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Creating and Testing an Activity with Interdisciplinary
Connections: Entropy to Osmosis

Brianna L. Martinez,®® Alex T. Kararo,® Kristin N. Parent,® Sonia M. Underwood*® and Rebecca L.
Matz*2+

Students often struggle to make interdisciplinary connections and cite a lack of opportunity to make such connections. To
address this issue, we are developing activities aligned with the framework of three-dimensional learning that provide
students with opportunities to make connections between chemistry concepts and biological phenomena. Here, we focus
on an activity that asks students to incorporate the concept of entropy in explaining the biological phenomenon of osmosis
across a cell membrane. This activity was administered in both introductory cell and molecular biology and second-semester
general chemistry courses. We found that after completing carefully scaffolded questions within the activity, students were
better able to correctly use the concept of entropy in explaining osmosis than they were before the scaffolding questions.
Additionally, we found that students’ course history appeared to impact their explanations of this phenomenon in that
students who had taken second-semester general chemistry (i.e., the semester in which entropy is discussed for these
students) provided more sophisticated responses and were less likely to include scientifically inaccurate ideas than their

peers who had not taken second-semester general chemistry.

Introduction

Challenges in our world, such as healthcare and environmental
issues, require scientists and non-scientists alike to be able to
integrate  seemingly disconnected information across
disciplines. As described by Tripp and Shortlidge (2019), there
are several components relevant to supporting students” well-
rounded understanding of the interdisciplinary nature of
science, such as disciplinary humility, disciplinary grounding,
and different research methods. The work described in this
paper fits most closely with the criterion called “advancement
through integration”, an idea first articulated by Boix Mansilla
and Duraisingh (2007) that underscores the furthering of
understanding through the combination of two or more
disciplinary perspectives. Interdisciplinary studies like this one
are important for building understanding about how to support
students in transferring knowledge across disciplines (National
Research Council, 2012b).

As chemistry concepts like thermodynamics govern many
biological processes, it is particularly useful to provide
opportunities for students to make connections between
chemistry and biology (American Association for the
Advancement of Science, 2011). Additionally, general chemistry
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and introductory biology courses are often related as pre- or
corequisite courses (Sorensen, 2000; Bialek and Botstein, 2004;
Freeman et al., 2011). However, few assessments at the college
level, especially in introductory courses, encourage students to
cross this disciplinary boundary and bring their understanding
of chemistry to bear on explanations of biological phenomena
(Haudek et al., 2012). Further, introductory biology courses
have been shown to largely target recall of factual information
and procedural skills (Momsen et al., 2010, 2013).

The Framework for K-12 Science Education (Framework)
(National Research Council, 2012a) aims to address such issues
with a vision for science education known as “three-
dimensional learning” (3DL) which integrates disciplinary core
ideas, crosscutting concepts, and scientific practices. To
encourage alignment with 3DL instead of simply factual recall,
assessments should probe students’ abilities to use scientific
practices in the context of disciplinary core ideas and
crosscutting concepts to make sense of phenomena. However,
writing valid assessments that support 3DL is difficult
(Underwood et al., 2018). Towards this end, our team is
developing and testing cross-disciplinary assessments that
incorporate the principles of 3DL, expecting that these activities
will help us understand how students connect their chemistry
and biology knowledge (Matz et al., 2019). As part of this larger
project, here we describe our approach to developing, testing,
and evaluating the effectiveness of one such activity.
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Activity development process
Selecting the topic of interest

Given that numerous areas of connection exist between general
chemistry and introductory biology curricula (Schwartz and
Serie, 2001), the first step was identifying and prioritizing these
topics. Over several iterations of reviewing the curricula in the
courses of interest (i.e., general chemistry and cell and
molecular biology) at two different institutions, observing class
meetings, and discussing with research team members
(including those who teach these courses of interest), we
developed a list of 11 potential biology topics that rely on
chemistry principles to be fully explained.

To prioritize which topics were more valuable to biology
faculty, we developed a survey. Each of the 11 topics was
unpacked into three components: description of the biological
phenomenon, description of the underlying chemistry core
ideas, and the explanation of the connecting idea between
biology and chemistry. We then asked faculty how valued
(highly, a little, or not at all) each of these 11 areas were for
their section of introductory cell and molecular biology course
(Bio 1) and why. Since all of the topics were covered in the
relevant Bio | at one institution (a large, public, research-
intensive university located in the Midwest region of the United
States), this was the only institution to complete the survey. The
survey was given to 15 instructors, 11 of whom responded. The
survey results guided which connection areas were prioritized
for activity development. Here, we report on one of the first
activities developed following this process which focuses on
using the chemistry core idea of change and stability in chemical
systems (Cooper et al., 2017) within the context of entropy to
explain the biological phenomenon of osmosis across a cell
membrane. This connection area was rated as of high value by
all 11 responding instructors.

Why osmosis is an important biological phenomenon

Osmosis is a biochemical process referring to “water movement
across a semipermeable membrane driven by differences in
osmotic pressure” (Nelson and Cox, 2017). Osmosis is
frequently covered in introductory science courses and is an
important factor in the life of cells. Students may first be
exposed to osmosis in high school (Friedler et al., 1987) while
taking a biology course, again in a chemistry course when
learning about osmotic pressure, and perhaps even in a physics
course (Redish et al., 2014).

Osmosis is a highly interdisciplinary phenomenon with
concepts from biology, chemistry, and physics at play (Shen et
al., 2014), therefore it is not surprising that students often
struggle to provide fully correct, detailed explanations about
osmosis. Indeed, research has shown that students at all levels
often hold incorrect ideas even if they can predict the direction
that water will flow (Odom and Barrow, 1995; Fisher et al.,
2011). Friedler et al. (1987) found that some high school
students cite osmosis as the result of a desire to equalize
concentrations. This explanation can predict the natural
direction of water flow, however, it offers no mechanism for
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why osmosis occurs and instead relies on anthropomorphism
and the cell “wanting” to equalize concentrations.

A thermodynamic explanation of osmosis in terms of the
chemical potential of solvent and solute (Gibbs, 1897) is correct
and has been available for more than a century; however, it
does not provide much insight into the mechanism of osmosis
at the molecular level. Kramer and Myers (2012) use the
molecular explanation of osmosis from Joos and Freeman
(1951) to further emphasize the involvement of interactions
and forces surrounding the solute, solvent, and semipermeable
membrane which together result in osmosis. Here, we elected
to focus on an entropy perspective to explain osmosis since the
mechanistic explanation is uncommon in introductory
chemistry and biology textbooks (e.g., Kramer and Boyer, 1995;
Graham et al., 2003; Moore et al., 2009; Taiz and Zeiger, 2010;
Jones et al., 2012; Brown et al., 2018), though it is becoming
more common in biophysics textbooks (Benedek and Villars,
2000; Nelson, 2003). Our aim was to help undergraduate
students build toward a thermodynamic explanation for
osmosis using an interdisciplinary activity that reflects three-
dimensional learning.

Using three-dimensional learning as the theoretical framework

Three-dimensional learning (3DL) is an approach to science
education that incorporates scientific practices, crosscutting
concepts, and disciplinary core ideas with the goal of students
building and integrating their knowledge to explain phenomena
that they encounter in their studies, careers, and everyday life
(Krajcik and Delen, 2017; National Research Council, 2012a).
The scientific practices described by the Framework together
summarize what scientists do with their knowledge, such as
analyzing and interpreting data and developing arguments
based on evidence. The practices describe how scientists
authentically behave and should be a central component of
what students experience in college courses. Crosscutting
concepts are somewhat less familiar than the practices but have
been conceptualized as productive lenses, tools, and rules for
problems (Rivet et al., 2016; Cooper, 2020); examples include
patterns, cause and effect, and structure and function. Core
ideas refer to touchstone concepts in each discipline that both
explain much of what is already known and can be used to
generate hypotheses about new situations (Cooper et al.,
2017). Change and stability in chemical systems, for example, is
a core idea in chemistry that explains existing phenomena and
provides a framework for investigating new problems. While
the Framework was designed for the K-12 levels, it is also
relevant at the college level as the goal of helping students learn
how to think about and do science like disciplinary experts cuts
across grades (National Research Council, 2000; Cooper et al.,
2015). A similar vision for teaching and learning is described in
Vision and Change (American Association for the Advancement
of Science, 2011) and the National Research Council (2012b)
report on discipline-based education research, both of which
are targeted at the college level.

This journal is © The Royal Society of Chemistry 20xx
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Drafting the activity

The osmosis activity was designed and developed following a
similar process to our corresponding DNA (Roche Allred et al.,
2021) and ATP (Green et al., in press) activities in that it solicited
students’ knowledge from both Bio | and general chemistry and
incorporated a biological phenomenon, chemistry scaffolding
questions, and an opportunity for students to connect a
chemistry core idea with the biological phenomenon. Using a
simplified evidence-centered design approach (Harris et al.,
2016; Stowe and Cooper, 2019) we designed the activity by first
working backwards from the biological phenomenon of osmosis
across a cell membrane to identify the relevant core idea.

Two versions of the activity were developed (Fig. 1).
Throughout this paper we refer to specific sets of questions with
shorthand, as the versions have different numbers of questions.
For example, Part 1A-Q4 refers to Question 4 from Part A of
Version 1 of the activity (shown in Appendix 1). As discussed
previously, a complete explanation of osmosis requires
discussion of the interactions and forces between solute,
solvent, and the membrane, but since this activity is designed
for introductory level courses in biology and chemistry,
students may not have the physics background required and
we, therefore, focused on entropy alone.

In Version 1 of the activity (Appendix 1), given through on
online system described below, the introductory questions
(Part 1A) were developed to elicit student ideas regarding
osmosis without prompting for chemistry ideas. We asked
students for their initial prediction about whether water would
move in or out of an animal cell to achieve osmotic balance if it
was put into pure water. We purposefully chose to present
students with an animal cell instead of a plant cell because the
cell wall of a plant cell makes it less likely to rupture in a
hypotonic environment.

In Part 1B, drawing on the core idea of change and stability
in chemical systems, students were presented with chemistry
and biology connection questions that asked them to use
entropy to predict changes in solutions of dye and water. This
chemistry context was specifically selected because the
students responding to this activity were enrolled in a general
chemistry course with a transformed curriculum known as
Chemistry, Life, the Universe and Everything (CLUE) (Cooper and
Klymkowsky, 2013). At the end of the first semester and
beginning of the second semester of CLUE general chemistry,
students learn about entropy in terms of possible arrangements
using two key examples within the context of the change and
stability core idea. In the first example, students learn about the
permutations in arrangement of a solution of dye and water
molecules and why dye cannot unmix out of the solution. In the
second example, students learn about the possible
arrangements of quanta as a means to explain why heat
transfers from hot to cold objects. Part 1B of the activity built
on the dye and water example in that Q1 and Q2 asked students
to predict which way water molecules would transfer through a
membrane selectively permeable to water but not dye
molecules. Entropy was introduced to assist students with their

This journal is © The Royal Society of Chemistry 20xx
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explanation about how the water molecules would move to
reflect the core idea of change and stability in chemical systems.

In Part 1C, students were provided a second opportunity to
explain the same biological phenomenon presented in Part 1A
regarding osmosis across a cell membrane, however, this time
they were explicitly asked to incorporate their understanding of
entropy and solutions to predict and explain what would
happen. Lastly, students were asked to rank their familiarity and
confidence regarding osmosis and entropy concepts.

The activity was modified to create Version 2 (Appendix 2)
before a second administration. In Version 2, Part A was
removed because the activity was given as homework on a
physical worksheet which meant students could modify their
initial answers while completing the questions without our
knowledge; therefore, this version began with chemistry
scaffolding questions (Part 2B) nearly identical to those in Part
1B. These questions were similarly followed by an opportunity
to apply the chemistry concepts of entropy and change and
stability in chemical systems to explain the biological
phenomenon (Part 2C). Additionally, we updated the figure for
the dye and water solution to minimize confusion and
misconceptions that could be introduced from trying to
represent some but not all of the water molecules (see the
figures in Appendices 1 and 2). Version 2 of this figure
maximizes the space with water molecules to avoid the
misinterpretation that there is empty space within the solution.

Since the activity was designed with 3DL as a guiding
framework (National Research Council, 2012a), we used the
Three-Dimensional Learning Assessment Protocol (3D-LAP)
(Laverty et al., 2016) to verify that the activity had the potential
to elicit student ideas regarding each of the three dimensions—
core ideas, scientific practices, and crosscutting concepts
(Appendix 3).

Research questions

In this paper we investigate the following research questions:
(Study 1) How does chemistry scaffolding impact students’
explanations about the biological phenomenon of osmosis? and
(Study 2) How do students’ prior chemistry and biology course
backgrounds impact their explanations about osmosis? These
studies were approved as exempt research and all students
were provided with appropriate information as required by the
Institutional Review Board.

Methods

Participants and data collection

Study 1. Version 1 of the activity (Appendix 1) was administered
in a second-semester general chemistry course for non-
chemistry majors (GC Il) during the Spring 2018 semester. Three
course sections of GC Il had implemented the CLUE curriculum
and were aligned by a general chemistry coordinator who
oversaw all course sections and common materials (i.e., slide
presentations, exams, and recitation worksheets). The activity
was administered as an out-of-class homework assignment

J. Name., 2021, 00, 1-3 | 3
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toward the end of the semester via the online platform
beSocratic (Bryfczynski, 2012), which allows students to draw
and write responses while also preventing students from going
back and changing their answers to previous questions.

Of the 931 students enrolled in total across the three
sections, a subset of 245 students were solicited to complete
this activity, while the remaining students in the course
completed other activities. This strategy was purposeful and
prevents survey fatigue within a single student population as, in
this context, multiple researchers are typically studying the
impacts of course reform and have projects relevant to this
same population at any given time. Since our study investigated
how students connect chemistry and biology course content,
we focused on including students who were co-enrolled in Bio |
and GC Il in our subsample, and, indeed, these students were
largely familiar with the concepts of osmosis and entropy
(Appendix 4). Within this subset of 245 students, 108 students
were co-enrolled in Bio |, ensuring responses from a population
that would support investigation of Study 2. We note that 216
total students were co-enrolled in Bio I; we randomly selected
half of these students to receive this activity and half to receive
another activity that is described elsewhere (Roche Allred et al.,
2021). The remaining students included in the subsample were
randomly chosen so that all activities were administered to
similar numbers of students.

Of the 245 students solicited to complete the activity, 202
returned the activity. Two students did not complete the entire
activity and were removed from these analyses, leaving a final
sample of 200 responses for analysis. The students who
returned the activity earned final course grades (M =3.17, SD =
0.98) no different from another sub-population of students (M
= 3.18, SD = 0.93) with similar biology course background that
completed a different interdisciplinary activity (t(402) =-0.18, p
= 0.86). These sub-populations also had similar proportions of
students (~70%) enrolled in biology and biology-related degree
programs. That is, the students who completed the activity are
reasonably representative of similar student populations at this
institution.

Study 2. The activity was modified and made into a physical
worksheet for Study 2. Version 2 (Appendix 2) was administered
during the Fall 2018 semester to students in a Bio | course
section at the same university. Unlike the general chemistry
courses, the course sections of Bio | are not coordinated to the
same extent. To minimize uncontrolled variables, instead of
attempting to administer the activity to all 929 students
enrolled across all sections of Bio |, we solicited the 139
students enrolled in a single section. Of those students, 111
returned the activity, and of the returned activities, 106 were
completed and therefore used for analysis. The activity was
administered as an individual, out-of-class physical worksheet
for a nominal amount of extra credit approximately one month
into the semester, following instruction on membranes and
transport.

Students’ course history information regarding concurrent
and prior biology and chemistry courses at the introductory
level was obtained from the Office of the Registrar. Students in
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GC Il were classified as either concurrently taking Bio I, having
previously taken Bio | or received transfer credit, or having
never taken Bio I. Similarly, students in Bio | were classified as
either concurrently taking GC Il, having previously taken GC Il or
received transfer credit, or having never taken GC Il. Based on
these course histories, groups for analysis were defined as
shown in Fig. 2.

Data analyses

Study 1. To examine the impact of scaffolding on student
explanations, we compared students’ explanations about
osmosis at multiple points within the activity (pre-scaffolding in
Part 1A-Q4, during scaffolding in Part 1B-Q5, and after
scaffolding in Part 1C-Q1; Table 1). Student responses were
exported from beSocratic to Excel, deidentified, and used to
develop a coding scheme for level of sophistication.

Initially, responses to the questions of interest (Part 1A-Q4
from before the chemistry and biology connection scaffolding
and Part 1C-Ql from after scaffolding) were compiled to
support the development of a coding scheme using an open
coding approach (Corbin and Strauss, 2015; Strauss, 1987). We
looked for how students did or did not apply chemistry ideas to
explain the biological phenomenon of osmosis, particularly in
relation to our ideal student response. Ideally, students would
have responded that when the cell is placed in pure water, the
cell volume increases due to more water entering the system of
the cell from the surroundings. This movement occurs because
the surroundings consist of pure water while the system inside
of the cell consists of solutes (molecules and ions) in solution,
meaning that more possible arrangements would occur among
the system and surroundings if water molecules were added to
the cell versus water leaving the cell. Interactions among the
solvent, solute and membrane were ignored based on the
content covered in the course by the time this activity was
administered.

Trends in the sophistication of student responses emerged
in the following three overall categories: not scientifically
accurate (non-normative), relying on the idea of concentration
difference between the inside and outside of the cell, and
explaining the phenomenon using the change in entropy (Table
2). The levels of sophistication related to concentration and
entropy were further separated into two categories each. That
is, for the concentration category, we separated students by
whether they discussed concentration changes explicitly (e.g.,
Marshall, Table 2) or more broadly and implicitly (e.g., Barney,
Table 2). With respect to the entropy category, we found that
students used entropy in terms of increased favorability (e.g.,
Ted, Table 2) or in terms of probability (e.g., Robin, Table 2), the
highest level of sophistication observed in student responses.

Some students included both concentration and entropy
changes in their explanations of why water would transfer into
the cell. For example, Stella wrote, “The free water molecules
would move from high concentration (outside) to low
concentration (inside) and there would be more possible
arrangements of the solute molecules/ions with the water
molecules once osmosis has occurred.” In cases such as this in
which both ideas of concentration and entropy, or both entropy

This journal is © The Royal Society of Chemistry 20xx

Page 4 of 31



Page 5 of 31

oNOYTULT D WN =

codes, were incorporated, the student response was “coded
up” as ordered in Table 2 to capture the highest level of
sophistication in their response. Two authors (BLM and RLM)
iteratively coded identical subsets of student responses and
reconciled their codes resulting in further refinement of each
code description. Once substantial inter-rater agreement was
achieved using a subset of 52 responses (k = 0.80 (95% Cl, 0.68
to 0.93), p < 0.01) the coding scheme was used by one
researcher to code the remaining responses.

After coding student responses to the pre-scaffolding and
post-scaffolding questions of interest, we expanded our
analyses and used the same coding scheme to code student
responses to a similar question in the scaffolding chem-bio
connection section (Part 1B-Q5). A Wilcoxon Signed-Ranks test
was used to compare how student responses changed from Part
1A-Q4 to Part 1B-Q5 and from Part 1B-Q5 to Part 1C-Q1 since
these analyses consisted of a paired sample of students before
and after scaffolding. The codes were ordered in increasing
sophistication according to Table 2, with the categories “Other”
and “Non-normative” grouped for simplicity; responses coded
with either of these least sophisticated categories were not
relevant to the question and thus seen as having equivalent
value for the purpose of this particular analysis.

Study 2. To examine how prior chemistry and biology course
backgrounds impact students’ explanations about osmosis, we
compared responses from GC Il students to Part 1C-Q1 in Study
1 to responses from Bio | students to Part 2C-Q3 (Table 1).
Student worksheets from the second administration were
scanned, deidentified, and imported into Dedoose, a qualitative
coding program that supports the analysis of text, audio, video,
images, survey, and test data. Because these responses to the
worksheets were handwritten, the scans of the student work
were directly uploaded as images into this program. Therefore,
the student responses to Part 2C-Q3 were coded directly in
Dedoose using the same coding scheme from Study 1 (Table 2).
While coding the student responses, a constant comparative
approach (Lincoln and Guba, 1985) was used to ensure that all
possible student responses were captured in the original codes
and that the applications of the codes remained consistent.

For both Study 1 and Study 2, the resultant coding of
students’ responses was exported to Excel for analysis and
statistical tests were conducted using the Statistical Package for
the Social Sciences (IBM SPSS Statistics 26).

Validity

As a measure of construct validity, a subset of undergraduate
students (n = 7) who completed the activity during the Bio |
course of interest were recruited for a 30- to 45-minute
interview at the end of the semester and provided a $25 gift
card incentive for their participation. The students were asked
to talk through their responses to all the questions on Version 2
of the activity in a think-aloud interview with a member of the
research team, revealing that students were interpreting the
questions as intended.

This journal is © The Royal Society of Chemistry 20xx
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Results and discussion

Study 1

The activity was designed to provide students the opportunity
to use their understanding of a chemistry core idea (change and
stability in chemical systems) in the context of entropy to
explain a biological phenomenon (osmosis across a cell
membrane). As discussed previously, students ideally would
incorporate ideas of entropy and how the system would change
to explain the phenomenon of osmosis. Here, we first present
how students responded to the three relevant questions
independently (pre-scaffolding, during scaffolding, and post-
scaffolding) followed by a discussion of how student reasoning
changed throughout the whole activity (pre-scaffolding to
during scaffolding and during scaffolding to post-scaffolding).

Pre-scaffolding (Part 1A-Q4). In responding to the pre-scaffolding
guestion, the majority of students (65%, n = 129) initially used
ideas about concentration to explain osmosis (Fig. 3A). These
responses indicate that students relied heavily on using the
common heuristic of “moving from high to low concentration”
to explain why water would move into the cell. It should not be
surprising that students used such a heuristic for their initial
explanation as this has been observed previously (Friedler et al.,
1987). Indeed, the biology course textbook used in Bio | during
the time of this study explains osmosis as follows: “both water
and solutes tend to diffuse from regions of high concentration
to ones of low concentration; that is, they diffuse down their
concentration gradients” (Mason and Mason, 2015).

While this heuristic might be useful for predicting the
movement of water across a semipermeable membrane for
osmosis, it does not explain the underlying mechanism of why
water moves from high to low concentration across the cell
membrane. In addition, students must be aware of what is
moving (solvent or solute) and whether the “high to low”
concentration change is referring to the concentration of solute
or solvent. As shown in the following student example from
Quinn, some students repeated the heuristic without specifying
what concentration they were referring to or where the “high
concentration” was relative to the “low concentration”.
Additionally, some students appeared to confound the solute
and solvent terms. The following student responses given by
Zoey and Nora both indicate that they believe there are solutes
outside of the cell even though the question prompts stated
that no such solutes were present outside the cell. These
responses suggest that the students are confusing the terms
“solute” and “solvent”, though we cannot know for sure
without further questioning.

“High concentration to low concentration” — Quinn

“There are more solutes on the outside of the cell than the
inside of the cell” — Zoey

“The solutes outside would go to where there [are] less
solutes which is the inside of the cell” — Nora

Only a few students (2%, n = 3) brought in mechanistic ideas
about entropy initially to explain why water would move from

J. Name., 2021, 00, 1-3 | 5
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outside to inside the cell. The remaining students discussed
either scientifically inaccurate (non-normative) ideas (19%, n =
38) or responded in a way that was not connected to the coding
scheme (other; 15%, n = 30), including restatements of the
prompt and correct but irrelevant information, such as
information about aquaporins (membrane proteins that allow a
transfer of water molecules into and out of cells).

During scaffolding (Part 1B-Q5). Next, students worked through
questions designed to help them connect a chemistry
phenomenon they had seen previously (dye mixing with water
in a beaker to form a solution) with the biological example of a
semi-permeable membrane. The final prompt in this section
(Part 1B-Q5) was similar to the biological phenomenon question
of interest regarding the cell placed in water in that students
were asked to construct an explanation for the phenomenon of
osmosis using ideas of entropy. Therefore, we compared
student responses from this question to their initial response
before prompting (Part 1A-Q4) using the same coding scheme
described in Table 2.

In this scaffolding section, a majority of students (63%, n =
125) used entropy to explain osmosis (Fig. 3B). It should be
noted that 93 of these 125 students (74%) used entropy from a
probabilistic viewpoint, indicating that most of these students
had the ability to successfully explain osmosis within the
chemistry example of dye and water molecules using ideas of
entropy when prompted. However, about 38% (n = 75) of
students overall had difficulty with the concept of entropy and
relied on ideas about concentration (15%, n = 30), gave a non-
normative explanation (15%, n = 30), or were coded as other
(8%, n = 15).

Post-scaffolding (Part 1C-Q1). We next determined how students
responded to the second and final opportunity to explain the
biological phenomenon. Following the chemistry-biology
connection scaffolding, Part 1C-Q1 asked students to explain
why water molecules would move into the cell using the
concept of entropy in the context of the chemistry core idea of
change and stability in chemical systems. Here, we found that
more than half of students (56%, n = 112) were able to
successfully incorporate entropy into their explanation of the
biological phenomenon (Fig. 3C). Additionally, 58 of these 112
students (52%) brought in a higher understanding of entropy
based on probability. A subset of students maintained a
concentration-based reasoning approach (16%, n = 31), gave a
non-normative (20%, n = 39), or “other” (9%, n = 18) response.

Comparing student responses throughout the entire activity. The
coding scheme was condensed to three categories (i.e.,
other/non-normative, concentration-based, and entropy-
based) to simplify the process of comparing how student
reasoning changed with each question. Table 3 presents how
individual students' level of sophistication in their reasoning
changed throughout the activity, showing whether their
response increased in sophistication, decreased in
sophistication, or showed no change between each set of
question prompts. For example, the 85 students in the
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“increase, same” group increased their level of sophistication
from the pre-scaffolding to during scaffolding question and then
maintained that level of sophistication for the post-scaffolding
response. This pattern could reflect a student who increased
from the other/non-normative to concentration level or from
the concentration to entropy level, for example.

Table 3 shows that 67% of the students (n = 133) increased
the sophistication of their response from the pre-scaffolding to
during scaffolding question. Of these 133 students, 85 (43%)
maintained that level of sophistication in responding to the
post-scaffolding prompt. Of these students that increased and
maintained their level of sophistication, almost all of them
increased to, and maintained, an entropy-based argument (n =
81). This pattern corroborates the findings shown in Fig. 3 that
students appear to have incorporated entropy-based reasoning
in response to the during scaffolding question and then
maintained that reasoning for the post-scaffolding prompt.

Some students who initially increased the sophistication of
their response, however, did not carry this demonstrated level
of understanding through to the post-scaffolding prompt and,
instead, decreased the sophistication of their response (24%, n
= 47). Of these students who increased and then decreased, the
plurality (n = 17) began at a concentration code, increased to an
entropy code, and then decreased to the other/non-normative
code. As shown in the following example from Brad, these
students appeared to have had difficulty applying what they
demonstrated in the during scaffolding prompt to the new
system in the post-scaffolding prompt, showing some fragility
in transferring knowledge from one context to another.

Brad’s response:

Pre-scaffolding: “The water flows from outside to inside the
cell because of the concentration.” (coded as level 3 from
Table 2 - Concentration — Explicit)

During scaffolding: “Because there are more possible
arrangements for the molecules and its more disorder.”
(coded as level 5 from Table 2 - Entropy — Probability)
Post-scaffolding: “I'm not sure” (coded as level 1A from
Table 2 - Other)

Of the students who maintained the same reasoning level
between the first set of questions (pre-scaffolding to during
scaffolding; 22%, n = 43), about half (n = 21) increased their
sophistication for the last question while the other half (n = 20)
maintained the same reasoning sophistication level throughout
the activity. That is, no matter how the question was framed,
these students remained consistent in their responses
throughout the whole activity. The majority (60% of 20, n = 12)
of these students who were consistent in their sophistication
throughout remained at the other/non-normative level while
six students remained at the concentration-based argument
level. Of the students that stayed the same and then increased,
19 (90%) improved to an entropy-based argument.

Some students (12%, n = 24) decreased their level of
sophistication in reasoning across the first set of prompts. All
but one of these students began at the concentration-based
level and decreased to the other/non-normative code, perhaps

This journal is © The Royal Society of Chemistry 20xx

Page 6 of 31



Page 7 of 31

oNOYTULT D WN =

resulting from confusion at the introduction of the dye and
water molecule scenario. Of these students who decreased,
nine increased to an entropy-based argument in the post-
scaffolding prompt while 11 remained at the other/non-
normative level.

A Wilcoxon Signed-Ranks test confirmed that student
responses within the chemistry scaffolding section (Part 1B-Q5)
were more sophisticated (mean rank = 96.29) than their
responses before the scaffolding (Part 1A-Q4; mean rank =
64.50, Z=-8.087, p < 0.001, effect size = 0.40) with a medium to
large effect size (Cohen, 2013). Additionally, a Wilcoxon Signed-
Ranks test showed that student responses after chemistry
scaffolding (Part 1C-Q1) decreased in sophistication (mean rank
= 64.85) from their responses within the chemistry scaffolding
section (Part 1B-Q5; mean rank = 57.98, Z = -2.049, p = 0.040,
effect size = 0.10) with a small effect size.

Study 2
Here, we investigated how students’ course history in GC Il and
Bio | related to their explanations of the biological
phenomenon, that is, why water would transfer into the cell.
Since the two activity versions differ slightly, only the final
biological phenomenon question common to both versions was
used for the purpose of comparison (i.e., Parts 1C-Q1 and 2C-
Q3). Specifically, both versions asked students to integrate their
understanding of entropy in their explanation, but Version 2 did
not explicitly state which direction water would move across
the cell membrane. This difference was intentional because
Version 1 was administered in beSocratic, meaning students
could not go back to previous questions, while Version 2 was
administered as a worksheet, meaning students could see and
potentially modify all their responses. The responses from Study
1 students were combined with responses from students in the
Bio | course to ensure a range of student course backgrounds.
Students from Study 1 who completed the activity as part of GC
Il were grouped based on their Bio | course experience while
students who completed the activity as part of their Bio | course
were grouped based on their GC Il course experience (Fig. 2).
Several observations can be made in separating student
responses by their course history (Fig. 4). First, the GC I
students (Groups 1-3), regardless of their biology background,
appeared to have a similar trend in sophistication of their
responses. That is, students in GC Il generally provided more
sophisticated explanations than students in Bio | overall by
incorporating the concept of entropy into their response at
either the probabilistic or favorability levels (Group 1, 60%, n =
58; Group 2, 38%, n = 11; Group 3, 58%, n = 43).
Correspondingly, fewer students in these groups incorporated
other information or non-scientifically accurate ideas (Group 1,
25%, n = 25; Group 2, 45%, n = 13; Group 3, 25%, n = 19). For
the students enrolled in Bio I, however, it appears that their
chemistry course history is related to the level of sophistication
of their response. Here, only 35% of students (n = 15) who had
previously taken GC Il (Group 5) and 14% (n = 9) of students who
had no GC Il experience (Group 6) included entropy into their
response. It appears that Bio | Group 5 students (prior GC IlI)
were more apt to incorporate entropy into their response,
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perhaps due to having focused on the concept previously
compared to students in Group 6 who had not yet been exposed
to this material. In general, Group 5 and 6 students tended to
provide non-normative reasoning (Group 5, 35%, n = 15 and
Group 6, 46%, n = 29). This trend in lower sophistication of
responses and more non-normative responses was most
apparent for students in Group 6. Indeed, Group 5 and 6
students were almost three times more likely (odds ratio = 2.93,
95%Cl = 1.74-4.93) to include non-normative reasoning within
their response compared to students currently enrolled in the
GC Il course, regardless of their Bio | background.

In the CLUE curriculum, entropy is typically introduced in the
last few weeks of GC | in terms of the thermodynamics of pure
substances undergoing a phase change (e.g., water molecules
in the gas phase have more possible arrangements than water
molecules in the liquid phase). These concepts are expanded
during the first two months of GC Il in terms of solution
chemistry and acid-base chemistry along with other
thermodynamic terms such as enthalpy and Gibbs free energy.
For Group 5 students, at least one semester had passed since
they had taken GC lI; therefore, it may be that these students
were unsure about how to incorporate entropy correctly into
their response, that they had not understood entropy while
taking GC Il in the first place, or that they lost some of their prior
understanding of the topic due to the lapse in time between the
two courses. Indeed, enhancing retention of knowledge from
course to course is a keystone issue (Rubin and Wenzel, 1996),
and students may have been particularly prone to losing this
knowledge if they had only a surface level of understanding of
entropy in GC Il (Bacon and Stewart, 2006). Group 6 had the
largest proportion of students with non-normative responses,
most likely because these students had not yet been introduced
to entropy, meaning the prompts about the chemistry
phenomenon of the solution of dye and water were not helpful
in connecting to prior knowledge as this knowledge did not exist
in order to incorporate it into their response.

Limitations

This study is limited in that all students in Study 1 and the
majority of students in Study 2 who had previously enrolled in
GC Il (74%, n = 32) had taken a GC Il course that uses the
transformed general chemistry CLUE curriculum. CLUE
emphasizes four chemistry core ideas as well as scientific
practices and, specifically relevant to this study, addresses
entropy from a distinguishable arrangements perspective
rather than a disorder approach. Therefore, the student
responses analyzed here may not be representative of how
students in a traditional general chemistry course think about
entropy. Administration to students outside of the CLUE
curriculum may require different or additional scaffolding to
assist in connecting the biological phenomenon to a relevant
chemistry phenomenon. That is, if students were not familiar
with the dye and water solution example for entropy then this
scaffolding phenomenon example may not assist students with
connecting their chemistry and biology knowledge. We also
recognize that administering a single assessment to a student
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cannot fully capture their ideas about entropy or osmosis (or
diffusion more generally, for that matter). Entropy and osmosis
are ideas present across the introductory science curriculum
(Shen et al., 2014), and the results from these activities, having
been offered a single point in time, do not capture all the
nuanced disciplinary perspectives that students have or the
stability of their ideas over time.

Conclusion and implications

The key takeaways from this work overall are that a) directly
connecting chemistry and biology ideas in the activity
supported students in learning to use a chemistry core idea to
explain the biological phenomenon of osmosis across a cell
membrane, b) the activity was structured in a way that
supported more than half of students in improving their
explanations over the course of the activity, and c) the activity
may be more appropriate for general chemistry students
(regardless of whether they have introductory biology
experience) compared to introductory biology students
(regardless of whether they have general chemistry
experience). That is, overall, it appears that students’ course
background is related to the level of sophistication that
students provided in their reasoning about why water would
net flow into the cell when placed in pure water. In general,
carefully analyzing the background experiences that students
have in pre- and co-requisite courses is important work for
interdisciplinary assessment design.

Prior work shows the importance of providing opportunities
for students to make interdisciplinary connections (Roche Allred
et al.,, 2021; Geller et al., 2014) and here, we highlight the
importance of supporting students with scaffolds to help them
make those connections. In this specific case, integrating the
activity with appropriate supports in an introductory biology
course may take more time and require more support than
doing the same in a general chemistry course, however in either
case the activity provides students an opportunity to connect
their knowledge across disciplines. Students have reported that
their courses generally do not provide opportunities for them
to make interdisciplinary connections, and they are left to make
such connections on their own (Shen et al., 2014). The activity
could be modified as well in service of instructors’ specific
teaching goals. For example, a parallel question could be added
that asks students what they know about semipermeable
membranes as well as about the affordances and constraints of
representing such a membrane as a simple, dashed line.

Together, these studies support the importance of giving
students the opportunity to explain biological phenomena in
chemistry courses where the chemistry scaffolding is already
built in. We saw an increase in sophistication in students’
explanations of the biological phenomenon after chemistry
scaffolding, bringing in more chemistry knowledge. Students
who did not have GC Il struggled to bring in chemistry ideas. We
contend that this activity can be adapted for use in other
courses and may be particularly appropriate for
interdisciplinary courses that explicitly integrate general
chemistry and introductory biology (Schwartz and Serie, 2001).
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Appendix 1: Osmosis activity version 1

We want to know what you think about these questions. Please
answer them to the best of your ability and do not consult
outside sources (e.g., classmates, textbooks, websites, class
notes, etc.). Receiving credit for this assignment is based on
participation and effort, not on correctness. You will not be able
to move backwards through the slides, so make sure you are
satisfied with your answers before moving on.

Part 1A: Bio Phenomenon
Q1. In 1-2 sentences, what do you know about osmosis?

Q2. It is important for animal cells to maintain osmotic balance
across the cell membrane, ensuring that water moves into the
cell and outside the cell at the same rate. Note that throughout
this assessment, we are referring to animal cells, not plant cells.
What do you think would happen to a cell that is placed in pure
water?

Q3. Now, think specifically about cell volume. What do you think
would happen to the volume of a cell that is placed in pure
water?

i. The cell volume would decrease

ii. The cell volume would stay the same

iii. The cell volume would increase

iv. Not enough information to predict

Explain why you selected your response.

Q4. Again consider a scenario in which an animal cell is placed
in pure water. Some solutes (molecules and ions) are dissolved
in water inside the cell, but no solutes are dissolved in the pure
water outside the cell. The net flow of water would go from
outside to inside the cell. Explain why the water flows from
outside to inside the cell.

Part 1B: Scaffolding — Chem and Bio Connection

Q1. Now consider a container of water molecules (small,
unshaded) and dye molecules (large, shaded) (Fig. 5). The
container has a selectively permeable membrane in the middle
of it that allows for passive transport of water. The dye
molecules are too big to cross the membrane. What do you

This journal is © The Royal Society of Chemistry 20xx
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expect would happen to the water molecules in the container
over time?

i. The net flow of water would be from left to right

ii. There would be no net flow of water

iii. The net flow of water would be from right to left

iv. Not enough information to predict

Explain why you selected your response.

Q2. In the empty tube (Fig. 6), draw a picture of what you would
expect the molecules in the container to look like after some
time has passed. Include 1) all 16 water molecules (small,
white), 2) all 8 dye molecules (large, gray), and 3) the solution
levels (two horizontal lines).

Q3. In 1-2 sentences, what do you know about entropy? In 1-2
sentences, what role does entropy have in mixing solutions?

Q4. Between 1) the initial state of the container and 2) the state
of the container you just drew, which is more favored in terms
of entropy?

i. The container in the initial state

ii. The container in the final state

iii. The entropy is the same for both

iv. Not enough information to predict

Explain why you selected your response.

Q5. The final state of the container is shown in Fig. 7. The final
state would be favored in terms of entropy. Explain why the
container in the final state is more favored in terms of entropy.

Part 1C: Bio Phenomenon, Chem Connection Opportunity

Q1. Let’s once more consider the scenario in which an animal
cell is placed in pure water. Recall that some solutes (molecules
and ions) are dissolved in water inside the cell, but no solutes
are dissolved in the pure water outside the cell. The net flow of
water would go from outside to inside the cell. Incorporating
your understanding about entropy and solutions, now explain
why water would go from outside to inside the cell.

Q2. Indicate how familiar you are with each of the topics listed
below.
Osmosis
Very familiar
Mostly Familiar
Moderately Familiar
Slightly Familiar
Not at All Familiar

Entropy
Very familiar
Mostly Familiar
Moderately Familiar
Slightly Familiar
Not at All Familiar

Q3. Indicate how confident you were in answering questions
related to each of the topics listed below.

This journal is © The Royal Society of Chemistry 20xx
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Osmosis
Very Confident
Mostly Confident
Moderately Confident
Slightly Confident
Not at All Confident

Entropy
Very Confident
Mostly Confident
Moderately Confident
Slightly Confident
Not at All Confident

Q4. Please provide any feedback you have about how this
activity could be improved. If something was confusing or
unclear, please let us know.

Appendix 2: Osmosis activity version 2

The following questions are intended to collect your ideas about
an application of entropy in a biological system. You will earn
credit for completing this activity even if your answers are not
correct so long as you answer to the best of your ability. Work
individually and do not consult textbooks, the internet, etc. The
activity draws on some chemistry ideas; if you are currently
taking general chemistry | (or equivalent), just do your best.

Part 2B: Scaffolding — Chem and Bio Connection
Q1. What do you know about entropy and its role in mixing
solutions?

Q2. Consider a container of water molecules (small, unshaded)
and dye molecules (large, shaded) (Fig. 8). The container has a
selectively permeable membrane in the middle that allows for
passive transport of water. The dye molecules are too big to
cross the membrane. What would happen to the water
molecules after time has passed? Circle your choice.

i. The net flow of water would go from left to right

ii. There would be no net flow of water

iii. The net flow of water would go from right to left

iv. Not enough information to predict

Explain your reasoning for this selection.

Q3. In the empty tube (Fig. 9), draw a picture of what you expect
the molecules would look like after some time has passed. Be
sure to include water molecules (small, unshaded), dye
molecules (large, shaded), and the solution levels (horizontal
lines).

Q4. Compare the drawings of the initial state of the container
(Question 2) and the final state of the container (Question 3).
Which state of the container is more favored in terms of
entropy? Circle your choice.

i. The container in the initial state (Question 2)

ii. The container in the final state (Question 3)

iii. The entropy is the same for both (Questions 2 and 3)
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iv. Not enough information to predict
Explain your reasoning for this selection.

Part 2C: Bio Phenomenon, Chem Connection Opportunity
Q1. Now, consider the following biological system. Animal cells
are each surrounded by a plasma membrane. In addition to the
nucleus and organelles, the inside of the cell contains solutes
(molecules and ions) in addition to water. It is important for
cells to maintain osmotic balance across the membrane,
meaning that water moves passively into the cell and out of the
cell at the same rate. Solutes do not passively move across the
membrane. What would happen to the volume of a cell that is
placed in a container of pure water? Circle your choice.

i. The cell volume would decrease

ii. The cell volume would stay the same

iii. The cell volume would increase
iv. Not enough information to predict
Explain your reasoning for this selection.

Q2. What is happening to the number of distinguishable
arrangements for each of the following (Table 4)?

Q3. Now incorporating your understanding of entropy and
solutions, explain what happens to the volume of a cell that is

placed in a container of pure water.

Q4. Could the volume of a cell change in this way indefinitely?
What do you think would happen eventually?

Q5. Write any feedback you have about this activity here.

Appendix 3: Characterization of the osmosis activity using the 3D-LAP

Part B: Scaffolding — Chemistry

Page 10 of 31

Developing and Using Models: Students are given or asked to
construct a graphical, computational, symbolic, mathematical,
or pictorial representation and use it to explain or predict an
event, observation or phenomenon.

dye molecules, and use it to
explain why the container in
the final state is favored in
terms of entropy.

Dimension 3D-LAP Criteria® i | Part C: Biological Phenomenon
and Biology Connection
Students are given an initial
state of a U-manometer filled Students are asked to use
Change and Stability in Chemical Systems: Energy and entropy with dye and water molecules, entropy to explain the
Core ldeas changes, the rates of competing processes, and the balance asked to draw the final state, biological phenomenon of
between opposing forces govern the fate of chemical systems. and use entropy to explain osmosis (a cell expanding when
which state (final or initial) is placed in pure water).
favored.
Constructing Explanations and Engaging in Argument from Students are asked to draw a
Evidence: Students are asked to provide reasoning based on icture of what they would
. . P g P Y Students are asked to describe
evidence to support a claim. expect a U-manometer to look
] . how the volume of a cell
o like after some time has passed, . R
Scientific . changes in a solution of pure
i showing both the water and . .
Practices water and explain why using

their understanding of entropy
and solutions.

Cause and Effect: Mechanism and Explanation: The question
provides at most two of the following: 1) a cause, 2) an effect,
and 3) the mechanism that links the cause and effect, and the
student is asked to provide the other(s).

Crosscutting

Stability and Change: Students are asked to determine 1) if a
system is stable and provide the evidence for this, or 2) what
forces, rates, or processes make a system stable (static,
dynamic, or steady state), or 3) under what conditions a system
remains stable, or 4) under what conditions a system is
destabilized and the resulting state.

Concepts

Students are asked to draw an
arrangement of water and dye
molecules in the final state of
the U-manometer and asked to
explain.

Students are asked how the
volume of a cell changes when
placed in pure water and
explain using their
understanding of entropy and
solutions.

dlaverty, J. T., Underwood, S. M., Matz, R. L., Posey, L. A., Carmel, J. H., Caballero, M. D., Fata-Hartley, C. L., Ebert-May, D., Jardeleza, S. E., and Cooper, M. M.,
(2016), Characterizing College Science Assessments: The Three-dimensional Learning Assessment Protocol. PLoS One, 11, 1-21.

https://doi.org/10.1371/journal.pone.0162333
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Appendix 4: Student familiarity and confidence
with osmosis and entropy

[Insert Fig. 10 here]
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2
3
4
5 Table1 Relevant activity questions for Study 1 (Version 1) and Study 2 (Version 2)
6 Activity Version 12 Activity Version 22
7 Part A: Biological Phenomenon
8 Q4: Again, consider a scenario where an animal cell is placed in pure
9 water. Some solutes (molecules or ions) are dissolved in water inside the
10 cell, but no solutes are dissolved in the pure water outside the cell. The
11 net flow of water would go from outside to inside the cell. Explain why the
12 water flows from outside to inside the cell.
13 Part B: Scaffolding — Chemistry and Biology Connection
14 Q5: The final state of the container is shown in the figure. The final state
15 would be favored in terms of entropy. Explain why the container in the
16 final state is more favored in terms of entropy.
Part C: Biological Phenomenon
17 Q1: Let’s once more consider the scenario where an animal cell is placed Q3: Incorporating your understanding of entropy and solutions, explain
18 in pure water. Recall that some solutes (molecules and ions) are dissolved what happens to the volume of a cell that is placed in a container of pure
19 in water inside the cell, but no solutes are dissolved in pure water outside water.
20 the cell. The net flow of water would go from the outside to the inside of
21 the cell. Incorporating your understanding of entropy and solutions,
22 explain why water would go from the outside to the inside of the cell.
23 aSee Appendices 1 and 2 for the complete versions of the activity including images.
24
25
26 Table 2 Categories of student explanations for why a cell expands when placed in pure water used to code the questions presented in Table 1
27
28 Code Description Example Response
29 Discusses entropy in terms of the number of “It has the highest probability of happening in that

5. Entropy — Probabilit
Py ¥ possible arrangements or probability state.” — Robin

Discusses entropy in terms of entropy increasing in “The water would go inside the cell, increasing

4. Entropy — Favorabilit
Py y the final state or being more favorable entropy.” - Ted

w
N

w
w

Captures the common heuristic of “moves from “Water moves from high to low concentrations, so
3. Concentration — Explicit high to low” and moving down a concentration the water would enter the animal cell. This would
gradient lead to an increase in volume.” - Marshall

w
D

w W
- o
Level of Sophistication>

w
[0,

w
[e)}

Response implies that a difference causes some

2. Concentration — Implicit
sort of movement across the membrane

“Because the solutions need to balance.”- Barney

w
N

“Because the water is breaking down within the
cell.” - Lily

w
[oe]

1B. Non-normative Scientifically incorrect

w
O

“The net flow of water would go into the cell.” -
Scooter

N
o

1A. Other Blank, off task, or restatement of prompt

har

ocouvuuUuuuuuuUuuudsdBNIAEDNANDNRN
SQVWONOOULBDWN—_OOVONOGOULDWN
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Table 3 Number (percent) of students whose level of sophistication in their response
changed 1) from pre-scaffolding to during scaffolding (from Part 1A-Q4 to Part 1B-Q5)
and 2) from during scaffolding to post-scaffolding (from Part 1B-Q5 to Part 1C-Q1). All
percentages are based on total number of students (N = 200).

—_
H wN

—_
wv

During to post

—_
(o)}

—_
~N

Increase Same Decrease

—_
[ee)

—_
o}

Increase 1(1%) 85 (43%) 47 (24%)

N
o

Same 21 (11%) 20 (10%) 2 (1%)

N
N

N
Pre to during

N
w

Decrease 13 (7%) 11 (6%) 0 (%)

N
N

N
w

Table 4 Table shown in student worksheet

N
o)}

NN
[ BN

Change in number of
distinguishable
arrangements (+, 0, or -):

Explain your reasoning for
this selection:

w N
[« \e]

w w
N —

System
(the cell)

w W
W

w
w

Surroundings
(the
container)

w W w
0 N O

w
O

System +
surroundings
(the cell +
container)

A~ D
N = O
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ARTICLE Journal Name

Activity Version 1

Part 1A: Part 1B: Part 1C:
Bio - Scaffolding — Chem = i Phenomenon,
Phenomenon and Bio Connection Chem Connection
Opportunity

oNOYTULT D WN =

Modifications

4

Activity Version 2

= O
o

—_ .
N =

Part 2B: Part 2C:
Scaffolding — Chem Bio Phenomenon, Chem
and Bio C i Ci ion O i

—_
w

—_
N

PP

—_ -
o

Fig. 1 Summary of the structure of the two versions of the osmosis activity.

QuUuuUuuuuuuuuubdbbdDDdDDMDMDBAMDIDMDEDDNWWWWWWWWWWNNNNNNNNNRN=S = 2
CVWoHONOOCULDAWN-_OCVONOOCTULDWN—_,rOCVOVOONOOCULDDWN=—_OOVONOUVIAD WN — O O 0N

16 | J. Name., 2021, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins



oNOYTULT D WN =

aOuvuuuuuuuuundADdDDDIEDNDMNDIAEDNDMNDAEWWWWWWWWWWNNNDNNNDNNNDN=S S @92 Qa0
VWO NOOCULLhAWN-_rOCVONOOCTULDWN—_,rOCVOONOOCULDDWN=—_,rOUOVUONOOCULPMNWN—_ODOVUONOUVPSD WN =0

zducation Research and Pra

ARTICLE

Activity Version 1 Administration Activity Version 2 Administration
Spting 2018 Fall 2018
Activity
Administered in: GCII Biol
r T 1 N r S T S 1 |
Student Course
s Concutrent .
Hisrory: No Bio I GCII Prior GCII No GC II
1 1 1
Al Al Al Al Al
Group 1 Group 2 Group 3 Group 4* Group 5 Group 6
(N=98,32%) (N=29,10%) (N=74,24%) (N=0,0%) (N=43,14%) (N=62,20%)
Study 1 students Study 2 students

Fig. 2 Version 1 of the osmosis activity was administered in Spring 2018 to students in GC Il, and version 2 was administered in Fall 2018 to students in Bio
1. Study 1 only looked at student responses from version 1 of the activity while study 2 compared student responses from both versions of the activity. For study
2, student groups for analyses were defined as shown above. *The Bio | course that the activity was administered in overlapped with the only off-sequence GC
Il course of interest offered in the Fall 2018 semester. Therefore, no students completed the activity in their Bio | course while concurrently enrolled in GC II.
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Pre-scaffolding During scaffolding ~ Post-scaffolding

Entropy — Probability | | .
Entropy — Favorability | | [
Concentration — Explicit NN | | |
Concentration — Implicit
Other
Non — Normative ] I

0 20 40 60 0 20 40 60 0 20 40 60
% of students % of students % of students

| NG Y S P PG
O VWoONOULL D~ WN

Fig. 3 Students’ explanations for osmosis at different points in the activity: a) pre-
scaffolding based on coding Part 1A-Q4, b) during scaffolding based on coding Part 1B-
Q5, and c) post-scaffolding based on coding Part 1C-Q1.
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ARTICLE

H Entropy - Probability
0 Entropy - Favorability

30.9% m Concentration - Explicit
0 Concentration - Implicit
I Non-Normative

[ Other

18.6%

14.0%

28.9%

9.3% 10.8%

17.2% 19.0%
9.39
% 5.4% 47%
GCIL, Bio I GCII, Prior Bio I GCII, No Bio I Bio I, Prior GC II Bio I, No GCII
(Group 1) (Group 2) (Group 3) (Group 5) (Group 6)

Fig. 4 Coding of students’ explanations of osmosis from the post-scaffolding questions (either Part 1C-Q1 or Part 2C-Q3, as
appropriate by course history group).
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21 Left side Right side
Water concentration is higher Water concentration is lower
22 Dye concentration is lower Dye concentration is higher

23 Left side Rightside
Water concentrationis higher Water concentrationis lower

Fig. 5 mage assoc ated « th Part 1B-Q1. Dye concentration is lower Dye concentration is higher

Fig. 8 mage assoc ated # th Part 2B-Q2.

3 3 Initial state Final state

35 Fig. 6 mage assoc ated  th Part 1B-Q2.

Fig. 9 mage assoc ated # th Part 2B-Q3.

44 Initial state Final state

Fig. 7 mage assoc ated # th Part 1B-Q5.
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A.) Likert Familiarity
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B.) Likert Confidence
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Fig. 10 Likert familiarity (A) and confidence (B) with regards to osmosis and
entropy results
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Activity Version 1

Part 1A: Part 1B: Part 1C:
Bio Scaffolding — Chem Bio Phenomenon,
Phenomenon and Bio Connection Chem Connection

Opportunity

(

Activity Version 2

Part 2B: E> Part 2C:
Scaffolding — Chem Bio Phenomenon, Chem
and Bio Connection Connection Opportunity

Summary of the structure of the two versions of the osmosis activity.
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Activity Version 1 Administration

Activity Version 2 Administration

Spring 2018 Fall 2018
Activity
Administered in: GCII Biol
I 8 L §
I . ‘ I | S S 1 \
Student Course o G
History: R Prior Biol | || NoBiol i Prior GC 11 NoGC 11
1 1 1

L ( 2 N

Group 1 Group 2 Group 3 Group 4* Group 5 Group 6

(N=98,32%) (N=29,10%) (N=74,24%) (N=0,0%) (N=43,14%) (N=62,20%)

Study 1 students

Study 2 students

Version 1 of the osmosis activity was administered in Spring 2018 to students in GC II, and version 2 was
administered in Fall 2018 to students in Bio I. Study 1 only looked at student responses from version 1 of
the activity while study 2 compared student responses from both versions of the activity. For study 2,
student groups for analyses were defined as shown above. *The Bio I course that the activity was
administered in overlapped with the only off-sequence GC II course of interest offered in the Fall 2018
semester. Therefore, no students completed the activity in their Bio I course while concurrently enrolled in
GC II.
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Pre-scaffolding

Entropy — Probability |
Entropy — Favorability
Concentration — Explicit [
Concentration — Implicit
Other
Non — Notrmative

0 20 40 60

% of students

During scaffolding Post-scaffolding

0 20 40 60 0 20 40 60
% of students % of students

Students’ explanations for osmosis at different points in the activity: a) pre-scaffolding based on coding Part
1A-Q4, b) during scaffolding based on coding Part 1B-Q5, and c) post-scaffolding based on coding Part 1C-

Q1.
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20.7%

u Concentration - Explicit

30.9%

0 Concentration - Implicit
1 Non-Normative
0 Other

18.6%

17.2%

6.3%

28.4%

15 28.9%
16 6.9%

14.0%

17 46.0%
18

9.3% 27.6% 10.8%

21 34.9%
22 16.5%

20.3%

17.2% 19.0%

24 9.3%

5.4% 4.7%

GCII, Bio I GCII, Priot Biol ~ GCII, No Bio I Bio I, Prior GCII  Bio I, No GCII
26 (Group 1) (Group 2) (Group 3) (Group 5) (Group 6)

28 Coding of students’ explanations of osmosis from the post-scaffolding questions (either Part 1C-Q1 or Part
29 2C-Q3, as appropriate by course history group).
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Left side Right side
Water concentration is higher Water concentration is lower
Dye concentrationis lower Dye concentration is higher

Image associated with Part 1B-Q1.
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15 Initial state Final state

17 Image associated with Part 1B-Q2.
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Initial state Final state

Image associated with Part 1B-Q5.
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23 Left side Right side
Water concentrationis higher Water concentrationis lower
Dye concentration is lower Dye concentration is higher

28 Image associated with Part 2B-Q2.
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Image associated with Part 2B-Q3.
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9 49%
10 m Osmosis = Entropy

12 359
13 31%

14

15 22% 2%

16 159 14%

17

19 2%
2 L

21 Very Mostly  Somewhat  Slighty Not at all
22 Familiar ~ Familiar ~ Familiar ~ Familiar ~ Familiar

2 B.) Likert Confidence

28 m Osmosis ™ Entropy
29 42%
30 38%
339
31 309

35 12% 15%

36 7% 9%  10%
38

39 Very Mostly —Somewhat Slighty  Not at all
40 Confident Confident Confident Confident Confident

45 Likert familiarity (A) and confidence (B) with regards to osmosis and entropy results.



