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Students and educators often face time constraints, making it essential to develop interventions that are
both easy to implement and have a substantial impact on learning and performance. One promising strategy
is retrieval practice, particularly in the context of physics education, where many students struggle with
basic knowledge. Prior research has shown that retrieval practice improves self-explanation and problem-
solving performance, yet many students avoid it, even when resources are provided. To address this, we
introduced a mandatory retrieval test with a minimum benchmark of 50% to encourage greater engagement
with retrieval practice. The primary aim of this study was to explore students’ experiences with the test and
its impact on their use of retrieval practice. A secondary aim was to examine whether increased retrieval
practice effort correlated with improved performance on factual, conceptual, and problem-solving exams.
Interviews with 13 students revealed that about half crammed for the test, while the other half spaced their
practice throughout the semester. Several students noted that the test motivated them to both memorize and
understand the principles, with no complaints about the mandatory test. Of the 463 students, 179 achieved a
perfect score, suggesting substantial engagement. Effect sizes on factual, conceptual, and problem-solving
performance tests ranged from negligible to large, indicating substantial potential benefits with minimal
risk. In conclusion, the mandatory retrieval test is an effective, low-effort intervention for educators,
promoting greater student adoption of retrieval practice and yielding both qualitative and quantitative

evidence of enhanced learning and performance.
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I. INTRODUCTION

Students find physics difficult [1], and both students and
educators are hard-pressed for time. Therefore, there is a
need for interventions that are simple to implement, ensure
student adoption of effective learning strategies, and have a
high benefit-to-effort ratio for both lecturers and students.
Reaching mastery is especially difficult and time consum-
ing for students with low prior knowledge [2]. Prior
research has shown that students often lack foundational
knowledge, like Newton’s second law, even toward the end
of the semester [3]. The same research showed that
retrieval practice, the act of actively recalling information
from memory rather than passively reviewing it, has very
large effects on the memory accessibility of physics
principles and definitions [3].

While retrieval practice has been extensively studied in
controlled settings, its practical implementation in physics
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education remains underexplored. This study addresses the
critical gap in translating evidence-based strategies into
scalable interventions that are both accessible and effective
for diverse student populations in real-world physics courses.

A. Retrieval practice improves learning

Incorporating retrieval-based methods is essential for
effective and meaningful learning in any educational domain
[4—10]. Moreover, there is broad agreement among research-
ers that there is a need for more retrieval practice in education
[11-14]. Retrieval, which involves actively recalling infor-
mation, is more effective than restudy—where students
review or reread materials—provided that some feedback
is given when retrieval success rates are low [9]. The effect of
testing and retrieval is consistently found to be around half a
standard deviation for facts, problem-solving, and concep-
tual tests [9,10]. This aligns with previous findings on the
effect of retrieval practice of physics principles on problem-
solving tests [15]. To put this in perspective, some argue that,
in real-world educational settings, a fifth of a standard
deviation is a large effect [10]. Considering the ease of
implementation for both lecturers and students, the potential
benefit-to-effort ratio for retrieval practice is outstanding.
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Unlike more complex interventions designed to improve
problem-solving or conceptual understanding, retrieval prac-
tice can be seamlessly integrated into existing teaching
methods, such as Peer Instruction or problem-solving strat-
egy instruction. By strengthening foundational knowledge,
retrieval practice serves as a crucial scaffold for more
advanced cognitive processes, enhancing the effectiveness
of other interventions without adding significant complexity.

Retrieval practice can also yield more meaningful
learning than elaborative study strategies, such as concept
mapping [16], which involves connecting new information
to existing knowledge by creating meaningful associations.
The strong memories students gain from retrieval practice
are especially important when the demand on working
memory is high [17-19], whether due to task complexity or
limitations in working memory.

One key advantage of retrieval practice is its simplicity
and adaptability [13,14], allowing it to complement more
extensive interventions. For instance, integrating a man-
datory retrieval test into a physics course requires minimal
resources but can amplify the benefits of more resource-
intensive strategies [15,20,21], such as collaborative learn-
ing or inquiry-based problem-solving.

B. The direct effects of retrieval practice

The most obvious benefit of retrieval practice is the
increased longevity of the retrieved knowledge [22],
especially when students space their retrieval practice over
time [23,24]. We argue that long-lived memories of physics
principles should be a core goal in any physics course.

Problem-solving performance is also affected by memory
strength [19], which refers to the durability and accessibility
of amemory trace. Memory strength determines how quickly
and effectively information can be retrieved, playing a critical
role in solving complex problems. Retrieval practice of
physics principles can directly affect the performance of
physics students on problem-solving tests [15].

C. Indirect effects: Retrieval practice
potentiates other learning strategies

Memory and understanding are tightly connected [25].
Having strong memories of core knowledge components
makes it easier to learn new, more complex knowledge
centered around the core knowledge components
[18,19,26-28]. Physics principles are such core knowledge
components. See the Hierarchical Principle Structure for
Mechanics in Supplemental Material at [29] for examples
of what we define as physics principles. Physics principles
form the basis for understanding the domain. They are the
core components for understanding worked solutions, and
they are the core components in solving physics problems
[3,30-33]. In fact, retrieval practice of physics principles
has been shown to increase the quality of self-explanations
when working through worked examples and to positively
affect problem-solving performance [15]. We believe that

the indirect effect of retrieval practice—the potentiation of
learning through other learning strategies, like elaborative
encoding, self-explanation, and problem-solving—is the
most important benefit of retrieval practice.

Knowledge retrieval also potentiates learning of new
unrelated material [5,34]—a forward effect—and even when
the material is complex [35]. Some proposed explanations
for this somewhat strange phenomenon relate to the freeing
of cognitive resources, improved encoding strategies, better
isolation of the contexts of the learning episodes, and
improved knowledge integration [36]. Crucially, retrieval
of recently encoded knowledge potentiates the subsequent
encoding of new knowledge [37]. Therefore, we encourage
our students to retrieve the previous week’s physics princi-
ples, then elaboratively encode the current week’s principles,
and, finally, do retrieval practice on the new principles.
The forward effect is most useful for the first four items in a
list of multiple items [38], which is the average number
of principles and definitions per box in the Hierarchical
Principle Structure for Mechanics.

D. Retrieval practice elevates lower-achieving students

Retrieval practice may be especially beneficial for lower-
achieving students [3,10]. Students who tend to use poor
study strategies will gain more by incorporating retrieval
practice into their study routine [39], while higher-achieving
students may already incorporate retrieval in their study
strategies. Having strong memories of knowledge compo-
nents is also more important for lower working memory
students [18,19,40]. Hence, structured retrieval practice may
be an instructional tool for leveling the playing field [40].

E. Retrieval practice should be distributed in time

Spacing—spreading learning episodes over time, rather
than massing them together—and retrieval are important
for learning [41,42]. Spaced retrieval practice improves the
transfer of learning compared to regular study [43]. The
effects of retrieval practice and spacing also seem to be
additive [42]. Memory strength accumulation follows a
power law, where the strength gained from each learning
episode is additive and decays as a power function of time
[24]. The memory strength gained reflects physical changes
such as new receptor sites [44]. Distributing the retrieval
practice in time reduces the decay rate for each learning
episode [23].

The effect of increasing the amount of practice within
days, especially beyond four trials, is small compared to
increasing the amount of practice across days [45].
Successive relearning distributed in time has a large effect
on the retention post exam [46]. Moreover, relearning
speeds up over time, becoming more efficient. Finally,
there is evidence that not only does the retrieval of specific
facts speed up, but that central processes involved in
retrieval are also speeding up when one practices fact
retrieval [45].
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F. Retrieval practice improves knowledge transfer

Retrieval enhances the transfer of learning compared to
restudy [47]. Stronger memories are quicker to retrieve
[24,48]; they are easier to hold in working memory and to
manipulate [19,49], and they require less contextual cues to
be retrieved from memory [50,51]. The help one gets from
the contextual cues in the environment is limited and one
cannot expect a full overlap between practice and test cues
when needed. Hence, retrieval practice makes memories
less context dependent, and may promote insight, infer-
ence, and generalization [50-52]. The extent to which
retrieval practice improves transfer of knowledge is mod-
erated by the retrieval performance and whether the
memories have been elaboratively encoded [53].

Retrieval practice of physics principles transfers to self-
explanation of worked examples by increasing principle-
based explanations [15]. Including physics principles in
self-explanations of worked examples improves transfer of
knowledge to novel problems [15,31,54]. Retrieval practice
also transfers to problem-solving performance [15].
Moreover, scores on a simple factual test have been shown
to have a very high correlation with exam performance [3].
Finally, retrieval practice can affect the contribution of
students during Peer Instruction [21].

G. Elaborative encoding before
retrieval practice (and after)

Elaborative encoding, where students enrich new infor-
mation by linking it with prior knowledge and creating
meaningful associations, can make retrieval practice more
effective [55]. The effect of retrieval practice is potentiated
by well-formed knowledge structures [56]. Elaborative
encoding before retrieval practice ensures that the student
has some semantically meaningful intraitem associations to
guide their memory reconstruction [20,57]. Active memory
reconstruction—retrieval practice—strengthens both cue-
item associations (e.g., cue: “Newton’s second law”; item:
“F = ma”) and intraitem associations (e.g., between force
and acceleration) [58,59]. This strengthening of the intra-
item associations speeds up the retrieval process of the item
[24,45,59], making cognitive processes involving the
memory more fluent. In contrast, merely studying an item
does not entail reconstruction of a memory and the
resulting strengthening of intra-item associations.

Retrieval practice can also make elaborative encoding
more effective, especially when studying restricted topics
[60], like physics principles. Retrieval practice improves the
memory strength of the constituent knowledge pieces before
elaborative encoding binds them together [26]. Even if the
students fail to retrieve a memory, the retrieval attempt
potentiates subsequent learning from restudy [59,61].

Retrieval practice and elaborative encoding can boot-
strap the student from a state of negligible knowledge, with
elaborative encoding potentiating subsequent retrieval

practice, and retrieval practice potentiating subsequent
elaborative encoding.

H. A hierarchical visual structure may improve
effects of retrieval practice

The instructional material we use for retrieval practice is a
visual structure that meaningfully organizes the most impor-
tant physics principles for each of the physics courses; see the
Hierarchical Principle Structure and retrieval sheets for each
of the courses in this study in Supplemental Material at [29].
This enables our students to store item-location combina-
tions, giving them spatial cues for memory items in addition
to the semantic cues. With practice, they can potentially bind
all items together in a configuration and reduce proactive
interference—when older memories interfere with the
retrieval of newer, similar information—for other recently
studied items [62]. Location and gaze direction can be an
additional cue to memories when multiple memories com-
pete [62—64]. We are better at remembering information
when it is consistently presented in the same location [65],
with the benefit coming from the spatial structure [64].
Moreover, visual working memory performance improves
with semantic structure [66], the meaningful organization of
information based on relationships between concepts.
Hence, by using hierarchical principle sheets, we can
capitalize on our exceptional ability to remember spatial
information, similar to what you gain by using the Method of
Loci [67] but with the added benefit that the placement can
yield additional semantic information.

I. Students avoid retrieval practice

Regrettably, students tend to choose ineffective learning
strategies [68,69]. They avoid mentally effortful learning
strategies, both because of the mental cost and because of a
misperception of effort as a cue to poor learning [70]. Many
students avoid retrieval practice, even when they are told
about its effectiveness and how to use it [71,72]. In fact,
most interventions have little or no effect on students’ use
of retrieval practice [73]. Researchers have started to
promote multifaceted intervention, where students are
informed of benefits, plan how to use it, and reflect on
outcomes, as it is not enough to teach students how, when,
and why to use retrieval practice [71,74]. Some argue that
interventions to promote retrieval practice must reduce the
perceived cost to succeed [73,74]. This aligns with the
cognitive ACT-R theory of Anderson and Lebiere [51] and
the expectancy-value-cost theory of motivation [75,76],
where actions are chosen based on estimations of utility,
probability of success, and cost.

J. The current study

Despite its proven effectiveness, many students avoid
retrieval practice even when aware of its benefits and
provided with the necessary materials [20]. Hence, we
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introduced a mandatory retrieval test, requiring students to
score at least 50% to be eligible for the final exam. The
purpose of the test was to incentivize retrieval practice,
preferably spaced throughout the semester. Our approach
targets most of the considerations above. If students must
complete a retrieval test, the perceived utility of retrieval
practice would presumably increase and the cost of not
practicing increases. Regular retrieval practice gives stu-
dents immediate feedback on their improvements, presum-
ably increasing their perceived probability of success or
self-efficacy. Regular practice can also speed up the process
and reduce the perceived cost of retrieval practice. Targeted
elaborative encoding before retrieval practice of the physics
principles can also reduce the mental cost. Moreover,
having access to ready-made retrieval sheets reduces the
cost of retrieval practice.

Unlike previous approaches, our intervention uniquely
combines mandatory retrieval testing with a hierarchical
principle structure to promote systematic and distributed
retrieval practice. This dual approach not only incentivizes
consistent engagement but also supports students in organ-
izing and integrating core physics principles, bridging the
gap between factual recall and conceptual understanding.

The study was guided by the following research questions:

1. Does the mandatory retrieval test increase students’
use of retrieval practice?

2. How do students perceive and reflect on the man-
datory retrieval test as part of their study process?

3. Is increased engagement in retrieval practice asso-
ciated with improved performance on factual, con-
ceptual, and problem-solving assessments?

The primary aim of this study was to explore students’
experiences and reflections on the mandatory retrieval test
and retrieval practice. Specifically, we sought to investigate
whether the test incentivized retrieval practice and whether
increased effort in retrieval practice correlated with higher
performance on tests and exams. By addressing these
questions, this study aims to provide insights into the
effectiveness and scalability of retrieval practice interven-
tions in physics education.

II. METHODS
A. Participants

This research was conducted over two years in three
consecutive bachelor’s-level physics courses at a large
Norwegian university and an introductory mechanics
course at a large Norwegian university of applied sciences.
About half to two-thirds of each course cohort gave written
consent. See Tables II and III in Sec. III—Quantitative
results for the exact number of students from each course
cohort. Thirteen students from the 2022 Mechanics 1
cohort consented to partake in one-on-one interviews.
Mechanics 1 was chosen for qualitative data collection
due to its large cohort size, which facilitated recruiting a

diverse group of students. This diversity allowed us to
capture a wide range of experiences and perspectives,
spanning the entire grade interval on the final exam and
including students with varied prior results. The large cohort
size also increased the likelihood of reaching thematic
saturation in the qualitative analysis, ensuring that no new
themes emerged with additional data collection.

B. Context
1. Research project

The courses were part of a research project where the aim
was to integrate effective learning strategies into the
instructional material and learning arenas. The lecturers
decided which of the suggested instructional interventions
they wanted to implement. However, three of the four
courses implemented a standardized test of factual knowl-
edge (Classical Mechanics did not), and all four courses
implemented a standardized multiple-choice test and con-
ceptual multiple-choice questions with written argumenta-
tion on the final exam (15%-30% of the exam score).
Moreover, all course instructors designed, and gave the
students access to, a principle structure that meaningfully
organized the most important principles and definitions in
the courses. Retrieval practice sheets were made based on
the principle structures. See Supplemental Material at [29]
for the principle structure and retrieval sheet for each
course. Moreover, each course implemented a mandatory
retrieval test, in which students had to score a minimum of
50% to be allowed to take the exam. The retrieval test was
identical to the retrieval sheets.

2. Courses

Introduction in Astrophysics is a first-semester physics
course for most students, with a typical enrollment of
40-50 students. The course covers a broad array of
concepts relevant to astrophysics without going into depth.
The course is a mix of weekly lectures, seminars, and a
large project-based component where students work in
groups for several weeks. One key goal of the project-based
work is to give students practice in scientific writing,
including peer-review of each other’s writing. Of the
courses involved, it has the lowest fit to the instructional
interventions and is also the least changed course beyond
the newly implemented tests, the principle structure, and
the introduction of peer review of scientific writing. The
course included some structured retrieval practice sessions
during lectures in the final year of the project and minor
additions of Peer Instruction.

Mechanics 1 is a second-semester physics course for
most of the attending students, with a typical enrollment of
150-180 students. The course covers translational-, rota-
tional-, and fluid mechanics. The lectures were almost
completely student-active, with one hour of discussion
problems, two hours of Peer Instruction, and one hour of
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problem-solving strategy practice during the two weekly
two-hour lectures. The lectures also included a 5-10-
minute individual structured retrieval session. As prepa-
ration for the lectures, the students were encouraged to
use the introductory videos created by the course instruc-
tor. These videos were intended to stimulate elaborative
encoding of the physics principles and definitions from
the hierarchical principle structure for mechanics [57].
The students were also encouraged to do structured
retrieval practice on the retrieval sheets after engaging
with the week’s videos. Specifically, they were advised to
first do retrieval practice of the principles from previous
weeks, then watch the current week’s videos, and finally
do retrieval practice of the current week’s principles.
They were also advised to gradually drop old principles
from their retrieval practice, as the first four re-learnings
yield most of the benefits. Moreover, they were encour-
aged to kickstart all their study sessions with retrieval
practice.

Mechanics 2 and Thermodynamics is a third-semester
physics course for most of the attending students, with a
typical enrollment of 50-70 students. Most of the students
came from Mechanics 1 and were well-versed in retrieval
practice and the other study practices taught. The course
covers wave mechanics, gravitation, Hamiltonian and
Lagrange formalism, and thermodynamics. In the treatment
years, the lectures were mostly traditional with some Peer
Instruction in the first two-thirds of the semester. The final
third included substantial Peer Instruction. The course had
structured retrieval practice in-lecture for the whole semes-
ter during the treatment years. This course was the most
changed out of the courses in the study.

Classical mechanics is a second-semester physics course
for engineering students at a Norwegian university of
applied sciences. The typical enrollment is 30-40 students
and covers translational and rotational mechanics. The
main change made to the course was the addition of the
mandatory retrieval test and structured retrieval practice in-
lecture. The course already included Peer Instruction before
the intervention.

C. Measures and data gathering
1. Retrieval tests

The retrieval tests were performed in class the week after
all the course concepts had been covered. See
Supplemental Material at [29] for the retrieval test for
each course. The course instructors manually scored each
retrieval test. The students received 1 point for formally
correct responses, even if the equation was written in a
different (but formally correct) way compared to the
formulation in the principle structure. The students were
required to score a minimum of 50% to be allowed to take
the final exam. Of the 463 students, only three students
failed the test on the first try.

2. Factual tests

The factual tests were performed on a web-based assess-
ment platform the week after the retrieval test. The factual
tests were developed by the course instructors, covering SI-
units of concepts, important physics principles, and con-
ditions of application of principles. See Supplemental
Material at [29] for the factual tests for each course, and
the corresponding test analysis. The factual test was not
implemented in the Classical Mechanics course because the
course already included three tests, so the lecturer at that
time decided against adding a fourth to avoid overburden-
ing the students. Both the Cronbach’s alpha values (ranging
from 0.81 to 0.85) and the mean inter-item correlations
(ranging from 0.15 to 0.22) were in the ideal range [77,78].
All items had positive discrimination values, with almost all
items having good to excellent item discrimination [79].

3. Conceptual multiple-choice tests

The conceptual multiple-choice tests were also performed
on a web-based assessment platform, the same week as the
factual test. We used established and pre-validated concep-
tual tests in all courses. The Astrophysics course used the
Test of Astronomy Standards [80]. The Mechanics 1 and
Classical Mechanics courses used the Mechanics Baseline
Test [81]. The Mechanics 2 and Thermodynamics course
used the Survey of Thermodynamic Processes and First and
Second Laws [82].

4. Final exams

The exams in all the courses had the same basic
structure. Most of the exam consisted of traditional text
problems, counting for 70% of the final grade (85% in
Classical Mechanics, CM). There were five (three in CM)
conceptual multiple-choice problems, counting 10% (5% in
CM) of the final grade. Finally, the students had to give a
written argument for their choice, counting 20% (10% in
CM) of the final grade. To receive full points for their
argumentation, they had to argue with physics principles
and be formally correct.

5. Interviews

The interviews lasted approximately one hour on average
and were conducted digitally by the first author in the final
weeks of the 2022 semester in Mechanics 1. The semi-
structured interviews followed a guide with questions target-
ing students’ experiences and reflections on different
learning strategies and course materials. A subset of the
questions was relevant to the current study. See Supplemental
Material at [29] for the interview guide.

The interviewer strove to follow guidelines for qualita-
tive interviews [83] which emphasize creating a safe and
open environment for participants to share their experi-
ences, asking open-ended and nonleading questions, and
allowing flexibility in the interview structure to explore
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emerging themes. This approach ensures that data collec-
tion is both rigorous and sensitive to the participants’
perspectives, aligning with best practices in qualitative
research.

D. Data analysis
1. Quantitative analysis

The quantitative analysis was performed in R [84].
Pearson’s correlation assumes that the relationship is linear
and may underestimate the effect if it is not [85]. Both the
retrieval test and the factual test had ceiling effects, which
also potentially lead to an underestimation of effect sizes.
We also conducted a median split effect size analysis, in
which we split the data so that high retrievers had zero or
one wrong answer, and low retrievers had more than one
wrong answer. This resulted in 220 high retrievers and 243
low retrievers in total (212 and 211 in the case of the factual
test). A qualitative reason for doing this split is that to get a
full score (or only a single mistake) demands much more
retrieval practice beforehand than being somewhat close to a
full score. However, some information is lost when perform-
ing a median split [86]. Therefore, the effect sizes should be
interpreted in relation to the correlation coefficients.

2. Qualitative analysis

The interviews were transcribed intelligent verbatim by a
professional transcription company, which specializes in
research transcription and adheres to strict confidentiality
agreements. The data were analyzed using thematic analy-
sis, following the approach outlined by Braun and Clarke
[87], and processed using Nvivo software [88]. To ensure
anonymity, all participants were assigned pseudonyms.

The thematic analysis proceeded through several key
stages. First, the first author listened to all audio recordings
multiple times throughout the process to gain a deep
familiarity with the data and to identify potential missed
themes or inconsistencies. The transcribed interviews were
then segmented into broad categories, followed by a
detailed coding of specific utterances within the data.

The first author identified themes, and these themes were
organized hierarchically to show relationships between
them. Throughout the process, themes underwent continu-
ous refinement, where they were modified, collapsed, or
separated in response to issues of internal coherence (the
consistency within a theme) and external distinguishability
(the differences between themes) [87]. Finally, the quali-
tative findings were written up and then reviewed and
scrutinized by the other authors.

While thematic analysis can provide rich insights, it is
important to acknowledge potential bias stemming from the
familiarity between the first author (who conducted the
interviews) and the participants, as the first author was also
the course instructor. Personal involvement in data collec-
tion may have influenced the dynamics of the interviews.

Specifically, while the students appeared to be open and
critical during the discussions, there is a possibility that
positive students became more enthusiastic, whereas neu-
tral students may have underplayed their actual feelings,
potentially being more negative. This is an important
consideration when interpreting the findings.

Furthermore, as Firestone [89] has pointed out, it is
inappropriate to generalize qualitative findings from a
specific sample to an entire population. However, despite
this limitation, we believe that the identified themes
accurately reflect the experiences and reflections of the
students in this study. The themes provide a meaningful
representation of their perspectives, and while not general-
izable in the traditional sense, they can serve as working
hypotheses that may be tested or explored in other educa-
tional settings [90].

Finally, as Lincoln and Guba [91] emphasize, case-to-
case generalization requires readers to carefully consider
whether the findings from this study apply to their specific
context. We invite readers to reflect on the relevance of the
identified themes for their situation and to approach the
transfer of these findings with appropriate caution.

III. QUANTITATIVE RESULTS

The quantitative results in this section paint a broad
picture of trends and correlations. It is particularly valuable
in tandem with the qualitative findings. In accordance with
established guidelines, Cohen’s d values of 0.2, 0.5, and 0.8
are typically considered to represent small, medium, and
large effect sizes, respectively. Similarly, correlations are
generally categorized as small when r < 0.2, medium
when 0.2 < r < 0.3, and large when r > 0.3 [92,93].

Table I shows descriptive statistics for the scores on the
mandatory retrieval test for each of the course cohorts. It
shows that most of the students were close to a 100% score on
the retrieval test in most of the course cohorts. In all but one
course cohort, the proportion of students who scored 100%
was above 25%, with one course cohort having more than
half of the students at 100% score. Classical Mechanics stood

TABLE I. Mean score, median score, and the proportion of
students who scored 100% on the mandatory retrieval test in each
course.

Proportion full

Course Mean Median score
Astrophysics 2022 90% 95% 27%
Astrophysics 2023 90% 94% 35%
Mechanics 1 2022 92% 97% 34%
Mechanics 1 2023 93% 98% 44%
Mechanics 1 2024 94% 100% 55%
Mechanics 2 & TD 2022 91% 98% 31%
Mechanics 2 & TD 2023 95% 97% 33%
Classical Mechanics 2023  79% 77% 6%
Classical Mechanics 2024  82% 86% 26%
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TABLE II.

Correlation and median split effect size for the factual test, conceptual multiple-choice test, and exam for each course, with

a continuously cumulating meta-analysis (CCMA). The median split effect size compared the students with 0—1 wrong answers on the
retrieval test to the students with 2+ wrong answers. Note: ***p < 0.001, **p < 0.01, *p < 0.05, ?p < 0.10. The effect sizes in bold are

statistically significant.

Test type: Facts Conceptual Exam

Course: n Correlation Cohen’s d Correlation Cohen’s d Correlation Cohen’s d
Astrophysics 2022 22 r=20.35 d =1.09* r=—0.07 d=-023 r=0235 d=0.34
Astrophysics 2023 20 r=0.61"* d =0.63 r=—0.05 d =031 r=20.33 d =025
Mechanics 1 2022 115 r=035" d=0.58" r=0.04 d=0.16 r=034"* d=046"
Mechanics 1 2023 108 r=040"*  d=0.77" r=0.16" d=0.12 r=048" d=082"
Mechanics 1 2024 92 r=0.29** d=0.63"* r=0.17" d=10.29 r=035" d=0.56"
Mechanics 2 & TD 2022 36 r=0.52** d=1.14* r=20.16 d=043 r=20.23 d=032
Mechanics 2 & TD 2023 30 r=0.38* d=0.46 r=0.48" d=0.93" r=063" d=0.63"
Classical Mechanics 2023 17 e e r=20.13 d = 0.66 r = 0.66 d =094
Classical Mechanics 2024 23 e e r=0.01 d=-0.18 r=20.18 d=0.16
CCMA 463 (423) r=040"* d=0.71"*" r=0.13* d=023" r=039" d=0.54"

out with the lowest score and low proportion of students at
100% score.

Table II shows the correlation between the score on the
mandatory retrieval test and the factual test, conceptual
multiple-choice test, and exam scores, and the correspond-
ing median split effect size. Note that the factual test was
not implemented in Classical Mechanics. Table III shows
the correlation between the score on the mandatory retrieval
test and the text problems, multiple-choice problems, and
argumentation problems from the exam, and the corre-
sponding median split effect size.

Nonsignificant results from smaller sample sizes may
provide additional evidence of effects [94,95]. Therefore,
we performed a continuously cumulating meta-analysis
(CCMA) on the effect sizes of every sample. The CCMA
on Cohen’s d effect sizes was performed using a spread-
sheet from Sibley [96], which provides utilities for calcu-
lating simple meta-analytic averages. This tool is designed
to facilitate the analysis and visualization of meta-analytic

TABLE III.

data, making it accessible for researchers to compute and
interpret aggregated effect sizes efficiently. The CCMA on
the correlation coefficients was performed with the meta
package in R [97]. The CCMA showed a significant effect of
retrieval test scores on factual test performance, r = 0.40,
p < 0.001 and d = 0.71, p < 0.001; conceptual test per-
formance, r = 0.13, p < 0.01 and d = 0.23, p < 0.05; and
exam performance, r = 0.39, p < 0.001 and d = 0.54,
p < 0.001. For the subtypes of problems on the exam, the
CCMA showed a significant effect of retrieval test score
on text problems, r =0.40, p <0.001 and d = 0.55,
p < 0.001; conceptual multiple-choice questions, r = 0.18,
p <0.001 and d=0.22, p <0.05; and argumentation,
r=0.29, p <0.001 and d = 0.37, p < 0.001.

IV. QUALITATIVE FINDINGS AND DISCUSSION

We present the findings from the qualitative analysis as a
narrative, integrating discussion throughout and highlighting

Correlation and median split effect size for text problems, multiple-choice problems, and argumentation problems on the

exam for each course, with a continuously cumulating meta-analysis (CCMA). The median split effect size compared the students with
0-1 wrong answers on the retrieval test to the students with 2+ wrong answers. Note: “*p < 0.001, *p < 0.01, *p < 0.05, *p < 0.10.

The effect sizes in bold are statistically significant.

Text problems Multiple-choice Argumentation
Problem type: n Correlation Cohen’s d Correlation Cohen’s d Correlation Cohen’s d
Astrophysics 2022 22 r=0.38" d=0.35 r=20.19 d=0.24 r=0.03 d=0.08
Astrophysics 2023 20 r=0.46" d=0.45 r=0.04 d = —-0.07 r=-0.09 d=—-0.32
Mechanics 1 2022 115 r =035 d=0.51" r=0.07 d=0.12 r=0.23* d=0.24
Mechanics 1 2023 108 r = 0.49° d = 0.82"" r=0.20% d = 034" r=0.36"* d=0.61"
Mechanics 1 2024 92 r=0.32* d=047" r=20.16 d = 0.45* r= 042" d=0.73"*
Mechanics 2 & TD 2022 36 r=0.22 d=0.35 r=0.09 d=0.11 r=0.17 d=0.04
Mechanics 2 & TD 2023 30 r =058 d=0.61 r = 0.60"* d = 0.60 r=0.51* d=043
Classical mechanics 2023 17 r = 0.64"* d=0.89 r=0.53* d = 0.66 r=0.46° d=1.16
Classical mechanics 2024 23 r=20.19 d=0.18 r=0.06 d=—-0.10 r=0.01 d=—-0.22
CCMA 463 r = 040" d = 0.55" r=0.18"* d = 022" r=0.29" d= 037"
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TABLE IV. Summary of qualitative findings.

Themes

Subthemes

When they practiced
Benefits of retrieval practice
How they practiced

to deep.
Attitudes toward the test

for others.
Experience of the test
Benefits of the test

Seven practiced regularly; five crammed before the test; one did not practice at all.
Improved study habits, better problem-solving, reduced effort during tasks.
Methods included Anki, retrieval sheets (paper/tablet); approaches ranged from superficial

Seven positive, four neutral, and two thought it was unnecessary for themselves but useful

Neutral to positive overall; initial stress relieved by test transparency.
Motivated retrieval practice, improved understanding, and inspired peer competition.

key insights with illustrative quotes from the students. A
summary of the findings can be seen in Table V. This section
explores various themes, such as students’ retrieval practice
habits, the benefits they experienced, and their attitudes
toward the mandatory retrieval test. Through a combination
of student reflections and analysis, we examine when and
how students practiced retrieval, the benefits they experi-
enced, and their attitudes toward and experiences with the
mandatory retrieval test. The discussion is enriched with
direct quotes that capture the students’ diverse experiences,
offering a comprehensive view of how retrieval practice
impacted their learning process.

A. When did they practice? crammers versus regulars

One student did no retrieval practice, as they felt certain
that they would pass the test anyway.

Five students did no retrieval practice until a few days or
weeks before the mandatory retrieval test. Two of these
students reported that they noticed the benefits of retrieval
practice after the test. Their reasons for not doing regular
retrieval practice were diverse, with no reason repeating
among students.

Seven students did regular retrieval practice throughout
the semester. Some of these students made an extra effort in
the days before the test. Two of the regulars reported using
retrieval practice as a kickstart of study sessions.

Starting with retrieval practice has been really
helpful for getting into problem-solving. In the
morning, when you’re tired and having coffee, it’s
easy to put on a podcast or something, and
suddenly 10-15-20 minutes slip away. So, the
retrieval practice has been great for getting going
in the mornings.

Six of the regulars reported doing a retrieval practice
session right after having watched the videos on the current
week’s physics principles, following the advice of the course
lecturer.

B. Benefits of regular retrieval practice

The regulars reported multiple benefits of doing regular
retrieval practice, with all the benefits being reported by at

least two students. First, retrieval practice made it easier to
start study sessions. They also felt better prepared for
lectures and problem-solving,

It has helped me a lot. I wasn’t very interested in
doing it at the beginning of the year. I thought it
wasn’t that important, but I've since realized that
the more I drill and practice retrieval training, the
more the principles stick. This way, I don’t have
to think so much about the tasks. I know that it’s
that principle. I probably save some time by
actually studying and learning them, so I can
use the knowledge later when working on tasks.

They reported remembering principles when needed and
recognizing principles while studying. One student said:
“I’m sitting in the lectures, trying to guess which principle
you used.”

Finally, some students found retrieval practice enjoyable

In the beginning, I thought it seemed incredibly
stressful to have to memorize all these principles
and need 50% to pass. But once I actually started
working on it, my perspective completely
changed. I actually found it quite fun to work
with the principles.

C. How did they practice?

One student used the free spaced retrieval software Anki,
while seven used the retrieval sheets on paper and four used
a tablet. The tablet users were particularly satisfied with the
process.

Three students focused on superficial aspects of the
principles during retrieval, such as recognizing symbols or
counting the number of symbols. The other students engaged
in deeper thought processes, like using analogical similarities
between the equations, the meaning of the symbols, how the
principle should logically be constructed to make sense, and
by referring to their experience from problem-solving.

I think about what all the different symbols mean
and what this principle is actually supposed to
give me.
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Four students talked about how they needed to under-
stand each principle before they started retrieval practice,
with one noting that the retrieval practice also served as a
test of understanding. Four students talked about how they
did the retrieval practice first, building an understanding
afterward.

At first, I just practiced retrieval 20 times in a row,
writing the same principle each time. The prin-
ciple stuck—or rather, I had just memorized the
term. But then I tried to understand why that
condition leads to that outcome. It was actually
quite obvious.

All but one student said that doing retrieval practice feels
intuitive, and that the student did not feel a need for advice
on how to do it.

D. What were their attitudes toward the retrieval test?

Crucially, none of the students had a negative attitude
toward the test. Two of the students said that the test was
unnecessary for them, but that it was probably necessary for
many of the other students. Seven students were positive
about the retrieval test being mandatory, one being espe-
cially enthusiastic:

I'love it. I think it’s fantastic. I really appreciated
that you made us learn all of them through the
retrieval test. I probably wouldn’t have learned
them as well if it hadn’t been for that.

The rest were neutral toward the test, with no specific
feelings either way.

E. How did they experience the retrieval test?

Three students talked about the test producing some
feelings of stress during the semester and two students
mentioned that they knew others who were stressed about
the test. However, almost all the interviewees had a neutral or
positive experience during the test, a typical response being:

It went just fine. Yeah, it was really just... I don’t
have many thoughts about it, to be honest. It was
just a matter of sitting down, getting it done, and
then I was finished with it.

Four students talked about how the transparency of the
test—that it was identical to the retrieval sheets—was
helpful for relieving anxiety. One student suggested
increasing the benchmark from 50% to 80%

F. What benefits did the test yield?

Seven students talked about how the test motivated them
to do retrieval practice, either throughout the semester or
cramming before the test.

I think it’s been really great to have something
that motivated me to do retrieval practice. [ don’t
think I would have been as diligent with it if |
didn’t know there was a test. So, I believe it has
helped and pushed me to engage in retrieval
practice because we have that test.

Four students said that the test motivated them to also
understand the principles. Two students said that having the
retrieval test improved their study structure, with more
regular studying than before. Two students mentioned how
the students in their study program started a competition:

A little competition started within our physics
class, where people were like, ‘Sure, we only
need 50%, but we’re all going for 100%.

Finally, two students from the student-teacher program
talked about how they had transferred retrieval practice to
their concurrent math classes.

Yeah, I’ve applied it to other subjects as well. And
it’s worked really well, in my opinion. I’m really
happy with it.

V. GENERAL DISCUSSION

The findings from both the quantitative and qualitative
data in this study provide valuable insights into the effects
of mandatory retrieval practice on student performance
across physics courses. The results suggest that retrieval
practice has a meaningful impact on factual recall, prob-
lem-solving, principle-based argumentation, and, to a lesser
extent, conceptual understanding.

A. Retrieval practice enhances performance

The quantitative results demonstrate that students who
engaged more with retrieval practice performed better on
factual tests, problem-solving tasks, and principle-based
argumentation, consistent with prior research [3,15], with a
crucial assumption being that no student would score 100%
on the retrieval test without doing retrieval practice. The
effect sizes for these areas were substantial, with large
correlations and corresponding Cohen’s d values nearing or
exceeding the medium to large effect size benchmarks
(r=0.40, d = 0.71 for factual tests; r = 0.40, d = 0.55
for text-based problems, and r = 0.29, d = 0.37 for prin-
ciple-based argumentation). The strong correlation between
retrieval test scores and performance on text-based and
argumentation problems underscores that retrieval practice
does more than promote rote memorization. These findings
suggest that students who consistently engage in retrieval
practice develop a more robust understanding of physics
principles, which they can effectively apply to problem-
solving and reasoning tasks.
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Interestingly, the impact of retrieval practice was small
for conceptual multiple-choice tests and multiple-choice
problems on the exams, indicating that retrieval practice
may not enhance all types of knowledge equally. This
finding suggests that retrieval practice is particularly
beneficial for strengthening the memory of factual infor-
mation and improving problem-solving skills but has a
more limited effect on multiple-choice conceptual under-
standing. This nuanced result suggests that stronger stu-
dents are not the only ones who tend to use retrieval
practice when encouraged. Students across the performance
spectrum use it and gain from it. Moreover, the findings from
this study align with prior experimental research on retrieval
practice, with effect sizes comparable to the experimental
findings from [3,15]. Similar to the current results, Gjerde
and Paulsen [15] found a smaller effect of retrieval practice
on a multiple-choice test than on a problem-solving test.

The qualitative findings provide valuable context for the
observed limited, but significant, effect of retrieval practice
on conceptual multiple-choice tests. While no interviewees
specifically addressed multiple-choice tests, several students
noted that their retrieval practice helped them with problem-
solving. This alignment with problem-solving rather than
multiple-choice conceptual tasks may partly explain the
smaller observed effects. Additionally, the Mechanics
Baseline Test [81], used as the conceptual measure in the
two mechanics courses, has historically shown resistance to
various interventions compared to other measures, perhaps
due to its emphasis on concepts commonly encountered in
high school. In contrast, Mechanics 2 in 2023, which used the
STPFaSL conceptual test [82], exhibited a larger effect.

Moreover, the timing of the conceptual tests, adminis-
tered only a week after the retrieval test, likely limited the
potential for crammers to benefit. These students had
minimal opportunity to translate their stronger memory
of principles into deeper conceptual understanding.

The interviews also highlighted differences in how
students engaged with retrieval practice. Some focused
superficially on symbols or rote memorization, which may
help explain the smaller gains in conceptual understanding
observed in the quantitative data. However, the large effect
observed in principle-based argumentation indicates that
many students did achieve a deeper conceptual under-
standing. This discrepancy raises questions about the extent
to which conceptual multiple-choice tests accurately mea-
sure conceptual understanding.

While direct research on the retrieval practice of domain
principlesin STEM fields is limited beyond references [3,15],
laboratory studies on retrieval practice offer valuable
insights. These studies often focus on strengthening cue-
item associations, with the most substantial effects occurring
when the associations are semantically meaningful [9,36].
Physics principles, such as Newton’s laws or conservation
laws, exhibit a highly interconnected semantic structure,

making them particularly well-suited for retrieval practice
interventions. This study’s findings suggest that retrieval
practice effectively leverages these semantic connections,
enhancing the accessibility and durability of principles for
application in problem-solving and argumentation.
Furthermore, our results align with broader research on
retrieval practice in educational settings, which consistently
demonstrates its benefits for recall and learning transfer
across diverse subjects [10,22].

B. Mandatory testing promotes
regular retrieval practice

The mandatory retrieval test appears to have been one of
the most effective interventions to date for encouraging
students to consistently engage in retrieval practice. Up to
50% of students achieved full scores on the test, suggesting
that substantial effort was put into retrieval practice.
Qualitative feedback also highlighted that students were
motivated by the existence of the test, with many acknowl-
edging that they would not have practiced retrieval as
diligently without it.

C. Considerations for raising the bar

While the 50% benchmark for passing the retrieval test
ensured a baseline level of engagement, the data suggests
that some students could meet this criterion without fully
committing to retrieval practice. Increasing the passing
threshold—perhaps to 80% or even 100%—might encour-
age more consistent and thorough practice, especially in
introductory physics courses where students often arrive
with varying levels of prior knowledge.

There is also potential for implementing spaced, expand-
ing retrieval tests or integrating peer review processes,
where students score each other on the retrieval tests, to
further enhance the depth and retention of knowledge.
These approaches could increase engagement and help
ensure that retrieval practice is not just a one-time effort but
a continuous learning process throughout the semester.

D. Acceptance and transferability of the approach

Mandatory work often imposes external pressure on
students and can sometimes generate resistance or animos-
ity. Therefore, the overall positive or neutral reception of
the mandatory retrieval test among students is an important
indicator of the intervention’s success. Acceptance suggests
that the intervention was not only tolerated but appreciated
by many students, which is crucial for its sustainability and
potential scalability. As indicated in the qualitative results,
two students transferred their retrieval practice habits to
concurrent mathematics courses. This observation high-
lights the potential for broader applications of retrieval
training beyond physics, showcasing its value in improving
study habits across disciplines.
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Moreover, the retrieval practice method is easy for both
educators and students to implement, with clear goals and
transparent processes. The up-front investment of creating
hierarchical principle structures is minimal compared to the
potential long-term benefits. Notably, students have even
begun requesting similar principle structures in other
courses, further demonstrating their appeal and utility.

VII. CONCLUSIONS

This study confirms the substantial benefits of retrieval
practice for enhancing factual recall, problem-solving,
principle-based argumentation, and to a lesser extent,
conceptual understanding. The mandatory retrieval test
may be the most effective intervention to date for increasing
the use of retrieval practice. Furthermore, the practice has
shown potential for transfer to other academic domains,
such as mathematics, suggesting that it could serve as a
promising approach for improving study habits more
broadly. By raising the bar for retrieval test benchmarks
and exploring additional methods like spaced testing or
peer review, educators can further optimize this powerful
learning strategy.

A. Strengths and limitations of this study

There were ceiling effects on the retrieval tests and
factual tests, which may suppress the effect sizes. A more
substantial weakness is that the design of this study makes
it impossible to rule out the influence of third variables,
for example, that it was just the stronger students who
did retrieval practice. However, the cross-checking
between quantitative results and qualitative findings adds
strength to the study, as students reported retrieval practice
helped them remember principles, prepared them for
problem-solving and lectures, and improved their study
habits.

B. Open questions and future research

While this study provides strong evidence of the benefits
of retrieval practice in physics education, several important
questions remain open for further investigation.

One key area for future research is how to encourage
more students to begin retrieval practice earlier in the
semester, engage with it consistently, and focus more on
understanding the underlying principles rather than solely
memorizing. One potential approach is to implement
spaced retrieval tests with progressively expanding scope
throughout the semester. This could help reinforce knowl-
edge over time and promote deeper comprehension, while
also preventing cramming behavior right before exams or a
final mandatory retrieval test.

Another critical avenue for future research involves
conducting experimental studies to establish the causal
relationship between retrieval practice and improved aca-
demic performance. While this study’s findings align with
previous experimental research, additional controlled experi-
ments would further validate the causality of the observed
effects. By randomly assigning students to different retrieval
practice conditions, researchers can better isolate the specific
factors that contribute to enhanced learning outcomes.

Finally, expanding research beyond physics into other
subject areas, such as mathematics or social sciences, could
reveal the broader applicability of retrieval practice across
disciplines. Testing whether retrieval practice can be effec-
tively transferred to different educational contexts would
provide valuable insights into its potential as a universal
learning strategy.
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