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Abstract

Different educational modalities can affect
students in learning challenging engineering
concepts. Studies that specifically measure
students’ conceptual learning gains have been
conducted in face-to-face (F2F) and online
modalities, but few direct comparisons have been
reported. In this study, we collected data from
undergraduate students enrolled in introductory
materials science courses in a F2F modality (N =
90) and asynchronous online modality (N = 77).
Normalized learning gains were reported using a
test instrument that combined twenty-six
materials science concept questions taken from
two concept inventories. Students completed the
test at the beginning and end of each course. The
average conceptual gain for the F2F modality was
found to be higher than the online modality.
Statistical analysis revealed a significant difference
in the average gains, with a medium effect size.
Multiple factors that might lead to this difference
in conceptual learning are proposed. The findings
in this study can serve as guidance for further
educational research and instructional design,
focusing on improving students’ conceptual
learning for both modalities, especially for the
asynchronous online learning environment.

Introduction

Engineering courses are generally considered
challenging to teach online as they often require
mathematical approaches, design tools, and
laboratory competency (Bourne et al., 2005).
Conceptual understanding undergirds all
engineering work; however, explicitly addressing
and developing such conceptual understanding in
engineering courses is often lacking (Streveler et
al., 2008). To address this need, various techniques
and tools have been developed to support
conceptual learning for college students in various
engineering disciplines. In this study, we extend
the body of work to address supporting students’
developing conceptual understanding of materials
science in online modalities.

Distance learning traces back to the 1840s
(Kentnor, 2015) and with the development of the
internet has evolved into online modalities. While
effective online pedagogical practices have been
developed, especially in response to the recent
global pandemic, studies have investigated
student performance and perceptions between
different modalities. However, few studies
specifically focus on conceptual learning gains. For
example, studies in engineering have compared
course grades (homework and exams) and
demographic data (Bir, 2019; Fischer et al., 2020);
participation data, such as attendance for F2F and
click activity for online (Bergeler & Read, 2020);
and surveys of students’ perceptions (Libre, 2021;
Sottile et al., 2021). None of these studies have
directly measured and compared conceptual
learning gains between different learning
environments.

In this study, we compared students’ conceptual
understanding between two course modalities:
face-to-face (F2F) and asynchronous online. We
were interested in examining how the difference in
engineering course modality corresponded to
students’ conceptual understanding, specifically
for challenging materials science concepts.

Conceptual Learning

Differences in student performance by modality
are often compared generically as “outcomes.” In
this work we use Shavelson's et al. (2005)
framework to specifically differentiate between
different types of engineering knowledge. The
framework categorizes knowledge into four types:
declarative (knowing that), procedural (knowing
how), conceptual (knowing why), and strategic
(knowing when, where, and how). Declarative and
procedural knowledge can be seen as a foundation
to develop conceptual knowledge, which is when
students are able to connect what they have
learned together to develop conceptual
understanding or knowing why. Consequentially,
conceptual understanding allows students to solve
new problems they have not encountered before
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by transferring their knowledge to other contexts
(National Research Council, 2000).

Learning challenging concepts in engineering is a
complicated process that can be impacted by
numerous variables, such as prior robust
misconceptions (Yang et al., 2020), lack of broader
level conceptual understanding or practical
experiences (Sanchez et al., 2022), and anxiety
(Phanphech et al., 2022). Misconceptions can stem
from students’ prior beliefs or from instruction
that crams too much content into a short period,
which can promote memorization of facts and
create incoherent logic (Michor & Koretsky, 2020;
Vosniadou et al., 2001). Researchers have
rigorously investigated how to identify and repair
or replace misconceptions (Krause, et al., 2010).
Others argue that instructors can use disjointed
prior knowledge as “stepping-stones” to cultivate
students’ sense making processes (Campbell et al.,
2016), such as asking students to share and
compare their ideas and experiences for revising
explanations and solving problems.

In response, pedagogical techniques have been
developed to initiate deeper thinking of concepts
in classes (Koretsky et al., 2011). For example, the
use of Just-in-Time-Teaching methods with pre-
class questions can help students reflect on the
course content, reason through common
misconceptions, recognize their own learning
barriers, and set their focus on the day’s lesson
(Formica et al., 2010; Kelly et al., 2009; Novak et
al., 1999). Similarly, post-class reflection questions
such as asking for their muddiest point and the
most surprised reflection can help students be
more metacognitive (Keeler et al., 2015; Keeler &
Koretsky, 2016; Krause et al., 2013, 2014;
Mansfield et al., 2018). Other tools such as the use
of inquiry-based activities (Gao & Lloyd, 2020) and
game-based learning (Shernoff et al., 2020) can
promote students’ engagement through real-world
problem solving.

In this study, we focus on the use of concept-
based questions, short qualitative multiple-choice
questions that focus on challenging concepts.
These questions have been used in a variety of

engineering courses, such as: mechanics (Berry &
Graham, 1991; Danielson & Mehta, 2000), physics
(Beatty et al., 2006; Formica et al., 2010; Wilcox &
Pollock, 2014), electrical circuits (Streveler et al.,
2008), thermodynamics (Friedrichsen et al., 2017;
Streveler et al., 2008; Vigeant et al., 2011),
chemistry and materials science (Kitto, 2006;
Krause, 2007).

Concept Inventory

Concept Inventories (Cl) are psychometrically
developed instruments used to measure
conceptual learning gains. Initially developed to
assess conceptual understanding in mechanics
(Hestenes et al., 1992), Cls contain a set of
multiple-choice concept questions and are
typically delivered at the start and end of a course.
Importantly, they contain good distractors
(incorrect choices) obtained from empirical data
(Alemdar et al., 2017; Koretsky et al., 2011; Krause
et al.,, 2002; Vigeant et al., 2011; Wuttiprom et al.,
2009).

Conceptual learning gains are often reported from
Cl data as the average of the ratio of the actual
average gain to the maximum possible average
gain, known as the average normalized gain,

< g >, (Hake, 1998). Another approach, when the
data is available, is to calculate the conceptual
learning gains from each student’s scores as the
individual normalized gain, g, (Coletta & Steinert,
2020; Hake, 2002):

_ (final correct % — initial correct %)
- (100 — initial correct %)

Larger values of g represent greater conceptual
learning (maximum at g = 1). Sometimes negative
values are found that might be due to lucky
guesses on the initial test or not taking the final
test seriously (Coletta & Steinert, 2020; Stewart &
Stewart, 2010).

Two Cls are commonly used for introductory
materials science courses: the Materials Concept
Inventory (MCI) (Corkins et al., 2009; Krause et al.,
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2002, 2004) and the Material Science Conceptual
Evaluation (MSCE) (Rosenblatt & Heckler, 2017;
Rosenblatt, 2012). Several studies have reported
conceptual gains in F2F courses using the MClI
(Krause et al., 2003; Krause, et al., 2010; Zhou et
al., 2015) and the MSCE (Sanchez-Mata et al.,
2020). These studies investigated the conceptual
gains among different pedagogies - such as
lecture-based versus active learning - but none
have compared different course modalities, such
as F2F versus online.

We found just two studies comparing conceptual
learning gains in engineering courses between
different modalities. Phanphech et al. (2022)
compared students’ conceptual learning gains of
passive electric circuits between synchronous
versus asynchronous online physics courses using
a test called DIRECT (Sangam & Jesiek, 2012). The
reported data for both online modalities showed
positive gains, with the gain for the synchronous
group (0.222) larger than the asynchronous group
(0.105). Wallace and Knudson (2020) used the
Biomechanics Concept Inventory to compare the
conceptual gains between F2F and hybrid (part in
person and part synchronous as well as
asynchronous online) modalities. Interestingly, the
mean in gain for the hybrid modality (0.26) was
slightly higher than the F2F (0.15) with both
having medium effect sizes. We have not found
any published studies in engineering that directly
compare the conceptual learning gains in students
between F2F and asynchronous online modalities.

Research Question

In this study, we investigated students’ conceptual
learning gains in materials science introductory
courses in F2F and asynchronous online
modalities. Specifically, we were interested in
answering the following research question:

Is there a difference between the conceptual
learning gains of students in F2F vs. asynchronous
online modalities?

Methods

Ethics Statement

This study was conducted following the approved
institutional review board IRB-2020-0775
procedure. The choice to participate was purely
voluntary and available for all students enrolled in
the courses. All data analyzed and reported in this
study was gathered only from participants who
provided their consent. These data were stored in
a secure server that can be accessed only by
research team Pls and approved members via the
Oregon State University credentials. To protect
the identity of the participants, randomly assigned
numbers replaced all participant identities for all
data processing and the data were aggregated for
shared results. To ensure all students were treated
equally during their terms, regardless of their
choice to participate in the study, the instructors
for all courses — which are two of the authors -
and all members of the research team did not
access the consent forms until the end of each
term after final grades were submitted. There was
no compensation for students to participate in the
study.

Setting

The Introduction to Materials Science (MATS 321)
course at Oregon State University is offered in
both F2F and asynchronous online modalities
every term, except the summer term in which only
the online section is offered. The F2F section is a
larger lecture-type class with 150 - 190 students
per term. The online section usually has 30 - 50
students and is open for on campus students as
well as distance students. The course is mandatory
for some engineering majors and an elective for
others.

Data in this study were collected from a F2F
course in Fall 2021 and from the asynchronous
online courses over four terms (Winter to Fall
2021). Both course modalities were based on the
same textbook and topics covered. The courses
were designed by the same instructors, which are
two of the authors - one teaches the F2F course
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and the other the online courses. The structure of
both course modalities was similar with the same
concise pre-recorded weekly lecture videos,
multiple-choice concept question homework
assignments on one of the challenging topics,
weekly reading comprehension quizzes, end of
week topic quizzes, two midterms, and a final
exam.

The F2F course was delivered after a COVID-19
pandemic peak when most students were back on
campus wearing masks. Around 70% of students
participated in the classroom while others
participated via a synchronous video conference
platform. The concise pre-recorded weekly lecture
videos were provided as out-of-classroom
resources, but the instructor also lectured during
class time. The instructor in the pre-recorded
videos was the same as the one teaching the F2F
class, thus the topic covered during lecture time
were the same but with longer explanations and
examples. Concept questions were not assigned as
homework, except for the same challenging topic
as assigned in the online courses, but were
included for in-class activities and discussions. The
midterms and final exam were held in class, timed,
and proctored. Students were allowed to bring a
one-page study note, but these were not open
book exams.

The online courses were delivered in four terms
from Winter to Fall 2021, one in the same term as
the F2F course. For the first two terms, the
instructor provided an asynchronous, non-
anonymous discussion board. For later terms, the
instructor added anonymous discussion boards in
addition to the non-anonymous one, based on
student requests. The instructor also provided an
opportunity for students to join synchronous
discussion sessions via video conferences. There
were three sessions per term, each on the week
before each midterm/final exam, scheduled based
on most availability provided by students (an
optional anonymous ungraded survey). These
meetings were recorded and posted for anyone
who could not attend. The three exams (midterms

and final) were timed and had flexible starting
times in which students could start working on
each exam any time within a 48-hour period. To
minimize academic misconduct in these online
exams, large pools of randomized questions were
used and students were unable to see their
submitted works until after the exam period
ended. Exams were open book, but internet
searches and discussion with others were not
allowed. A proctoring system was used for two out
of four final exams, and other exams only required
students to submit a picture of their faces with
their IDs.

Participants

Students who took MATS 321 courses in either
modality were mostly in their junior or senior
years pursuing undergraduate degrees in
mechanical engineering. Participant data are
reported in

Table 1. Only complete data sets from students
who did not drop or withdraw from the course,
provided their consent, and completed both initial
and final “MCI + MSCE” test instruments
(described in the next section), were used in the
analysis reported here (see

Table 1). The number of participants represented a
sample of slightly over half of the total students
enrolled.

Table 1. Number of participants based on modalities.

F2F Online?

Students enrolled in
courses

175 147

Students who provided 147 (84%) 126 (86%)
consent
Students with 90 (51%) 77 (52%)

complete data

» Four asynchronous online courses combined
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Learning Measures

We developed the “MCI + MSCE” test instrument
based on a combination of questions taken from
the two Cls, the MCI and MSCE, to compare the
conceptual learning gain from the beginning of the
term to the end. A total of 26 multiple-choice
concept questions (8 from MCl and 18 from
MSCE) were chosen based on their alignment with
topics covered in the course. There were three to
five answer choices per question. Questions were
provided via the Concept Warehouse online
platform (Friedrichsen et al., 2017; Koretsky et al.,
2014). The test instrument - the initial (pre) test
at the beginning of each term and the final (post)
test at the end of each term - was available for a
7-day period and students could complete them at
their own pace with no time limit. Students who
completed both tests received participation points
for completion as a bonus score on top of their
final grade, regardless of their participation in the
research study. Students were encouraged to
answer based on their current knowledge without
researching for the correct answers. No answer
key was provided, and the exact questions were
not discussed in either course modalities; however,
similar concepts were discussed during the term.
All correct percentages from each student’s initial
and final of the test instrument were collected and
calculated as normalized gain, g, using the
equation shown on page 3.

Analysis

We used RStudio (RStudio Team, 2022) for the
statistical analysis. Preliminary analyses using a
Kruskal-Wallis test indicated that there was no
statistically significant difference in average
normalized learning gains among the four online
courses, p = .65; therefore, data from all four
online courses were combined to represent the
online modality (See

Table 1 for participants in both modalities). We
investigated if the averages (population means) of
the students’ conceptual learning gains for F2F
and online modalities were different. We based
our test on a significance level of @ = 0.05. We
used a two-tailed Welch’s t-test to test the

difference in means of individual normalized gains
between the two groups, assuming a normal
distribution due to the large sample sizes. We
chose the two-tailed, instead of one-tailed test
because one group can have a higher or lower
mean gain. Each modality data set was
independent within groups as well as between
groups since students would not take two MATS
321 courses the same term. For any students who
reenrolled in the course in later terms to get a
better grade, they were included as different and
independent data, as their performances would
have changed when they went through the course
the second (or third) time. During the analysis, we
removed one outlier (g = -0.82) in the F2F group
as it is reasonable that the student was not
engaged in their final Cl, based on their response.
We quantified the magnitude of the difference
using the effect size Cohen’s d (Cohen, 2013) with
the weighted average pooled variance due to the
non-uniform sample sizes. To compare the
respective variances of two samples, we used a
Fisher’s F test, also known as F-test of equality of
variances.

Results

Conceptual Learning Gains in F2F versus Online
Modalities

Table 2 shows the results of conceptual learning
gains for the “MCIl + MSCE” test instrument. The
number of students with complete data sets (N)
and the mean (M) and standard deviation (SD) of
the initial-final differences are reported. A two-
tailed Welch’s t-test revealed a statistically
significant difference between the mean gain for
F2F (M = 0.36, SD 0.26) and online (M = 0.21, SD
0.21) modalities. Using Cohen’s d, the effect size
of 0.61 indicated a medium effect (Sawilowsky,
2009). This result indicates that modalities can
affect conceptual learning gains in an introductory
to materials science course. However, note that
the average normalized gains of both modalities
are lower than 0.5, indicating an opportunity for
improving conceptual learning in both modalities,
especially the asynchronous online modality.
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Table 2. Average normalized conceptual learning
gains from the “MCI + MSCE” test instrument for
F2F and online modalities.

N M SD t(163) COhde”s
F2F 89 036 026 395 <001 061

Online 77 0.21 0.21

Note. Fisher’s F test indicated there is no significant
difference in variances (F = 1.54; p = .053).

The distributions for both modalities are shown in
the box plot in Figure 1 and the histogram in
Figure 2. The interquartile ranges for both
modalities overlapped (Figure 1) and the
distributions were approximately normal (Figure
2).

NormalizedGain,g

Online

Modality

Figure 1. Box plot of conceptual learning gains for
F2F and online modalities.

==

F2F
_ Online

Number of Students

J”-HJ 0 Modalky

N Nomaﬁée-d Gain, g N

Figure 2. Histogram of conceptual learning gains
for F2F and online modalities.

As shown in the figures, there were some negative
gains. Rather than concluding students knew less
at the end of the term, this result could be from
lucky guesses during the initial test (Coletta &
Steinert, 2020). Although Stewart and Stewart
(2010) suggested that a “guessing” effect
correction should be reported since blind guessing
can result an average score of 20% for five answer
choices, they also concluded that the average of
the gain may be unchanged, so it is reasonable to
report the results without the correction. As we
did not plan to incorporate reporting the guessing
effect correction in this study, we did not collect
associate question (“I’'m guessing”) and thus
unable to report a correction.

Discussion

Although the F2F and online courses were
developed in coordination and as similarly as
possible, we found a statistically significant
difference in conceptual learning gains between
them. Little is reported in the literature comparing
conceptual learning gains between modalities, but
previous research has shown developing
conceptual knowledge in students is more
challenging than developing declarative or
procedural knowledge (Streveler et al.,, 2008). As
there can be multiple parameters in play, next we
provide some conjectures on the difference in
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learning gains between modes based on other
findings in the literature.

Self-Regulation

The most common explanation for why students
perform worse with online learning than F2F is the
need for self-regulation (Broadbent, 2017; Parkes
et al., 2015), which can affect not only conceptual
learning process but learning other types of
knowledge as well. Although there are benefits of
online education, such as the flexibility, both
instructors and students must understand that this
is not a solitary, non-structured, nor self-paced
activity (Bourne et al., 2005). As students in online
or remote modalities are often working full time
and taking care of others (for instance, married
and have children) while studying (Venable,
2022b), they might struggle more with time and
energy management. Over a thousand nationwide
self-reported survey data, the biggest concern
reported about online/remote learning experience
in college and graduate students is balancing their
education with work, family, and household
obligations (Venable, 2022a). These students
might also take longer to complete their degree,
resulting in not retaining their prerequisite
knowledge as well as students who have just taken
a course in the previous term.

Moreover, the resources provided in the online
modality such as textbooks, lecture slides, and pre-
recorded videos that students can access anytime,
require students’ discipline to engage more than
attending a scheduled lecture time. In addition,
difference in the exam setting — proctored and in-
person with a non-opened book midterms/final
exams in the F2F course in this study — might have
influenced students’ study habits and methods
throughout the term, resulting in higher
conceptual gains.

Social Presence

Another challenge in the online learning
environment is the lack of human interactions or
“social presence” (Wei et al., 2012), which has
significant effects on learning interaction and

performance. In this study, after all quantitative
data were collected, the two instructors for both
modalities (authors) were asked to recall their
observations of the class. They were asked to recall
how the discussion environments related to the
development of conceptual understanding, as well
as other details that might affect students’
conceptual learning. Although these observations
were not conducted using a rigorous conventional
method, the instructors were aware of their class
dynamics. Their perceptions are explained next.

During the F2F in-person lecture class time, the
instructor recalled frequent student interactions
including questions and active discussion around
some ungraded concept questions. Although the
online modality also provided three synchronous
recorded office hours per term via a video
conference, the instructor recalled that there were
very few students who joined each session, with
the same students attending multiple sessions per
term. The conversations from students who joined
these sessions were usually focused on the
procedural-type questions that the students got
wrong and other general questions about the
upcoming midterm or final exams. Concept
questions were rarely discussed for this modality
during these synchronous sessions.

For the asynchronous discussion boards in the
online classes, there were some discussions that
focused on concept questions in the assigned
homework, recalled by the instructor. There were
some participations by students asking questions
related to homework problems before the due
date and some participations after they received
their homework results (no answer key was
provided). Again, participation in these
asynchronous discussion boards usually came from
the same students that participated in the
synchronous video conference sessions each term.
As the participation in these discussion spaces
were optional and not graded, regardless of the
effort of the instructor to encourage students to
participate, the instructor recalled that hardly any
students tended to initiate the conversation nor
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provided responses to their peers on these
discussion boards. Moreover, almost none of the
discussions were continuous. The questions from a
student usually ended with one guidance hint or
further questions provided by the instructor, and
the questions rarely elicited response from their
peers. Similar levels of participation occurred with
the anonymous discussion boards that were
provided in the online classes on later terms
(requested by students). However, it is important
to note that, the instructor also recalled that there
were students who reported in anonymous course
evaluation surveys that they have never posted on
the asynchronous discussion boards, but they still
read and learned from the limited conversations in
these spaces.

To promote positive communication and learning,
which can strengthen conceptual development
through rigorous discussions in the online
modality, Thompson (2006) has gathered practical
advice from researchers and instructors along with
student feedback on how to better set up and
facilitate online discussions. This advice includes
structuring the activity, communicating
expectations, having interesting open-ended
questions with topics that serve course objectives,
encouraging peer assessment, and monitoring but
not dominating (nor be absent from) the
discussion. In addition, incorporate the use of
multimedia such as video recordings instead of
text only in the discussion boards and encourage
students to share their videos when joining the
synchronous video conference sessions can also
help strengthen human aspect between instructor
and student and among students themselves.
Another idea to enhance instructor presence in the
asynchronous environment is to incorporate a
casual recorded video as an announcement as
suggested by Tanski (2022).

Anxiety

Anxiety is another factor that can affect students’
conceptual learning gains in the online learning
modality, according to Phanphech et al. (2022).
Particularly, they reported that students in an

asynchronous online modality suffered more with
psychological anxiety (had a fear of failing, had low
self-esteem, etc.) and online anxiety (lacked
enough computer knowledge, insufficient social
interaction with other students or communication
with instructors, etc.) They recommend online
classes incorporate both synchronous and
asynchronous elements. This approach can reduce
anxieties that can impede learning in general. For
example, an asynchronous online course could
include more frequent synchronous discussion
opportunities such as more frequent office hours
scheduled around student availability as well as
recordings for those who cannot attend.

Feedback Mechanism

Another important factor to promote conceptual
learning in students is the type and time of the
feedback. To promote conceptual change, students
need to be helped to increase their
metaconceptual awareness — become aware of
their existing presuppositions and beliefs —
through group discussion and verbal expression of
ideas (Vosniadou et al., 2001). Based on the
conceptual leaning gains data in this study, the
lack of immediate feedback in the asynchronous
discussion boards resulted in discontinuous
discussion and may have hindered richer
conversations, compared to the more interactive,
in person with prompt feedback discussions in the
F2F environment. Therefore, asynchronous
discussions may be associated with the lower
conceptual knowledge gains. Thus, when covering
each concept, especially for asynchronous online
large engineering classes, instructors should
structure the course to include adequate time and
opportunities for rigorous class discussion
(Wallace & Knudson, 2020) and include a
systematic approach to provide timely feedback,
which may promote further conceptual thinking.
We recommend more research focused on how to
best incorporate assessments that can
automatically and adaptively provide specific
feedback to individual learners. For instance,
computer technologies or artificial intelligence
(Conejo et al., 2004; Keeler et al., 2016; Wilson &
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Scott, 2017; Zhai et al., 2021) can be used as tools
for grouping similar misconceptions and providing
repetitive feedback. This approach can help to free
up time and energy for instructors in online classes
to devote themselves to other richer tasks.

In this study, students in the F2F modality had
access to both in-person lectures as well as the
concise pre-recorded weekly lecture videos.
Students who watched these short videos before
the lecture times could bring their questions to
class. On the other hand, the online modality did
not have a longer synchronous lecture time nor
weekly synchronous office hours that students
could ask and receive prompt responses to their
questions. Thus, being at the same time
(synchronously for timely feedback) in the same
room (in person, social present) can enhance
students’ engagement and a deeper conceptual
understanding on topics found in this study. We
suggest online classes include informal human-like
prompt feedback mechanism on tasks as well as
promote deepen discussion environments to help
students achieve conceptual understanding of
complex engineering concepts. In addition,
Vosniadou et al. (2001) recommended that
instructors analyze classroom discourse and group
discussions to better understand how knowledge
construction occurs.

Limitations and Future Recommendations

This research was conducted in real classroom
environments, which makes it difficult to maintain
consistency between groups. Students from
similar disciplines who enrolled in the MATS 321
course in different terms or academic year came
from diverse backgrounds, e.g., taken different
other related courses. The recent global pandemic
also led to unexpected circumstances that
fundamentally disrupted instructors’ and students’
lives. For example, people who lacked space,
equipment, and strong internet to work from
home struggled to keep up with this change - this
includes not only students but also instructors and

teaching assistants (Koretsky, 2022; Sottile et al.,
2021).

Due to the instructors’ desire to improve their
courses over time and in this study, the
asynchronous online course underwent small
changes as previously described, which may have
affected students’ performance, positively or
negatively. The structure of the course also played
an important role. Students in F2F course were
able to access the pre-recorded weekly lecture as
well as the in-person lecture while the online
modality had only asynchronous resources. The
difference between assessments in the course
modalities (e.g., bringing a study note sheet or an
open book exam) might affect students’ approach
to studying, resulting in different learning gains. In
some terms, especially during the summer, the
online course lacked a teaching assistant, and thus
we assume less support and prompt feedback was
given to students. The study also did not collect
discussion and engagement data in a systematic
way. Further studies to closely investigate these
differences in modalities that can affect students’
conceptual gains are recommended. The data for
the F2F modality in this study came from a single
term, which might not accurately represent the
norm of this modality. More data from the same
course modality could confirm the result.
Furthermore, demographics of the participants
should further be investigated, as this is not the
main focus reported in this paper. Lastly, it is
recommended to perform replications of this
study for other topics and disciplines.

Although the scope in this study is limited,
specifically focused on an introductory materials
science course from one university, the findings
reported here will help not just researchers but
also course instructors to improve their
instructional design to support students’
conceptual learning. The results from this study
show that there are opportunities to improve
students’ conceptual understanding for both the
F2F modality and even more for the asynchronous
online modality. The suggestions of techniques
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and tools discussed here should further be studied
and used in ways that can help students to better
develop their conceptual understanding. The
challenges reported here are also helpful to
consider for educational researchers. Future
research can adapt and use the idea and approach
from this study to investigate and compare the
effectiveness of teaching challenging concepts for
any discipline across different course modalities.

Conclusion

Although online learning has become more
prevalent, there is still limited research in
comparing engineering students’ conceptual
understanding between course modalities. The
reported difference in conceptual learning gains
between the two modalities from this study -
higher in F2F — supports the idea that modality can
affect students’ developing conceptual
understanding. As various factors that could
possibly contribute to the difference observed
were discussed; from a constructivist perspective,
classroom discussion is one of the critical tools to
support students in processing challenging
conceptual concepts. We suggest the F2F might
have been better able to provide appropriate
formative feedback i.e., through in-person class
discussions on challenging concepts, and we
recommend online courses focus on stimulating
more continuous discussion around concept
questions to enhance students’ developing
conceptual understanding.
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