and not guidance from the
instructor (Penn, Umesh 2019). Reduction of cognitive overload was also a common theme that
emerged from the collected data as students felt that they were not overwhelmed at any time by
too many concepts being taught at once (Penn, Umesh 2019). Finally, groups noted that they
enjoyed the pacing of the learning. They did not feel rushed or pressured to proceed if they did
not understand a concept while others were able to proceed more quickly when they felt

comfortable (Penn, Umesh 2019).

This study highlights the importance of implicit scaffolding in these simulations and the ease in
which it is accessed by students. Allowing students to explore these simulations without
guidance provides a low risk environment that students feel comfortable exploring and engaging
in. Students often shy away from the sciences because they find it too overwhelming or over

complicated. This research implies that difficult concepts in chemistry and physics can be made
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more accessible to students using these simulations. Educators should not feel that they need to
control every aspect of these investigations as is often the case in the traditional laboratory
setting. Students find these simulations not only to be fun and engaging but also helping them
progress towards set learning outcomes while building autonomy and independence (Penn,

Umesh 2019).

Attitudes and Perceptions

The behavior of gasses is a very common topic in many chemistry curriculums. These concepts
however seem to be difficult for students to conceptualize and model (Correia, et al. 2018). The
availability and use of technology have led to an increase in simulations that allow students to
interact with an explore concepts such as these, that would be impossible in a traditional
laboratory. Simulations like PHET use implicit scaffolding, which allows students to investigate
and explore phenomena with little to no guidance. This study examined students’ experiences
with a PHET simulation that incorporates scaffolding that is intended to facilitate conceptual
understanding of gas behavior. Researchers attempted to answer two questions: What are
students’ perceptions of how this program supports cognitive processing and Which features are

most/least helpful? (Correia, et al. 2018)

Participants of this study included one hundred and fourteen twelfth grade students at a large
high school in a Midwestern US college town. Students used the program during two class
periods that were forty-five minutes each (Correia, et al. 2018). During these lessons, students
were attempting to answer questions about how gas effects pressure, how volume effects
pressure, how temperature effects pressure, and how particle concentration effects pressure.
Students started by making predictions on factors that may affect pressure. They then tested
these predictions in the PHET gas laws simulation. Students then reflected on their learning by
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providing a brief explanation of their findings. Data was collected through three open ended

questions and a student survey rating the program features (Correia, et al. 2018).

Analysis of the first open ended question (What did you like about the program and how did it
help you understand gas behavior) researchers identified three main themes. Students thought
having the ability to change variables, the graphic representations, and the design of the program
made it easy to understand and visualize gas behavior (Correia, et al. 2018). The second open
ended question (what can be done to improve the program) resulted in 36% of students saying
that no changes were needed and 34% thought that the questions lacked clarity and needed more
depth. Researchers noted that other answers included reducing the number of slides, including
more explanations, and adding review questions at the end (Correia, et al. 2018). The third open
ended question (would you recommend this program to other students) resulted in 85% of
students saying they would strongly recommend (48 students) or recommend (49 students) this
program, ten students were undecided, and two said they would not recommend this program
(Correia, et al. 2018). The survey data indicated that students found the simulations paired with

graphics the most useful and the guiding questions the least useful.

Technological advances have had a drastic impact on the methods used to teach and to learn new
science content, especially physics and chemistry. Simulations like PHET interactive, created by
the University of Colorado, offer a new and effective way of delivering abstract content that is
often difficult for students to fully grasp. These simulations offer flexibility for both educators
and students to investigate and manipulate variables that would be impossible in the traditional
laboratory setting. Researchers in this study conducted a survey aimed to improve physics

instruction through computer-based simulations like PHET (Bandoy, et al. 2015).
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Participants of this study included eighteen randomly selected students (nine male and 9 female)
and 3 teachers from a school in the Philippines (Bandoy, et al. 2015). A survey was conducted
using twelve questions using a five-point Likert Scale and one open ended question. Questions
using the Likert Scale focused on students’ perceptions of the impact PHET simulations had on
independence, class preparation, learning strategies, test scores, and self-confidence. The open-
ended question asked participants to describe their overall experience with PHET (Bandoy, et al.

2015).

Results from the twelve Likert Scale questions were compiled and analyzed by researchers. 99%
of participants agreed or strongly agreed that the simulations helped them acquire basic physics
knowledge. 77% agreed or strongly agreed that they took advantage of the learning opportunities
that the simulation offered (Bandoy, et al. 2015). 67% of participants agreed or strongly agreed
that they fully participated in classes that used the simulations and 61% agreed or strongly
agreed that they used the simulations during their free time (Bandoy, et al. 2015). 72% of
participants agreed or strongly agreed that the simulations were useful in hypothesis testing and
100% agreed or strongly agreed that it was effective in learning new content (Bandoy, et al.
2015). 95% of participants agreed or strongly agreed that PHET was effective in building
problem solving skills and 89% agreed that it effective in building self-confidence (Bandoy, et
al. 2015). 84% agreed or strongly agreed that the simulations helped build independence and
77% agreed or strongly agreed that they helped improve test scores (Bandoy, et al. 2015). Open-
ended responses from educators identified PHET as being visually stimulating and engaging to
students. They described that students found them to be fun and allowed students to explore
without much guidance. Researchers noted that student responses to the open-ended question

echoed many of the same themes (Bandoy, et al. 2015).
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However, eighteen students in the Philippines is not a large enough sample size to draw
meaningful conclusions. There was also no information provided about the participants of this
study. Their age and background are unknown as is the background and teaching experience of
the educators. Researchers described the use of the Buoyancy PHET simulation but no others
and did not describe how the simulations were used. Had this information been provided, the

arguments made by researchers would have been strengthened.

Hands on inquiry-based investigations are a hallmark of science education around the world.
Having students interact with and investigate phenomena is a great way to build content
knowledge while also engaging students in scientific discovery. It has been argued that many of
these investigations in the classroom simply validate existing theory in step by step instructions
that result in a predictable outcome (Pyatt, Sims. 2012). The availability of technology in the
classroom has led to an increase in virtual labs that often replace traditional laboratory
investigations. Virtual labs give students the flexibility and the freedom to manipulate multiple
variables to test hypotheses while receiving instant feedback. The implicit scaffolding found in
many simulations like PHET allow students to explore the simulations to build a framework of
knowledge without the explicit guidance of an instructor. Researchers in this study examined the
instructional value of both physical and virtual labs in terms of student performance and attitude

(Pyatt, Sims. 2012).

This study took place over a two-year period and used eight sections of first year chemistry
courses from a public suburban high school in the southwestern United States (Pyatt, Sims.
2012). For each trial (one per year) students were broken into two groups: one received a
physical lab experience and the other received a virtual lab experience (184 students total). All

sections were taught by the same instructor and the procedures, background material, and
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equipment were identical in both control groups (physical labs) and treatment groups (virtual
labs) for each trial. Data was gathered through an assessment at the end of each lab experience as
well as a survey that measured the student’s attitudes towards the physical and the virtual lab

experiences (Pyatt, Sims. 2012).

Researchers found that there was no significant difference in mean scores on the assessment
between the control and treatment groups in trial one (control: .49 treatment: .64) (Pyatt, Sims.
2012). Trial two however showed significant differences between these two groups with the
treatment group (virtual lab) scoring on average 1.2 while the control group only averaged .068
(Pyatt, Sims. 2012). Survey data indicated that 73% of students agreed that computers were
useful in the laboratory setting while 64% felt little to no anxiety towards using the computer in
the laboratory setting. 50% of students felt that the physical lab materials were easy to use, while
70% felt that the virtual equipment was easy to use. 46% of students found the physical labs to
be open ended while 74% felt that the virtual labs were open ended. Finally, 64% of students
found the physical labs to be useful in their learning while 65% found that the virtual labs were

useful (Pyatt, Sims. 2012).

How and Why Simulations Are Used

As technology evolves and students’ access to it increases educators must continuously adapt
their methods of instruction as well. Technology in the classroom can be an incredibly powerful
tool if used in the right way and can enrich the learning of their students in ways that were not
possible even ten years ago. PHET is one such simulation that educators can use in their
classrooms to teach new content to students of all ages and backgrounds. Researchers in this
study examined two basic questions how do high school teachers use PHET interactive
simulations, and why (Price, et al. 2019)?
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To gather data necessary to answer these questions, an online survey was conducted in 2012-
2013 of teachers that use PHET simulations. 1901 responses were received and analyzed by
researchers that focused on the following two open ended questions: “Please explain how PhET
impacts your teaching” and “Please explain how PhET impacts your students’ learning.”
Researchers noted that two multiple choice questions were also included in this survey but were

analyzed and discussed in a previous article (Price, et al. 2019).

Responses to the open-ended questions were coded and fell into three main categories:
understanding or exposure to content, science processes, and motivation. 68.5% of responses
were categorized as understanding or exposure to content and indicated that educators valued the
simulations ability to demonstrate relationships and clear up inconsistencies or misconceptions
(Price, et al. 2019). 9% of responses indicated that it matched the various learning styles of their
students and made content such as kinetic and potential energy more real and tangible (Price, et
al. 2019). 51.5% of responses were categorized as science processes and indicated that educators
felt that the hands-on nature of the simulations was a key feature. It allowed students to
manipulate variables, test hypothesis in real time, and analyze immediate feedback (Price, et al.
2019). 31.5% of responses were categorized as motivation and indicated that students were
engaged in these simulations and found them to be fun to manipulate (Price, et al. 2019).
Responses indicated that 66% of teachers used these simulations as in class activities while only
33% used them as demonstrations (Price, et al. 2019). 54% of responses mentioned the
importance of visualizations and identified the accuracy of these visualizations as key features of
the simulations (Price, et al. 2019). 46% of teachers described the added value of these

simulations in allowing students to manipulate and visualize concepts that would not be possible
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with standard classroom materials. Overall, 86% of responses indicated that using PHET

simulations made their teaching more, or much more effective (Price, et al. 2019).

It is important as educators to evaluate their instructional methods and continuously mold and
adapt them, as necessary. This research demonstrates the importance of these simulations in the
educational setting, especially chemistry and physics. It implies that simulations like these not
only make lessons more effective, but that they engage students in ways that were previously
impossible. These simulations can be used in a variety of ways; as in class activities,
demonstrations, experimentation, etc. and allow an incredible amount of flexibility for both the
student and the educator. It is common for educators to struggle with motivation with their
students, especially those in high school. This research suggests that PHET simulations are an
effective tool in increasing motivation while also reaching numerous goals and standards (Price,

et al. 2019).

As technology evolves and students’ access to it increases, more and more teachers around the
country are using online simulations and virtual labs (Perkins, et al. 2014). One of the most
commonly used simulations are the PHET simulations created by the University of Colorado.
There are over 30 different simulations covering content in chemistry, physics, biology,
mathematics, and engineering. These simulations offer educators flexibility in delivering their
content and often allow students to visualize, manipulate, and explore material that would be
impossible in a traditional lab. Not only are these simulations free and accessible to all, they are
fun and engaging for both students and teachers. The use of implicit scaffolding in these
simulations allow students to explore and build content knowledge with little to no guidance
form instructors. Researchers in this study examined backgrounds of teachers are using these

simulations, how they are implemented, and to what pedological goals (Perkins, et al. 2014).
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To answer these questions, a broad online survey was conducted of high school and college
instructors. The survey was disseminated through listservs, PHET Newsletters and access links
on PHET websites (Perkins, et al. 2014). Questions related to respondent’s background and
demographics, likes and dislikes of the simulations, impression of impact on student learning,
student populations, goals of use, and how the simulations were implemented. Two thousand
seven hundred and eighty completed surveys were collected, however researchers examined only
those in the United States for this study, which included one thousand two hundred thirty-three
high school teachers and two hundred seventy-six college physics instructors (Perkins, et al.

2014).

Of those surveyed, 20% of high school teachers and 28% of college instructors had less than five
years of experience, 57% of both high school and college instructors had between five and
twenty years of experience, and 23% of high school and 15% of college instructors had more
than twenty years of experience teaching physics(Perkins, et al. 2014). When asked about the
number of simulations used, 18% of high school and 21% of college instructors have used
between one and five simulations, 46% of both high school and college instructors have used
between six and ten simulations, 22% of high school and 20% of college instructors have used
between eleven and fifteen simulations, and 14% of high school and 13% of college instructors
have used more than sixteen (Perkins, et al. 2014). Both high school and college instructors
report that they use the simulations with students of all achievement levels. 38% of high school
educators reported using PHET in classrooms with over 50% minority, low income, free or
reduced lunch students (Perkins, et al. 2014). Both high school and college instructors reported
typical use of the simulations was during in class demonstrations or lectures with the largest goal

of both being to visualize scientific content and develop a conceptual understanding of a topic.
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The next two highest pedological goals for both groups were to increase engagement and

enjoyment/interest in science (Perkins, et al. 2014).

These results indicate the significance of these simulations in both high school and college
physics courses. The research implies that educators of various backgrounds and years of
experience can use these simulations effectively to reach substantial pedological goals. These
simulations are free, which makes them accessible to all students regardless of ethnicity or
economic background. There are over thirty of these simulations available across content areas,
which researchers note make them attractive for educators to pick and choose the simulations
that best fit their content or teaching style (Perkins, et al. 2014). Because there is such a wide and
ever-expanding use of these simulations, it is possible (and very likely) that new simulations will

be created to continue virtual exploration and experimentation.
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Chapter 3: Simulations

It has become increasingly clear that a need exists for virtual laboratory simulations that enhance
learning in multiple grade levels and disciplines. There is significant research that suggests that
these simulations not only improve science understanding, but that they also have noticeable
impacts on a student’s feelings towards science learning, their engagement, and their ability to
work through problems or phenomena without the assistance of an instructor. PHET simulations
use of implicit scaffolding allows students to explore natural phenomena in a way that would
otherwise be impossible and educators from around the world are using these simulations with
greater frequency than ever before. In this section, twelve different science PHET simulations
are presented. For each simulation, appropriate science standards and key questions are listed. A
narrative of the simulation is provided as well as a recommendation for its effective
implementation. A comparison to existing conceptual vehicles is provided to examine the shift in
instruction that may take place in the classroom. The rationale for the simulation’s use as well as
possible misconceptions that students might encounter are also included. As with any
instructional tool or strategy, it is important that educators make any necessary adjustments to

these recommendations to effectively reach the students in their classroom.
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Title:

Build an Atom

Source/website:

https://phet.colorado.edu/en/simulation/build-an-atom

NGSS Physical
Science Standard

MS-PS1-1.  Develop models to describe the atomic composition of simple molecules
and extended structures.

Supplies

Individual student access to a computer.
Guiding Questions handout

Key Questions: What three particles make up an atom and where are they found?

Which particles determine the type of atom?

Which particles determine the overall charge of an atom?
Which particles determine the mass of an atom?

What is an ion?

Narrative: In this investigation, student will use the simulation to manipulate an atom. Students can
add protons, neutrons, and electrons to a model. As these particles are added, students
observe changes in the name of the atom (as well as where it falls on the periodic table),
the charge, and the mass of the atom. Students will visualize where electrons fall in shells
around the nucleus and make observations about how many electrons can fit in each shell.
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Build an Atom a F
Rationale: It is difficult for students to visualize and subsequently model an atom because they are so

small. They often struggle with understanding how the different charges of protons and
electrons interact resulting in ions or neutral atoms. This simulation allows students to
manipulate all these variables while relating back to the periodic table and each atoms
place on the periodic table. As students interact and play with this simulation patterns start
to emerge that Elomert
give students a s
deeper
understanding
of these
difficult
concepts
(Moore,
Perkins. 2014).
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Possible
Misconceptions:

Students make think that these atoms and their nuclei are much larger because of the way
they are depicted in this simulation. They may also think that the dotted lines indicating
electron shells exist around the nucleus.

Comparison to
Existing
Conceptual
Vehicle

Typically, this lesson is introduced lecture style in my classroom. The parts of the atom
are described to students, as well as their location, and their charge. Students would record
these notes in their science journals along with the definition of an ion. Students are
shown examples of simple molecules and their ions. The PHET simulation incorporates
more detail and includes attractive visualization. Students can manipulate the parts of the
atom and identify which parts effect charge, mass, name, etc. through their own
exploration. This activity will greatly enhance hands on experiences and be significantly
more engaging than the typical lecture style used to introduce this topic. The implicit
scaffolding incorporated in this simulation will allow students to investigate the parts of an
atom without explicit guidance while they build their understanding of charge, atomic
mass, ionization, etc. (Moore & Perkins 2014). By allowing students to investigate the
atom individually, you encourage autonomy while also presenting an opportunity for
discourse with their classmates. Experience has shown that student models are far more
accurate and detailed after using this activity than they were after previous method of
instruction.

Choose Your Game!
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Build an Atom

Recommendations:

This simulation is best used after first introducing matter. The first time they visit PHET
should be dedicated to exploring the simulation. Encourage students to try to click on
everything available while they explore. They should only be trying to make observations
of patterns that they see when clicking on various aspects of the simulation. Have students
share out observations and see if the class can identify any patterns. Once students have
identified basic patterns (what happens to the charge and the name of the atom when you
add a proton, what happens when you add an electron, what if you have more protons than
electrons, etc.), provide them with the guided questions worksheet. The worksheet should
ask students to identify changes brought on by adding a proton, neutron, or electron. It
should ask students what part of an atom determines the atoms name, and which two parts
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compose the atomic mass. This will ensure that each student is interacting with the most
important aspects of the simulation at that they are reaching the set lesson objectives.
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Title:

Build a Molecule

Source/website:

https://phet.colorado.edu/en/simulation/legacy/build-a-molecule

NGSS Physical
Science Standard

MS-PS1-1.  Develop models to describe the atomic composition of simple
molecules and extended structures.

Supplies

Individual student access to a computer.
Guiding Questions handout

Key Questions:

- How are molecules different from atoms?
- What is a molecular formula?

- What do coefficients represent?

- What do subscripts represent?

Narrative:

In this investigation students will start to combine simple atoms to build small
molecules. Students will be presented with a chemical formula and then are
challenged to build a 3d model of that atom. As students successfully build these
small molecules, they will be challenged to build larger, more complex molecules.
To be successful, students will have to make connections between their atoms,
subscripts, and coefficients.

Build a Molecule

<) PhET ;

Rationale:

Students often struggle with accurately modeling molecules because they are too
small to see with the naked eye and they are not often exposed to such models. Being
able to visualize and build a simple molecule will provide greater context when
examining the behavior of those molecules in later units. For example, the cohesive
nature of water molecules is easier to understand when the hydrogen atoms can be
visualized off to one side of the molecule. This activity will increase student’s ability
to use a chemical formula to describe, and subsequently model, a molecule
accurately.
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Your Molecules
Collection 1
H,0 (water)

Q, (molecular oxygen)

H, (molecular hydrogen)

CO, (carbon dioxide)

x,

N, (molecular nitrogen)

- | -
[%]

Hydrogen

Build a Molecule a ﬂ <) PﬁEl' :

Single

Possible
Misconceptions:

Students may think that these atoms are actually those colors (hydrogen is red,
oxygen is white, etc.) Be sure to identify that these are only used to help you identify
similar types of atoms quickly. Students may also think that the size of these
molecules are accurate. Be sure to describe just how small one water molecule is
(about 1.67 x 10”21 molecules in one drop of water.)

Comparison to
Existing
Conceptual
Vehicle

Typically, bonding is introduced by first discussing valence electrons and the “octet”
rule. Atoms will share or donate electrons until they are “happy”. Then instruction
moves at a logical pace into covalent and ionic bonds and students are asked to start
drawing models of this bonding occurring. Experience has shown that using this
simulation first has been far more powerful for attaining instructional goals. After
parts of an atom are examined, definitions of molecules are constructed. When ready
students are invited to mess about or play with this simulation. The primary goal is
for students to have experiences in constructing molecules represented by the
chemical formula. Rules always apply in chemistry, so this simulation practice gives
critical experience in learning about these rules. Typically, students have little or no
prior knowledge of a chemical formula. As students explore, they stumble across the
correct way to combine atoms. Students are encouraged to share what they did with
their classmates to illuminate the degree to which they can recreate the molecule.
Through this discourse, students begin to recognize patterns (Adams, et al. 2015).
For instance, a subscript describes how many of a certain atom is needed, while a
coefficient describes how many molecules are there. As progress in understanding is
made, the molecules become larger and more complex. The implicit scaffolding used
by PHET allows students to build on their own learning with little to no instructor
input (Moore, et al. 2013).

Recommendations:

As described above, it is recommended that this simulation be used immediately
after learning about atoms and their parts. Students will discover the meaning of
chemical formulas through their own exploration, which is far more meaningful than
a typical lecture style. As students work through this simulation, they may begin to
wonder (and hopefully voice out loud) why some atoms seem to “stick” together
while others do not. This question will lead directly into the next lesson examining
valence electrons and the octet rule. This sequence enhances this unit because it is
more student centered and hands on. Students take ownership of their learning
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because they feel that it is their own questioning and curiosity that is driving our
learning.
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Title:

States of Matter Basics

Source/website:

https://phet.colorado.edu/sims/html/states-of-matter-basics/latest/states-of-matter-
basics_en.html

NGSS Physical
Science Standard

MS-PS1-4. Develop a model that predicts and describes changes in particle motion,
temperature, and state of a pure substance when thermal energy is added or removed.

Supplies

Individual student access to a computer.

Guiding Questions handout

Key Questions:

- How does particle movement differ in solids, liquids, and gasses?
- What happens to particle movement when | add/remove heat energy?
- How does pressure affect particle movement in solids liquids and gasses?

- How does temperature affect pressure?

Narrative:

In this investigation students will examine particle movement of several different atoms
(Neon and Argon) and compounds (oxygen and water). Several variables are available for
students to manipulate, including temperature, pressure, and concentration of the atom or
compound being examined. Students can visualize the impact that increasing or decreasing
temperature has on particle movement and can identify when phase changes occur for
different substances. Pressure gauges allow students to see what increasing the temperature
does to the pressure of a system and vice versa.

—— Atoms & Molecules —
(Neon D

Liquid

Gas

States of Matter: Basics “ m -5

Rationale:

As with much of this unit, students often struggle to visualize and subsequently model
particle movement in solids liquids and gasses because these molecules are too small to see
with the naked eye. This simulation allows students to manipulate multiple different
variables and visualize the impact they have on a system. Students can identify when phase
changes occur, and how particle movement changes when moving from a solid, to a liquid,
to a gas and back.
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— Atoms & Molecules —

States of Matter: Basics a 2=

Possible
Misconceptions:

Students might have a misconception regarding the size of these molecules because this
simulation is not to scale. It is recommended to review atom and molecule size (water is a
nice example to start with) so that students can start to grasp just how small these molecules
are. Students might also think that obtaining temperatures like 14 Kelvin is as simple as
adding ice to an environment. It may be beneficial to describe how extreme temperatures
like these are reached.

Comparison to
Existing Conceptual
Vehicle

Typically, phases of matter are introduced by drawing simple models of a solid, liquid, and a
gas on the whiteboard in the front of the room. The movement of particles in these different
phases is discussed with students as well particle movement changes with increased amounts
of thermal energy. Students are then asked to stand up and “become” those particles. They
stand close together in the front of the room and “vibrate” to model a solid. Students model a
liquid after energy is added and they can move about but are contained in the front of the
room. More energy is added, and they can “break free” and travel quickly wherever they
wish inside the classroom. Although students enjoy getting out of their seat and moving
around, this PHET simulation provides far more powerful visualizations that create longer
lasting knowledge. Students can explore this simulation on their own, which increases
autonomy. Students do not have to be told that the molecules in a solid are still moving
because they can see it with their own eyes. Students can grasp the impact that increased
pressure has on a system with ease while typical classroom demonstrations often neglect.
Allowing them to explore on their own with this simulation is stimulating because of the
attractive visualizations and the video game feel. With just a few simple guiding questions,
students can reach their own conclusions and later, model these phases with far more detail
and accuracy than in the past. After drawing these models, students then conduct a phase
change lab where they place ice in a beaker on a hot plate and measure the temperature as
phase changes occur. This lab would be more powerful and meaningful after using this
simulation.
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Recommendations:

It is recommended to use this simulation directly after atomic structure and molecule
building. Students should be familiar with the models of an atom/molecule at this point so
will be more focused on their movement and behavior. Allow students at least 20 minutes of
just exploring the simulation. Have them try to change every variable possible and look for
patterns. For example, ask students generally, what happens to the molecules when you add
heat? Is it the same no matter what atom/molecule you look at? Does it affect pressure?
Challenge students to try and make the container explode. What did they have to do to make
it explode? Could this happen in real life? Students love this challenge and will share their
findings with their classmates, not because they were asked to, but because they find it
interesting and fun (Pyatt, Sims. 2012). After using the simulation, the phase change lab
described above is recommended. Students can take what they learned from the simulation
and watch it happen in the lab. Experience has shown that this sequence is extremely
effective and student models improved in both accuracy and detail.
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Title:

Energy Forms and Changes

Source/website:

https://phet.colorado.edu/sims/html/energy-forms-and-changes/latest/energy-forms-and-
changes_en.html

NGSS Physical
Science Standard

MS-PS3-4. Plan an investigation to determine the relationships among the energy
transferred, the type of matter, the mass, and the change in the average kinetic energy of the
particles as measured by the temperature of the sample.

Supplies

Individual student access to a computer.

Guiding Questions handout

Key Questions:

- How does thermal energy affect temperature?
- How does energy move from one material to another?

- How is energy conserved in a system?

Narrative:

In this investigation students will add thermal energy into several different materials (water,
olive oil, brick, and iron) and measure the temperature change associated with this increase
in energy. Students can then visualize how this energy is transferred into the air, or into other
substance through conduction. Energy movement and conservation is clearly visible for

students.
(@ Energy Symbols @
ﬂ (W Link Heaters 4
<

Energy Forms and Changes

Rationale:

The movement of thermal energy can be difficult for students to grasp because it cannot be
seen with the naked eye and often seems to appear and disappear from a system. When asked
to model the movement of energy associated with a melting piece of ice in a glass of water,
students often do not know where to start. This simulation clearly demonstrates a movement
of energy through substances and the rise in temperature associated with increased amounts
of thermal energy. It illustrates conduction of thermal energy from one substance to another
and allows students to identify substances that hold on to that energy better than other
substances. This can be used to discuss the differences between insulators and conductors.
The law of conservation of energy is depicted in this simulation and it uses common items
that students are familiar with (brick, iron, water, and olive oil) which makes it more
applicable to students.
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Possible
Misconceptions:

Students may think that thermal energy moves in clean, concise, rectangular units. It might
be helpful to identify the units used for measuring thermal energy (BTU’s or Joules) before
starting the simulation. Students may also think that the energy is randomly appearing into
this system. Be sure to discuss the energy being released through combustion to your
students (see recommendations below).

Comparison to
Existing Conceptual
Vehicle

Conduction is typically taught through comparisons to students’ everyday lives. Students
discuss why ice melts faster on a warmer day than on a cooler day. Students are asked to
discuss why you do not touch a hot burner or an iron rod that has been sitting in a flame. The
movement of thermal energy that would result from those scenarios is modeled for students
on the white board and students discuss where this energy comes from and where it goes.
This simulation makes this activity more student centered instead of teacher centered.
Students can investigate this movement of energy on their own. Through their exploration
they will ask questions about this energy movement and then seek to answer their own
questions while playing with the simulation. Instead of listening to a teacher explain how
energy moves from one substance to another, they visualize and explain it themselves. The
implicit scaffolding in this simulation allows students to feel like they are playing with a
simulation on their own while still guiding them towards important scientific concepts in a
low risk, high reward setting (Moore & Perkins 2014).

(@ Energy Symbols @ |
(& Link Heaters &
<

Energy Forms and Changes

Recommendations:

Using this simulation after talking about phase changes and the energy associated with those
phase changes is recommended. Students will now focus on just the movement of energy
and not the movement of atoms/molecules. Let students play with and explore this
simulation first. Have them identify patterns or trends they are seeing with their classmates
and allow them to share their observations freely. After students are familiar with the
simulation, give them a worksheet with guiding questions. For example, which substance
absorbs energy the fastest? Which one lets the energy escape into the air the fastest? What
happens when you place olive oil on top of the iron after the iron was heated? These
questions will start to focus their observations into concrete physical laws. Finally, discuss
the law of conservation of energy. Lead students with probing questions to identify where
the energy is coming from in this simulation, because it seems to be appearing out of
nowhere. This activity will lead into chemical reactions, and the energy transformations that
occur during combustion.
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Title:

Balancing Chemical Equations

Source/website:

https://phet.colorado.edu/sims/html/balancing-chemical-equations/latest/balancing-chemical-
equations_en.html

NGSS Physical
Science Standard

MS-PS1-5. Develop and use a model to describe how the total number of atoms does
not change in a chemical reaction and thus mass is conserved.

Supplies

Individual student access to a computer.

Guiding Questions handout

Key Questions:

- How do the reactants compare to the products in a chemical reaction?
- Where do atoms come from in a chemical reaction and where do they go?

- Is mass conserved in a chemical reaction? How do you know?

Narrative: In this investigation, students will be shown a chemical equation and will attempt to balance
the equation by adding reactant molecules and product molecules until the scale is balanced
and a smiley face appears. Students practice using three simple equations and then have the
opportunity to play a balancing game. This game has 3 levels of increasing difficulty to
challenge students with larger more complex chemical equations.

Choose Your Level
Level 1 Level 2 Level 3
/J )/ e/
(whtn )| ([(wgand]] [[Addds)
&
LD O,
Balancing Chemical Equations
Rationale: Balancing equations is a difficult unit for middle school students for various reasons.

Students cannot visualize what is happening with individual molecules because they are so
small and coefficients and subscripts and what they mean can be confusing. In this
simulation, students can visualize individual molecules and add (or remove) them from a
chemical equation. The simulation provides a balance to indicate whether the appropriate
number of atoms has been reached on either side of the arrow and gives clear indications
when an equation is appropriately balanced. The implicit scaffolding used in this simulation
allows students to explore these equations with little to no instructor guidance (Moore &
Perkins 2014). This improves autonomy and student questioning in a low risk, high reward
environment. This simulation provides great context for discussing the law of conservation
of mass.
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Tools: n

O Make Ammonia

@ Separate Water

@ Combust Methane

Balancing Chemical Equations

Possible
Misconceptions:

Students may think that a chemical reaction always has the perfect number of reactants and
the perfect number of products. It is recommended that instructors discuss the availability of
these reactants and the continuation of a reaction when these reactants are present. Students
may also think that there can only be a max of 3 or 4 reactants or products because that is as
high as the simulation will let them go. Discuss with students that this is only to simplify the
simulation and that in an actual reaction, there are far more reactant and product molecules
present.

Comparison to
Existing Conceptual
Vehicle

Typically, this unit is taught through teacher demonstrations on a white board. The instructor
demonstrates the steps needed to balance a chemical equation and how/when to check if the
equation is balanced appropriately. Students will copy down simple examples in their
notebooks and are then given a few basic examples to practice on. As students master simple
examples, they are given more3 complex examples to practice on. This simulation creates a
student-centered lesson instead of an instructor centered lesson. The implicit scaffolding
built into this simulation allows students to explore without the need of detailed instructions.
Students are given a simple goal: add reactant and product molecules until the equation is
balanced. They will know when their goal is achieved when the see the smiley face appear
above the scale. As students explore, they will start to notice patterns and are encouraged to
share these patterns with their classmates. Students can visualize the actual molecules
themselves as they add them, which will assist them in the balancing of the equations. This
makes the activity less like a math equation and more like an actual chemical reaction.

o mos[f Y]
o
2 2 B 6 i 6

@ |:> >

O MakeAmmonia @ Separate Water @ Combust Methane

Balancing Chemical Equations
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Recommendations:

It is recommended that this simulation be used after discussing chemical changes and signs
of a chemical reaction. Students should be familiar with a molecular formula and the
concepts of coefficients and subscripts should be introduced. When introducing this
simulation, simply tell students that their goal is to balance the equation; the same number of
atoms needs to be present on either side of the arrow even if the molecules look different.
Allow students to play with the simulation until they achieve this goal. They will then move
on to a slightly more complex equation. Allow students to share their findings with
classmates and things that made them successful. For example, students might find it easier
to focus on one atom at a time. Ask students questions as they progress through this
simulation to push their thinking. What happens to the coefficients when you add a new
molecule? Does the subscript ever change? Why not? Is it easier to try and balance one atom
at a time, or try to get them all balanced at the same time? Why is that? After students
complete the first few examples, allow them to move to the “game” tab in the simulation.
Students can choose what level they feel most comfortable with and are then challenged to
balance different chemical equations. This low risk, high reward setting will allow students
to play with these equations to gain more familiarity with balancing equations and it leads
into a discussion about the conservation of mass (Pyatt, Sims. 2012). Students will have
visualized these atoms rearranging and will be able to describe why there needs to be the
same number of each atom on either side of the arrow.

69




Title:

Density

Source/website:

https://phet.colorado.edu/sims/density-and-buoyancy/density _en.html

NGSS Physical
Science Standard

MS-PS1-2. Analyze and interpret data on the properties of substances before and after
the substances interact to determine if a chemical reaction has occurred.

Supplies

Individual student access to a computer.

Guiding Questions handout

Key Questions:

- How is density calculated?
- What unit is used to measure density?
- How does mass affect density?

- How does volume affect density?

Narrative:

In this investigation, students will work with four different materials (wood, ice, brick, and
aluminum) and a “pool” of water. The student will select a material and drop it into the pool.
The volume of the pool will change when an object is dropped into it. Students can then
manipulate the mass and or volume of the material but will notice that as they change one,
the other changes automatically. Students can also create their own block, which will allow
them to manipulate the mass and volume freely. There is an option for students to select
“same mass” or “same volume”. This will display 4 boxes with different densities while the
mass or volume is the same. Finally, there is a “mystery” choice. This will display 5 boxes
and a scale. Students will use the scale to determine the mass, and the water displacement
seen in the pool to determine the volume. They will then need to calculate the exact density
of each mystery box.

(O MyBlock () Material | Wood v

Mass  —x

Volume 5.00 L

Wood Brick Aluminum

Density

Rationale:

Students can become resistant to the density unit because it involves a lot of math and
calculations. They enjoy the initial demonstration but balk at the equations that follow. This
simulation allows students to explore density in a way that would not be possible in the
traditional laboratory. Students can manipulate mass and volume of various materials in real
time, and see the affect it has on density, or the objects ability to float in water. The mystery
tab challenges students to discover the density of various blocks in a way that feels more like
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a game than an assignment in school. Students often struggle to grasp the affect that cutting
an object in half has on the density of that material. This simulation clearly demonstrates this
concept and the attractive visualizations and user-friendly interface make it easy and
enjoyable for students to follow (Pyatt, Sims. 2012).

() Same Density

Mystery

Show Table

Reset All

Possible
Misconceptions:

Students may struggle identifying the volume of an object when placed in the pool of water.
Be sure to discuss the details of water displacement before using this simulation. If the object
is floating, the entire volume of the object is not being measured. Students may also think
that these objects are only behaving like this because it is a computer simulation. Let
students know that this simulation is designed around real-life physical laws, and that what
they are seeing is entirely accurate.

Comparison to
Existing Conceptual
Vehicle

This unit is typically introduced through a demonstration in which liquids of different
density are added to the same beaker and students can visualize objects of different densities
interacting. Students are asked to predict where an object like a penny or a ping pong ball
would move to if dropped in the beaker. Students are then introduced to the term density,
and the two variables that effect density: mass and volume. Students are shown on the white
board how to manipulate this equation to solve not only density, but mass or volume, when
the other two variables are known. Students then conduct a lab where they calculate the
density of different blocks and marbles using a triple beam balance, a ruler, and a graduated
cylinder (for irregularly shaped objects). This simulation makes this lesson more student
centered instead of teacher centered. They are free to explore different materials and how
they behave when dropped in water. The implicit scaffolding built into the simulation allows
students to explore freely while still reaching lesson objectives (Moore & Perkins 2014).
They will visualize that cutting a block of wood (or any of the other materials available) does
not affect its density. After students start to gain confidence, they can challenge themselves
with the built-in mystery tab. Students often rise to this challenge and love to share their
findings with classmates when they are successful.
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Recommendations:

It is recommended to use this simulation directly after an engaging demonstration in class.
This will start to generate student developed questions about density and factors that impact
it. After the demonstration, allow students to play with the simulation. As they play, ask
them questions to guide their thinking. What happens to the volume of the wood when the
mass is changed? Why is that? Why does brick sink to the bottom of the pool, while ice does
not? Can you change any variable to make the brick float? Why or why not? Can you
identify which mystery block has the highest/lowest density? How did you find that?
Questions like this push students’ thinking in a low risk high reward setting. Allow students
to openly share their findings with their classmates while continuing to ask probing
guestions. After the simulation, allow students to measure density in a hands-on lab setting.
This will take the lessons they learned online and make them tangible. Following this
sequence allows this unit to focus more on factors that impact density and less on math
equations, making it more applicable to students.

72




Title:

Forces and Motion

Source/website:

https://phet.colorado.edu/sims/cheerpj/motion-series/latest/motion-
series.html?simulation=forces-and-motion

NGSS Physical
Science Standard

MS-PS2-2. Plan an investigation to provide evidence that the change in an object’s
motion depends on the sum of the forces on the object and the mass of the object.

Supplies

Individual student access to a computer.

Guiding Questions handout

Key Questions:

- Why does an objects motion change?

- What forces are acting on an object that is at rest?
- How does gravity affect motion?

- How does mass affect motion?

- How does friction affect motion?

Narrative:

In this investigation students will examine that factors that affect the motion of an object.
Students can apply a force to a box and see the direction and velocity that the box moves in
because of the applied force. Students can manipulate multiple variables, including mass of
the object, force applied, static and kinetic friction, and the gravity affecting the object.
Multiple tabs are built into this simulation that offer varying levels of difficulty, force
graphs, and a “robot moving company” game. In this game, students must apply an
appropriate amount of force to various objects (a filing cabinet, a couch, etc.) to move them
into the house without accidentally throwing them off a cliff.

Forces and Motion (2.06)
Eile Help

Iintroduction M IFriction M IFGicaICrapRsi| Robot Moving Company \ UL

Score: 0 MovedItems: 0 Lost ltems: 0 [~ [~]

RobotEnergy SN |

File Cabinet y ]

|
Mas]a =500kg 9
Kinetic Friction = 0.2
Points = 100
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Rationale: Forces are difficult for middle school students to conceptualize because you cannot see these
forces, only their resulting movement. This simulation allows students to see all the forces
acting on a stationary and moving object in multiple different scenarios. Drawing free body
diagrams becomes easier for students after they have seen it demonstrated in real time as
they explore the simulation.

Eile Help
Free Body Diagram
1 Show @ Hide
Friction
) lee (no friction)
@ Wood —
Vectors
Force Vectors
F
N v|oumofrorces F
[v]/Sum of F _.m
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Position———
[E=ED OhJECtFDS\UDn@ meters
Applied Force 0 ESVaeeeS
Fg ] -10.0 10.0
*))) @ on ) of
@ Record
s 1 (@D) »
Possible Students may struggle identifying the sources of some of the forces they will see in the

Misconceptions:

simulation. As students encounter these forces and ask questions about them, be sure to
discuss the force of gravity and how that may differ on a different planet or the moon.
Students may struggle to describe the normal force. It may be helpful to discuss Newton’s
third law of motion as students start to notice this force.

Comparison to
Existing Conceptual
Vehicle

Typically, this topic is taught by examining forces that are acting on a stationary object.
These forces are drawn on the board and balanced forces are discussed. The object is moved
across a table and again, the forces on the object are drawn on the white board. Friction is
discussed and defined as a class. Then students practice identifying balanced and unbalanced
forces on several example free diagrams. Students then draw their own free body diagrams
to represent movement of any object of their choice. Like most PHET simulations, this
activity creates a more student-based lesson rather than a teacher-based lesson. Students
explore the simulation and ask questions as they move from tab to tab. Guiding questions
keep students focused on main objects while allowing their own explorations and discourse
to push their thinking and understanding.
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Forces and Motion (2.06)
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Recommendations:

It is recommended to discuss what a force is with students before using this simulation.
Describe to students that a force has magnitude and direction, both of which can be
demonstrated using an arrow. Then allow students time to explore the simulation. Ask
questions to guide student thinking and discourse. Why doesn’t the box move very far when
you apply a small force? What is slowing the box down? How can we reduce that friction?
Think of a scenario in your life where friction is a good thing. What does gravity have to do
with the objects motion? Would this look the same on the moon? Questions like these direct
student thinking without explicitly telling them facts that they need to memorize. This
simulation pairs well with Newton’s Laws of motion lesson but the sequence may depend on
teacher preference or specific student ability.
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Title:

Energy Skate Park: Basics

Source/website:

https://phet.colorado.edu/sims/html/energy-skate-park-basics/latest/energy-skate-park-
basics_en.html

NGSS Physical
Science Standard

MS-PS2-2. Plan an investigation to provide evidence that the change in an object’s
motion depends on the sum of the forces on the object and the mass of the object.

Supplies

Individual student access to a computer.

Guiding Questions handout

Key Questions:

- How does height affect potential energy?
- How is potential energy different from kinetic energy?
- How does mass affect kinetic/potential energy?

- How does friction affect kinetic energy?

Narrative:

In this simulation, students will pick up a skateboarder and drop him/her into a half pipe. As
they do this, kinetic energy, potential energy, and thermal energy are all displayed in real
time. Students can manipulate the mass of the skateboarder and they can choose different
types of ramps to explore. Another tab allows students to manipulate friction between the
skateboarder and the ramp. Finally, there is a tab that allows students to build their own
ramps while continuing to manipulate the mass of the skateboarder and the friction in the

system.
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Energy Skate Park: Basics

Rationale:

Students often struggle describing the relationship between kinetic and potential energy. The
idea of potential energy increasing with height can be difficult for students to grasp and they
often cannot properly describe why this is. In this simulation, students will explore the
relationship between these two types of energy and how they change with position. This

simulation makes students feel as if they are playing a video game, and not completing a

76




science assignment. The real time graphs of energy make relationships between these types
of energy clear and obvious for students in and engaging and stimulating fashion.

Possible
Misconceptions:

In this simulation, students have the option to completely turn off friction in the system.
Students may think that this is an easy feat that can be done in a skatepark near them. It may
be helpful to discuss limitations of this simulation before allowing students time to explore.

Comparison to
Existing Conceptual
Vehicle

Typically, this lesson is taught as a group discussion. Energy, specifically potential and
Kinetic energy, is defined for students. Then a ball is held out at various heights above the
floor. Students are asked at what position the ball had the most potential energy and why?
Then the ball is released, and students ask what happened to the potential energy? Where did
it go? Where in the balls path did it have the most kinetic energy? This lesson then
transitions into the idea of roller coasters using this balance between potential and kinetic
energy. This simulation takes that conversation and allows students to visualize it happening
in real time. It also incorporates far more variables than are typically discussed in the
classroom. Thermal energy being graphed on the chart will start a conversation about
friction. Changing the mass allows students to visualize the impact that has on potential and
kinetic energy. Students will gravitate towards this simulation because of its game-like feel
and the personalized ramp building means every trial and every student uses this simulation
a little differently (Kukkonen et al. 2013).
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Recommendations:

It is recommended that this simulation be used directly after discussing energy. Allow
students to explore this simulation and ask guiding questions to keep them moving towards
set lesson objectives. What happens to potential energy as you hold the skateboarder higher?
Does this change kinetic energy? When you let go of the skateboarder, what happens to
potential energy? What happened to kinetic energy? Is anyone else seeing this trend? Based
on what you are seeing, can you describe the relationship between potential energy and
height off the ground? What about the relationship between potential and kinetic energy? As
speed increases, what happens to kinetic energy? Where is that thermal energy coming from?
How is friction affecting this system? What would happen to potential energy if we
increased the mass of the skateboarder? These questions will keep students focused on
lesson objectives without allowing them to become lost in the game like feel. For instance,
some students will want to focus on building their own cool ramp instead of focusing on the
energy transfers that are occurring. The implicit scaffolding in this simulation will make this
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lesson student based and will increase autonomy (Perkins, et al. 2010). This lesson can be
used to transition into various other scenarios including roller coasters, sky divers, etc. that
make energy transformations more relatable and attainable for students of various
backgrounds.
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Title:

Diffusion

Source/website:

https://phet.colorado.edu/sims/html/diffusion/latest/diffusion_en.html

NGSS Physical
Science Standard

MS-PS1-4. Develop a model that predicts and describes changes in particle motion,
temperature, and state of a pure substance when thermal energy is added or removed.

Supplies

Individual student access to a computer.

Guiding Questions handout

Key Questions:

- What is diffusion?

- How does a concentration gradient relate to diffusion?
- How does temperature affect diffusion?

- How does concentration affect diffusion?

- How does particle size affect diffusion?

Narrative:

In this investigation, students are presented with a box that has a barrier splitting it into two
equal sections. Students can then add any number of particles to either side of the box.
Particle size, radius, mass, and temperature can be manipulated by students. Students can
then remove the barrier and visualize the diffusion of these particles. Particle flow rate,
center of mass, and a stopwatch are available for further visualization.

Number of Particles
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Rationale:

Diffusion of gasses can be difficult for students to visualize because the particles themselves
are too small to be seen with the naked eye. Typically, when demonstrating diffusion in the
lab, it is far more difficult, or impossible, to manipulate all the variables that are available to
students in this simulation. Allowing students to explore this simulation before defining
diffusion will allow students to start developing their own understanding of diffusion without
the guidance of the instructor. Student centered lessons such as this provide longer lasting
knowledge than simple classroom lectures.

Possible
Misconceptions:

Students may think that the precise measurement of particle flow demonstrated in this
simulation is practical. They may also think that obtaining extreme temperatures seen in this
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simulation are as simple as turning a knob or dial. It may be helpful to discuss limitations of
this simulation after the students have had a chance to explore and ask questions.

Comparison to
Existing Conceptual
Vehicle

Typically, this lesson starts with a discussion about concentration. What does it mean to have
a high concentration and hat does it mean to have a low concentration? Models are drawn on
the board depicting both high and low concentration solutions. At this point, 3 drops of food
coloring are added to a beaker of water. Students are asked to predict what will happen and
to identify an area of high concentration of food coloring and an area of low concentration of
food coloring. Diffusion is then defined on the board as a movement of particles from an
area of high concentration to an area of low concentration, or down the concentration
gradient. Real life examples are used to describe this movement, such as familial flatulence,
or a stink bomb going off in the lunchroom. As a class, we discuss how this applies to the
movement of molecules in to and out of a cell. Using this simulation before this discussion
will allow students to begin to develop their own understanding of diffusion and factors that
affect it. This simulation allows students to investigate other factors that affect the rate of
diffusion that are not typically discussed in the classroom. This provides a deeper
understanding of the topic and encourages students to build autonomy in the science lab.
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Recommendations:

It is recommended that concentration be revisited with students before using this simulation.
Be sure that students can identify areas of high concentration and areas of low concentration.
Then allow students to explore the simulation by starting with x number of particles on one
side of the barrier. Ask students questions to guide their investigation. Before the barrier is
removed, where is the area of high concentration and where is the area of low concentration?
What do you think is going to happen when you remove the barrier? How long did it take
those particles to spread out evenly? Did they ever stop moving? What happens if the
particles were larger? What would happen if you added more heat? Encourage students to
investigate different variables and then share their findings with the class. After exploring
the simulation, define diffusion as a movement from an area of high concentration to an area
of low concentration. Finally, demonstrate diffusion using a beaker of hot water and a beaker
of cold water and food coloring. Ask students, based on what you have seen in the
simulation predict what will happen to the food coloring in each beaker. Which food
coloring will diffuse faster and why?
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Title:

Gravity Force Lab Basics

Source/website:

https://phet.colorado.edu/sims/html/gravity-force-lab-basics/latest/gravity-force-lab-
basics_en.html

NGSS Physical
Science Standard

MS-PS2-4. Construct and present arguments using evidence to support the claim that
gravitational interactions are attractive and depend on the masses of interacting objects.

Supplies

Individual student access to a computer.

Guiding Questions handout

Key Questions:

- What is gravity?
- How does mass affect gravitational pull?

- How does distance affect gravitational pull?

Narrative:

In this investigation students will be shown two masses “held back” by two people. The
force that each mass is applying on the other is displayed as well as the masses of each
object. As students move one of the masses forward or back, the force being exerted on the
other changes. Students will see a similar change as they manipulate the mass.
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Rationale:

The concept of gravity and gravitational pull can be difficult for students to grasp for various
reasons. They have only experienced the gravitational pull of the Earth, so visualizing the
pull of stars or larger planets can be difficult. They experience this gravitational pull
everyday but cannot manipulate any variables to affect that pull. In this investigation,
students can manipulate the two variables that affect gravitational pull: mass and distance.
This visualization will help solidify this concept for your students in a student-centered
lesson that will encourage autonomy and discourse.

Possible
Misconceptions:

Students may think that it is possible to hold back massive objects such as this with a rope,
or that adding billions of kilograms to an object is a simple as a push of the button. It may be
helpful to put masses this large into context. What does 1 billion kg’s look like? Where
might we find something so massive? Is there really someone holding on to the planet with a
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rope? This conversation may help clear up any misconceptions before any distractions can
take place.

Comparison to
Existing Conceptual
Vehicle

Typically, this lesson is taught as a teacher led classroom discussion. Gravity is defined and
the acceleration due to gravity is given to students. Students are asked to compare the pull of
gravity here on Earth with that of the moon. Mass is identified as the factor that results in a
smaller gravitational pull. Students are then asked why we are not being pulled into the sun,
if it is so much more massive than Earth. Students identify distance as the second factor
affecting gravitational pull. In this simulation, students will identify these two factors on
their own. The implicit scaffolding and attractive visualizations will allow students to
explore and build confidence as they manipulate these variables. This simulation not only
increases student autonomy, but it encourages discourse and idea sharing in your classroom.

Recommendations:

It is recommended that forces be discussed before using this simulation. Students should
know what a force is, what it is measured in, and how to use an arrow to show direction and
magnitude. Ask students what they know about gravity before using the simulation. This will
get students thinking about gravity and how it affects them. Have students check the boxes to
show force and distance and allow them to explore the simulation. Ask questions to guide
the thinking. What happens to the force of attraction when you increase the mass of object
A? Does that same thing happen when you increase the mass of object B? What happens to
the force when you move the objects closer together? What about when you move them
apart? Allow students to share their thoughts and findings with the class. Tell students that
there are two factors that affect the pull of gravity. Their goal is to identify those to factors
through their investigation. After students have discussed their findings, identify the
acceleration due to gravity on the Earth and on the moon. This lesson offers a good point to
move into discussions about projectile motion, Newton’s Laws, and more.
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Title:

Concentration

Source/website:

https://phet.colorado.edu/sims/html/concentration/latest/concentration_en.html

NGSS Physical
Science Standard

MS-PS1 A. The amount of matter is conserved when it changes form, even in transitions
in which it seems to vanish.

Supplies

Individual student access to a computer.

Guiding Questions handout

Key Questions:

- What is a solution?

- What is a solute?

- What is a solvent?

- What does it mean for a solution to be saturated?

- How does evaporation affect concentration of a solution?

Narrative:

In this investigation, students will create a solution by adding water and one of 9 solutes. As
solutes are added, students can use a meter to monitor the concentration of the solution in

real time. They can add more water, remove portions of the solution, or allow evaporation to
occur. If students continue to add solute, the solution will become saturated, and the solute
begins to accumulate on the bottom of the container. Students can investigate which solute
saturates the solution the fastest, what effect evaporation has on the solution, and the effect of
adding more solvent has on concentration.
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Rationale:

Understanding and calculating concentration can be difficult for middle school students
because of some of the challenging vocabulary, and the fact that solutes seem to disappear
when dissolved. Students often find it difficult to describe concentration and to define what it
means to become saturated. This simulation uses attractive imagery and implicit scaffolding
to allow students to begin to understand concentration in a low risk high reward environment.
Using this simulation allows for a student-centered lesson instead of a teacher led discussion.
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Possible
Misconceptions:

Students may struggle with some of the vocabulary used in this simulation. It may be helpful
to define solute and solvent before or during their initial exploration of the simulation.
Students may be unfamiliar with the units used for measuring concentration. Defining what a
mole is would be beneficial.

Comparison to
Existing Conceptual
Vehicle

Typically, this lesson is introduced during a classroom discussion. Two boxes are drawn on
the white board with different numbers of dots drawn in them. Students are asked which box
is more concentrated and why. Students are then shown two beakers containing the same
amount of water. Different amounts of salt are added, and students are asked which beaker is
more concentrated. Solution is defined for students as well as a solutions two parts: solute
and solvent. Salt is identified as the solute and water the solvent. Students are asked what
would happen if | continued to add salt. Would it continue to completely dissolve forever?
Saturation is defined for students. The units for measuring concentration are then discussed
with students. Students then complete a lab in which they create different concentrations of
Kool-Aid. Using this simulation as an introduction creates a student-centered lesson instead
of a teacher centered, lecture style lesson. Students can investigate solutions on their own and
develop content understanding through their own investigation. Evaporation is rarely
discussed in the existing conceptual vehicle, and this simulation provides great context for
that discussion. This lesson will help build autonomy in the classroom as well as encourage
discourse and discussion amongst classmates.
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Recommendations:

It is recommended that this simulation be used as an introduction. As discussed above, it may
be helpful to define a few terms that students will see in the investigation before getting
started. As students explore, ask questions to guide their thinking. What happens to the
concentration when you add more solute? What happens if you keep adding it? So, what does
it mean for a solution to be saturated? When you add more water (solvent), what happens to
the concentration? What happens when you allow the solvent to evaporate? Why doesn’t that
happen when you drain out some of the solution? Do all solutes saturate a solution at the
same rate? Why do you think that is? These questions will ensure that students are
progressing to the set objectives of the lesson while also encouraging questioning and
exploration. It is recommended that students then complete a hands-on lab such as the one
described above. This will take the lessons they learned in the simulation and make them
more tangible and “real life”.
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Title:

Gasses Intro

Source/website:

https://phet.colorado.edu/sims/html/gases-intro/latest/gases-intro_en.html

NGSS Physical
Science Standard

MS-PS1-4. Develop a model that predicts and describes changes in particle motion,
temperature, and state of a pure substance when thermal energy is added or removed.

Supplies

Individual student access to a computer.

Guiding Questions handout

Key Questions:

- How does temperature affect particle motion?
- How does particle size affect particle motion?
- How does particle motion affect pressure?

- How does particle concentration affect pressure?

Narrative:

In this investigation, students will pump in particles of two different sizes into a sealed
container. The pressure and the temperature inside of the sealed container are displayed for
students. Students can manipulate the amount of each gas in the container, the amount of
heat added or removed, and the size of the container. As these variables are manipulated the
change in temperature, pressure, and particle motion are demonstrated to students.
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Rationale:

The motion of gaseous particles is difficult for students to grasp because they cannot be seen
with the naked eye. Students are unable to visualize how these particles behave in various
conditions and measuring the temperature and pressure of gasses can be difficult or
impossible in a traditional laboratory setting. This simulation allows students to not only
visualize the movements of gaseous particles, but to manipulate various factors that can
affect this motion. The instant feedback and implicit scaffolding allow students to investigate
freely and build content knowledge with little to know guidance from the instructor.

Possible
Misconceptions:

Students may think that cooling a gas is a simple as adding ice, and that bicycle pumps are
typically used in the lab to add gas to a container. It may be helpful to discuss some of the
limitations of this simulation before allowing students to explore.

85




Comparison to
Existing Conceptual
Vehicle

Typically, this content is delivered to students through a classroom discussion. Students are
asked to describe how the motion of particles in a gas compare to the motion of particles in a
liquid and a solid. The effect that increasing temperature has on these particles is discussed
but is not visualized to students. The effect of particle size and pressure is rarely discussed in
detail. This simulation allows students to visualize these particles and gives them the ability
to manipulate factors that would otherwise be impossible in the traditional laboratory setting.
Students can see, in real time, what happens when you add (or remove) thermal energy to
these particles and how this affects the pressure of the container. Students can investigate the
role particle size has on particle motion and how container size impacts gaseous movement
and pressure. This simulation provides far greater context to this discussion than previous
methods of instruction.
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Recommendations:

It is recommended that this simulation be used after discussing basic differences in particle
motion in solids, liquids, and gasses. Allow students to explore this simulation while asking
questions to guide their thinking. How does particle size affect particle motion? Which size
moves faster? Why do you think that is? What happens to the speed of the particles when
you add thermal energy? What about when you remove thermal energy? What happens to
the pressure inside the container when you add thermal energy? Why is that? What happens
to the particles when you make the container smaller? Did it affect the pressure in the
container? Why? These questions will keep students focused on the main goals of the
investigation in a low-risk high reward setting. Allow students to share their findings with
the rest of the class and encourage them to share patterns that they see through their
investigation. After students finish exploring this simulation, discuss real world applications
of this knowledge. When and how would this knowledge be applied and why is it useful to
know and understand? Connecting this lesson to their everyday lives will create longer
lasting and more impactful content knowledge.
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Reflection

Chemistry and physics can be difficult concepts for middle school students to fully grasp
and understand, for various reasons. Many of these concepts are abstract and their relevancy to a
student’s life may seem tenuous. It is not uncommon to hear students complain that they will
never need to know the parts of an atom in their everyday lives. Much of the content covered in
these topics involve things that are too small to be seen with the naked eye and cannot be
manipulated and examined by a student in the traditional laboratory experience. The use of
virtual simulations has become increasingly popular for many reasons. Research has shown that
students are more engaged when using simulations like PHET to study chemistry and physics.
Students build autonomy and crucial critical thinking skills when working through these virtual
labs. The implicit scaffolding provided by these simulations allow educators to assume the role
of the guide on the side, allowing students to explore freely and share their findings with their
classmates in a student-centered approach. The above work is intended to give educators a
glimpse into the usefulness of these simulations and the value that they bring to the science
classroom.

After examining this work, educators should have a better understanding of how to best
use these simulations with their student’s and how/when they should be implemented. Although
many of these lessons differ greatly from traditional laboratory exercises, it is crucial that
educators be open and willing to shift their practices and philosophies to better fit their students,
to take advantage of tremendous improvements in technology, and to meet the ever-growing

need for virtual lessons.
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