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Many college students experience introductory physics as psychologically threatening.
In a preregistered RCT, we applied the biopsychosocial model of challenge-threat to
describe patterns of threat in introductory physics and test whether a 5-d mindful-
ness training could reduce threat and increase engagement among undergraduates.
Course-wide surveys (N = 954) screened students for the RCT and revealed roughly
half of students experience psychological threat. Students identified with systemically
excluded groups were more likely to experience psychological threat while systemically
advantaged students were more likely to experience psychological challenge in their
introductory physics course. In the RCT (N = 149), mindfulness training reduced
psychological threat and fostered greater engagement in introductory physics, and,
consistent with our theory of change, mindfulness training was associated with greater
physics engagement through reductions in threat. The results demonstrate that mind-
fulness can help students manage stress more effectively by reducing psychological threat
and fostering engagement in contexts like introductory physics.

psychological threat | mindfulness | engagement | STEM | intervention

Always remember, you are braver than you believe, stronger than you seem, and
smarter than you think.

- Christopher Robin to Winnie the Pooh (1)

Large-enrollment introductory physics courses have an intimidating reputation for many
undergraduate students (2). As gateways to engineering and physical science majors, these
courses carry high stakes for students’ academic trajectories. Such pressures can create a
“threat in the air” leading many students to experience worries and self-doubts unique to
introductory physics (2, 3). For some, these doubts can contribute to disengagement —
providing short-term relief at the expense of longer-term success. In the face of high
demands, helping students remember they have the courage, strength, and knowledge to
achieve their goals may empower them to remain engaged with their physics coursework.

Mindfulness training may provide such a pathway, giving students tools to navigate their
physics demands and promote greater physics engagement. Mindfulness training, which
teaches practices for attending to present-moment subjective experiences (4), promotes
resilient responses to stress in clinical settings (5). However, fewer studies have examined
its impact among stressed college students in STEM educational contexts (e.g., refs. 6-8).
The current research tests whether mindfulness can alter how college students evaluate
their physics experiences using the biopsychosocial model of challenge and threat [hereafter
challenge-threat model; (9-11)]. In a preregistered, confirmatory randomized control trial
(RCT), we hypothesized that mindfulness training would reduce college students’ psycho-
logical threat and, in turn, boost their engagement in introductory physics.

Psychological Threat in Introductory STEM Courses

'The challenge-threat model provides a framework for understanding how physics students’
cognitive appraisals shape stress responses (9—11). According to the model, people appraise
situational demands (e.g., uncertainty, difficulty, effort) relative to their coping resources
(e.g., familiarity, knowledge, support) which produces stress states. Psychological threat
emerges when demands exceed resources. Conversely, psychological challenge occurs when
resources meet or exceed demands. Threat is associated with greater avoidance, negative
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Significance

Many college students experience
introductory physics courses as
psychologically threatening
contexts. Yet, succeeding in these
high-stakes gateway courses is
necessary to declare majors in
engineering and physical sciences.
We tested whether mindfulness,
which centers attention to
subjective experiences, can help
provide students with tools to
navigate their physics-related
emotions. Course-wide survey
data revealed that over half of
students felt psychologically
threatened in their physics course.
In a preregistered RCT, a 5-d
mindfulness training reduced
students'’ feelings of threat

and increased their course
engagement. This work suggests
that mindfulness can support
learning and persistence in
Science, Technology, Engineering,
and Math (STEM) courses by
helping students build resilience
in how they interpret and respond
to stress.
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affect, and lower self-esteem whereas challenge is associated with
greater approach, positive affect, and self-esteem (10, 12).

Both person-level and context-level factors can influence situ-
ational appraisals and the resulting stress responses. Environmental
cues in introductory physics [e.g., high-pressure timed tests;
(13—15)] can predispose many students to threat. Students often
perceive these courses as competitive learning environments (16)
where success requires innate abilities (17, 18) or brilliance
(19-21). When students assume these beliefs are widely shared
among instructors and peers, they may interpret their own diffi-
culties as signals they cannot succeed or belong in physics (e.g.,
refs. 16, 18, 22, and 23). Students identified with systemically
excluded groups (e.g., students of color) may be particularly likely
to experience physics threat given group-based, STEM-related
stereotypes (3, 15, 23-25). These beliefs and the “pressurized”
environment can contribute to many students experiencing threat
in physics. Interventions targeting student beliefs can create path-
ways for altering stress appraisals and responses (12). While other
interventions have helped students reframe their stress physiology
(10, 26) or affirm core values (27, 28), our intervention aimed to
help students navigate difficult emotions experienced during
learning setbacks by allowing them to reframe these experiences
as normal and temporary parts of the learning process.

Reducing threat may help facilitate student engagement. Engage-
ment is a multidimensional construct encompassing active cognitive,
behavioral, and emotional involvement in learning (29-31). Engage-
ment is critical for student achievement (23, 29). For example,
self-efficacy positively predicts subsequent learning (32) and inter-
ventions that enhance student belonging can improve student GPA
(33). We investigated whether mindfulness training can foster engage-
ment along multiple dimensions, using theory to select and hypoth-
esize which engagement constructs might benefit from mindfulness
training. Unlike other educational interventions targeting one or two
aspects of engagement, we take a more holistic, multifaceted approach,
testing whether mindfulness may be a “common-ground strategy”
for promoting engagement (34).

Reappraising Physics Stress Using Mindfulness

Why might mindfulness reduce students’ psychological threat?
Mindfulness training involves developing self-regulated attention
and awareness toward subjective experiences (4). It fosters observ-
ing and investigating thoughts and emotions with openness and
curiosity, witnessing them as ephemeral and contextual. By allow-
ing observation and connection with difficult emotions and
thoughts (e.g., refs. 35 and 36), mindfulness may enable the psy-
chological distance needed to help students normalize and not
identify with their difficult physics experiences, instead interpret-
ing them as temporary and situational.

Optimizing college students’ responses to stress might help
improve their physics experiences. In clinical settings, mindfulness
is often used to treat excessive stress that may exacerbate diagnoses
such as chronic pain and depression (see ref. 5 for review).
However, in educational settings, stress can be adaptive, creating
opportunities for growth (11). Here, mindfulness might focus on
altering the type of stress response — moving from threat to chal-
lenge. In performance contexts, mindfulness trainings foster active
coping (37) and reduce distracting thoughts (38). Thus, mindful-
ness may usher students toward harnessing stress as a challenge to
overcome and promote their engagement.

Using the challenge-threat model, we considered whether
mindfulness affords students opportunities to experience their
physics courses differently. We expected that encouraging college
students to recognize and understand their negative thoughts and
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emotions about physics as situational, transient, and common
would foster new interpretations of physics demands and resources.
The mental space and alternative processing strategies afforded by
mindfulness (e.g., refs. 35 and 36) may also promote engagement.
Thus, mindfulness training may reduce physics students” psycho-
logical threat and increase engagement.

Threat-Based Participant Sampling: Reflecting
Individual and Group-Based Variation

Though introductory physics may elicit psychological threat
among college students (17, 18, 20, 22), not everyone will feel
threatened. Consequently, our experiment specifically included
only psychologically threatened physics students for two reasons.
First, mindfulness interventions have a greater impact among
people with elevated stress (5). We anticipated that threatened
students would be more motivated to engage with the sustained
effort and practice mindfulness requires (39). Second, targeting
threat may foster equity and inclusion in STEM among students
identified with systemically excluded groups. Rather than tar-
geting membership in a particular identity group, we intervened
on the psychological process of threat. This decision recognizes
that threat experiences vary individually—not all students from
excluded groups experience threat, just as not all students from
advantaged groups experience challenge. Recruiting based on
psychological threat thus accommodates both individual varia-
bility and context-driven, group-based differences. As a result,
this sampling procedure resulted in recruiting more students
from systemically excluded groups, given anticipated between-
group variation, but did not essentialize individuals by this group
membership (40).

Current Research

The current preregistered RCT tested the impact of mindfulness
training on psychological threat and physics engagement. Based on
the results of a pilot study (S Appendix), we hypothesized mind-
fulness training (vs. control) would reduce threat and promote
engagement. Further, we expected intervention-driven increases in
engagement to occur, in part, through reduced threat. We also pro-
vide evidence for presence of a threat in the air (3) in introductory
physics. Using screening data, we describe the challenge-threat dis-
tribution, exploring the prevalence and variation of threat within
and across systemically excluded or advantaged groups.
Introductory physics students who screened as psychologically
threatened (i.e., reported physics demands exceeding available cop-
ing resources) were enrolled in a 5-d study (Monday through Friday)
and randomly assigned to either mindfulness training or a no-
training, audiobook control. Mindfulness training participants
received five 20-min audio lessons, delivered on Days 1 (Monday)
through 5 (Friday). Audiobook control participants listened to
20-min short stories on Days 1 and 5. During Days 2 (Tuesday) to
4 (Thursday), all participants completed assessments of momentary
psychological threat twice daily. Surveys at baseline (Day 1), posttest
(Day 5), and 2-wk and 3-mo follow-up assessed the long-term
impact of mindfulness training on threat and physics engagement.

Analytic Plan

First, we describe the challenge-threat distribution in introductory
physics courses. These descriptive and exploratory analyses use
data from our screening survey (N = 954; see ST Appendix, Table S1
for demographics) that was administered broadly to students
enrolled in 11 calculus-based introductory physics courses to
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determine eligibility for the main RCT. Because a large portion
of our population of interest took this survey, these data present
a unique opportunity to understand the prevalence of psycholog-
ical threat among introductory physics students. In these explor-
atory analyses, we also investigate whether differences in threat
emerged among students identified with systemically excluded
(students of color, white women/nonbinary students) or advan-
taged (white men) groups (S Appendix).

Second, we investigate the effects of mindfulness training among
students experiencing psychological threat who enrolled in our RCT
(N = 149). Two separate preregistrations contain the analytic plans
for testing our core hypotheses regarding momentary and longitu-
dinal psychological threat (https://ost.io/964rz) and longitudinal
engagement (https://osf.io/c6azs). SI Appendix, Table S2 provides
demographic information for the sample of psychologically threat-
ened introductory physics students who enrolled in our RCT.

As preregistered, we examined effects of mindfulness on
momentary and longitudinal psychological threat using mixed
linear models (MLMs). Together, these preregistered analyses
allowed us to understand the duration of training effects on psy-
chological threat. Analyses using momentary threat data examine
the immediate impact of the training whereas those using longi-
tudinal threat data investigate its enduring impact. Analyses for
both momentary and longitudinal threat were conducted using
R 4.4.1 (41) with /me4 (42) and r2mlm (43) packages. When
momentary threat was the Level 1 outcome, condition (mindful-
ness training vs. audiobook control) was the Level 2 fixed effect
and the Level 1 intercept was modeled as a random effect, using
variance components covariance structure. Time did not moderate
the reported effects of the intervention on momentary threat (P =
0.65; see SI Appendix for details). When longitudinal threat was
the Level 1 outcome, assessment (baseline, posttest, 2-wk, and
3-mo follow-up) was a fixed, categorical Level 1 effect. This model
also included condition as a fixed Level 2 effect and the Level 1
intercept as a random effect, using variance components. Models
were specified using full information maximum likelihood.

Next, we used car (44) and rszatix (45) packages to fit three
separate repeated measures multivariate analysis of covariance
(RM-MANCOVA) models testing the effects of mindfulness on the
three prespecified clusters of physics engagement outcomes across
time (baseline, posttest, 2-wk, and 3-mo follow-up). Significant
multivariate condition x assessment interactions were probed using
univariate ANCOVAs, with Bonferroni corrections for multiple
comparisons (the use of Bonferroni corrections was specified in our
preregistration plan and provides the most conservative test of our
hypotheses; however, analyses remain significant, in the same direc-
tion, and of similar magnitude without correcting for multiple com-
parisons). As preregistered, we grouped engagement CONStructs into
three clusters based on theory and predicted sensitivity to mindful-
ness training. Cluster 1 included physics self-efficacy (46), anxiety
(47), belonging (48), and performance avoidance goals (49). Cluster
2 included physics identity (48, 50, 51), failure mindset (52), intel-
ligence mindset (24), effort (53), and use of metacognitive study
strategies (53, 54). Cluster 3 included physics interest (24, 46, 48,
55), physics value (48, 55), mastery approach goals (49), perfor-
mance approach goals (49), physics help-seeking behavior (53), and
cognitive study strategy use (54). See OSF for full measure items
and response scales.

Finally, we investigated whether reduced psychological threat
served as an indirect effect variable between mindfulness training
and physics engagement using SEM path analyses in lzvaan (56).
Each model used condition as the predictor, a latent psychological
threat variable as the mediator, and various engagement constructs
measured at 2-wk follow-up assessment as dependent variables
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(only those engagement constructs that were predicted by mind-
fulness in univariate ANOVAs described previously were used as
outcomes in indirect effect analyses). The latent mediator variable
included 7 indicators of threat (6 momentary assessments and
posttest assessment survey). Models specified 10,000 bootstrapped
samples, full information maximum likelihood, and bias-corrected
95% CI.

As preregistered, our covariates for all reported analyses were
self-reported gender (0 = women and nonbinary students, 1 =
men), semester week in which the participant began the study,
and semester of study enrollment. In indirect effect analyses, we
added covariates of baseline threat and the baseline physics engage-
ment construct being analyzed. MANCOVA analyses incorpo-
rated baseline engagement into the models directly, rather than as
covariates. Analyses remain significant, in the same direction, and
of similar magnitude when covariates are not included.

Results

Distribution of Psychological Threat in Introductory Physics.
Course-wide, psychological threat was prevalent among intro-
ductory physics students who completed the screening survey.
Indeed, 50.42% of students reported psychological threat,
meaning they perceived the demands of physics to outweigh
their coping resources. Moreover, the average threat score (M =
0.26, SD = 1.55) was above 0, suggesting the sample, on average,
felt threatened in physics [# (953) = 5.10, P < 0.001, 95% CI =
[0.16,0.35], 4= 0.17].

Students’ experiences of threat varied within and across system-
ically excluded and advantaged groups. As expected, group-level
rates of challenge vs. threat experiences differed significantly
[X° (1, N = 954) = 37.50, P< 0.001, Fig. 1]. Among systemically
excluded students, most reported threat (58.95%), though many
also reported challenge (41.05%). In contrast, among systemically
advantaged students, most reported challenge (61.35%), though
a sizable percentage also reported threat (38.65%). As a result,
students identified with excluded groups enrolled in our mind-
fulness experiment at higher rates (72.48%) than those identified
with advantaged groups (27.52%; see SI Appendix, Tables S8 and
S9 for more details). See S Appendix for additional identity-focused
distributions of threat and challenge.

Mindfulness Training Affects Psychological Threat & Engage-
ment. Mindfulness and audiobook control groups did not differ
at baseline on demographics or psychological threat. Full details
of baseline equivalence are provided in SI Appendix, Table S7.
Social identities (i.e., systemically excluded group vs. systemically
advantaged group, gender, race/ethnicity) did not moderate any
reported effects of the intervention (all Ps > 0.10; see S/ Appendix
for details of moderation analyses).

Mindfulness Training Reduces Psychological Threat. Fig. 2
depicts the effect of mindfulness training on momentary, posttest,
and follow-up psychological threat. As predicted, students who
received the mindfulness intervention reported lower momentary
psychological threat than audiobook control students during
training week [F (1, 135.07) = 5.66, P = 0.019, pseudo R = 0.08,
95% CI = [0.06, 0.23]]. Moreover, while both groups reported
similar average threat at baseline, mindfulness participants reported
lower psychological threat at posttest, which persisted at 2-wk and 3-
mo follow-up [Condition x Assessment Interaction: F (3,417.22) =
4.01, P = 0.008, pseudo R’ = 0.10, 95% CI = [0.08, 0.24]].

To better understand how the intervention shaped participants
experiences of psychological threat, we examined the effects of
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Fig. 1. Relationship between identity and psychological threat vs. challenge in physics the systemically excluded group is comprised of students of color across
gender identities and white women/nonbinary individuals. The systemically advantaged group includes white men. Error Bars represent 95% Cl.

mindfulness separately on each of the two components of threat—
resources and demands. Mindfulness training students reported
greater physics coping resources than audiobook control students
during the training week [F (1, 135.03) = 8.63, P = 0.004, pseudo
R =0.11,95% CI = [0.08, 0.24]]. These effects endured across time
as well: though both groups reported similar average coping resources
at baseline, mindfulness participants reported greater resources at
posttest, and 2-wk and 3-mo follow-ups [S] Appendix, Fig. S94;
Condition x Assessment Interaction: F(3,417.64) = 3.18, P=0.024,
pseudo R = 0.08, 95% CI = [0.06, 0.22]].

By contrast, mindfulness did not significantly impact perceived
physics demands during the training week [F (1, 135.17) = 0.92,
P = 0.340, pseudo R = 0.05, 95% CI = [0.04, 0.17]], or at
posttest, 2-wk, and 3-mo follow-up assessments [SI Appendix,
Fig. S9B; Condition x Assessment Interaction: F (3, 417.14) =
2.01, P =0.112, pseudo R = 0.12, [0.09, 0.25]]. These results

suggest the effect of mindfulness on threat was driven primarily
by altering students” perceptions of their coping resources, not by
changing the demands of learning physics.

Mindfulness Training Promotes Physics Engagement. We predicted
amore robust effect of mindfulness training on Cluster 1 engagement
variables compared to Cluster 2 variables. We also anticipated the
effect of mindfulness training on Cluster 3 engagement variables, if
any, would be small. These predictions were largely supported both
in terms of statistical significance and effect size.

Specifically, mindfulness training had a significant and moderate-
sized effect on Cluster 1 engagement variables across time [Multivariate
Condition x Assessment, Wilks A = 0.93, (3, 387) =2.32, P=0.000,
T]2P =0.02]. The effect of mindfulness on Cluster 2 did not reach our
preregistered threshold for significance and had a slightly smaller effect
size than that of Cluster 1 [Wilks A = 0.94, F (3, 387) = 1.61,
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Fig. 2. Mindfulness training affects psychological threat across time error bars represent 95% Cl. For momentary threat, points and semitransparent lines
present means and SEs calculated for each participant (across 6 EMAs), squares with thick black lines show average participant mean by condition and
bootstrapped 95% Cl. For Baseline, Posttest, and Two-Week and Three-Month follow-ups, points indicate raw participant scores (not model adjusted values)
and squares with thick black lines show average by condition and bootstrapped 95% Cl. See S/ Appendix, Table S11 for full pairwise comparison statistics.

*P <0.05, **P<0.01.
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Fig. 3. Mindfulness affects Cluster 1 engagement variables across time error bars represent 95% Cl. Graph presents raw values averaged within assessment
and condition, not model adjusted values. See S/ Appendix, Table S13 for full pairwise comparison statistics. *P < 0.05, **P < 0.01, ***P < 0.001.

P =0.064, 1’ » = 0.01]. Finally, and as predicted, the training had a
nonsignificant and trivial sized effect on Cluster 3 variables [Wilks A
=0.96, F(3,387)=0.87, P=0.319, 11 <0.01]. In addition, mind-
fulness training showed a higher percentage of significant Condition
x Assessment interaction effects and a larger average effect size at the
univariate level in Cluster 1 variables than in Clusters 2 or 3 variables.
SI Appendix, Table S12 provides details of all three MANCOVAs and
their univariate analyses.

Within Cluster 1, at the univariate level (Fig. 3), mindfulness train-
ing (vs. audiobook control) yielded small-to-moderate sized improve-
ments on self efficacy [Condition x Assessment: F (3, 387) = 4.05,
P=0.007, l] =0. 03] anxiety [Condition x Assessment: F (3, 387) =
4.76, P =0. 003 T] = 0.04], and belonging [F (3, 387) = 2.49, P=
0.060, n =0.02]. However, the training dld not affect performance
av01dance [F (3, 387) = 0.98, P=0.402, n <0.01].

Mindfulness-to-Engagement Effects Occur Indirectly Through
Psychological Threat. As predicted, mindfulness training was
associated with increased physics engagement at the 2-wk follow-
up assessment, in part, through a significant indirect effect of
psychological threat. Students in the mindfulness training
condition (vs. audiobook control) had lower psychological
threat during the training week and posttest, which, in turn,
was associated with lowered anxiety and greater self-efficacy and

belonging 2 wk later (Fig. 4 A-C).

Discussion

In this preregistered RCT, brief mindfulness training reduced psy-
chological threat and promoted engagement among undergradu-
ates enrolled in introductory physics. The intervention reduced
threat in the moment during the training week and up to 3 mo
later. Mindfulness training helped strengthen students’ perceptions
of their own coping resources instead of attenuating the demands
of learning physics. Mindfulness also fostered greater engagement
among constructs expected to most strongly benefit from the
training (anxiety, self-efficacy, belonging). As predicted, increases
in physics engagement due to mindfulness training were partially
explained through reductions in psychological threat.

Beyond testing the effect of mindfulness training, our study
also explored patterns of psychological threat in introductory
physics classes. Across identity groups, half of students experienced

PNAS 2026 Vol.123 No.15 2521857123

threat (vs. challenge). However, students identified with system-
ically excluded groups were more likely to experience threat, mean-
ing that our threat-based selection criterion oversampled students
from these groups. This recruitment approach might also help
explain why social identity did not moderate the impact of mind-
fulness training: because of group-level differences in the
challenge-threat distribution, recruiting only threatened students
reduced variation between identity groups for those participating
in our study. Nevertheless, the intervention still yielded positive
impact overall and conferred these benefits to a greater number
of systemically excluded group students who were oversampled as
a result of higher group-level threat.

Implications. We contribute to clinical science work on mindfulness
(5) and the challenge-threat model (9, 10) by applying mindfulness
as a tool for helping students optimize their stress. Whereas excessive
stress can be harmful in clinical contexts (5), stress in academic settings
can confer benefits when viewed as a challenge rather than a threat
(10, 26). In our intervention, psychologically threatened students
were taught how to use mindfulness to understand, process, and
interpret stressful physics experiences in new ways. Specifically,
students learned to normalize and deidentify from negative thoughts
and emotions, which may have enabled a broader perspective on
these difficulties. This broader perspective may have also led students
to perceive previously unacknowledged avenues and resources for
overcoming their challenges, increasing their overall sense of control
over the demands of physics.

Including only psychologically threatened students in our experi-
ment highlights the importance of prioritizing psychological processes
over targeting specific identity groups in equity and inclusion-focused
STEM interventions. Our approach recognizes that student-level
experiences within identity groups vary even as broader contextual
factors can exacerbate group-level threat for systemically excluded
students. This strategy centers psychological threat without assuming
monolithic identity-based experiences or essentializing it within social
identities (34). Moreover, it offers potential support for students
whose identities are concealable but also systemically excluded (e.g.,
disability status, sexual orientation).

Limitations and Future Directions. Although this confirmatory,
preregistered RCT replicates our pilot study results, future
replication to explore generalizability to other intervention
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Fig. 4. Indirect effects of psychological threat anxiety self-efficacy belonging figures present unstandardized betas with SE in parentheses. Latent psychological
threat includes 7 indicators (6 EMA surveys and 1 posttest survey). Covariates include self-reported participant gender, semester week in which participant
began the study, study semester enrollment, baseline psychological threat, and baseline anxiety, baseline self-efficacy, or baseline belonging. See S/ Appendix,
Fig. S19 for a model testing the outcome of physics identity. S/ Appendix also reports models testing engagement outcomes at 3-mo follow-up.

contexts remains important. The sample from an R1 university
in our study limits generalizability to other universities and non-
WEIRD populations. Additionally, many physics faculty in the
department where we conducted this experiment were open to
curriculum innovation and eager for research engagement, perhaps
suggesting particularly fertile “soil” for intervention “seeds” (57).
Finally, replicating this work in other high-demand STEM courses
in the United States can help elucidate the generalizability of these
findings to other STEM contexts and departments.

Screening and recruiting students experiencing psychological
threat also limits generalizability of these findings to the broader
population of introductory physics students. Additionally, our
participants were motivated to engage in an intensive research
study; which may not be representative of the large population of
introductory physics students. Yet, this recruitment strategy has
practical advantages rooted in prior work (5): we expected threat-
ened students would be motivated to engage in the sustained effort
mindfulness training requires (39). Moreover, psychological threat

https://doi.org/10.1073/pnas.2521857123

was a prevalent feature in introductory physics, reported by half
of screening survey students. Targeting our intervention toward
these students addresses a common part of the physics experience,
providing an opportunity to help a substantial portion of students
shift how they engage with and interpret their physics coursework.
Despite these advantages, the question of whether and how mind-
fulness training might benefit students reporting psychological
challenge cannot be addressed in this work and, thus, exploring
whether there are positive, negative, or null effects for these stu-
dents yields an interesting direction for future work.

Although audiobook controls have been used in prior mindfulness
intervention studies (58-61), as a passive control, it cannot directly
rule out alternate explanations for these results (e.g., increases in relax-
ation). However, evidence that reading and auditory experiences (e.g.,
podcasts) can also promote well-being and reduce stress (62—64)
suggests the effects of our mindfulness training are not merely attrib-
utable to changes in relaxation. Testing mindfulness training against
active control conditions remains an important next step.
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Finally, our intervention targeted students’ own cognitive apprais-
als, but person-level and context-level factors produce psychological
threat together. Cultivating student resilience may require acknowl-
edging that people both influence and are influenced by their envi-
ronment (13, 14). An interesting question then is whether mindfulness
training for some students can produce emergent effects for their
classmates (as in ref. 65). Other interesting opportunities for building
on this work include assessing student perceptions of the context and/
or integrating mindfulness in classrooms.

Conclusion

Many college students experience psychological threat and disen-
gagement in introductory physics. Students leveraged mindfulness
training to appraise physics as less threatening which, in turn,
promoted student engagement. Thus, our intervention empow-
ered students to remember that they are braver than they believe,
stronger than they seem, and smarter than they think (1), sup-
porting resilience and engagement in STEM.

Method

Transparency and Ethical Research Statement. University of Pittsburgh IRB
approved this research.

We registered this study as a clinical trial (https://clinicaltrials.gov/study/
NCT04589377) on 10/08/2020 before data collection. Hypotheses and anal-
yses were preregistered following data collection and prior to viewing data.
We preregistered psychological threat (https://osf.io/964rz) on 3/20/2022 and
engagement (https://osf.io/c6azs) on 06/17/2022. Measures, primary data,
and analysis scripts are publicly available (https://osf.io/wvéxt/?view_only=c-
1f8794767164388a720cc3316deb9d6) (66). Copyright restrictions prevent
publicly sharing mindfulness training, but it can be provided upon request.

These data are part of a larger project testing whether mindfulness training
affects physics engagement, learning, and performance outcomes. This manu-
script reports only measures relevant to current hypotheses.

Recruitment. We assessed psychological threat among undergraduate stu-
dents enrolled in calculus-based introductory physics courses (11 sections) at a
large, public Mid-Atlantic University using a brief online survey. Students who
completed the screening survey (N = 954, age: M = 18.50y, SD = 1.41) were
entered into a raffle to win one of three $25 gift cards, with separate raffles for each
course section. S/ Appendix, Table S1 provides screening survey demographics
and S/ Appendix, Fig. S1 diagrams participant flow from recruitment through
study completion.

Participants. Students were eligible to participate if they were enrolled in the
first course in the two-course introductory calculus-based physics sequence,
reported experiencing psychological threat (10), were atleast 18 y old, and fluent
in English. Participants (N = 149,age: M = 18.78, SD = 1.80) who met eligibility
criteria and enrolled in the experiment received up to $150 for their participation.
Sl Appendix, Table S2 provides participant demographics.

We aimed to detect a conventionally small-to-medium effect size (d = 0.40)
in psychological threat, with 80% power (67), providing a target sample size of
150 participants.

Procedure. Primary study activities took place Monday (Day 1) through Friday
(Day 5). S Appendix, Fig. S2 presents the study timeline. On Monday (Day 1),
small participant groups completed an introductory session with an experimenter.
Following a detailed explanation of study activities, procedures, timeline, poten-
tial risks and benefits, and compensation structure, participants reviewed and
provided informed consent using a secure, University-hosted DocuSign online
platform. During the self-paced session, participants completed surveysincluding
measures of challenge-threatand engagementin physics, along with other tasks.
Next, participants were randomly assigned to either mindfulness training or an
audiobook control. Finally, students listened to their first 20-minute mindfulness
audio training lesson or an audiobook (to match for time).
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OnTuesday through Thursday (Days 2 to 4), all participants completed Ecological
Momentary Assessment (EMA) surveys twice a day (afternoon and evening) assess-
ing psychological threatamong other constructs. On these days, those in the mind-
fulness training also listened to their 20-minute audio training in the afternoon
session while those in the audiobook control responded only to EMA surveys.

On Friday (Day 5), students listened to their final mindfulness audio or a
second audiobook. All participants then completed posttest assessments of
challenge-threat and engagement in physics, along with other tasks.

Finally, participants completed surveys assessing challenge-threat and
engagement in physics (and other constructs) 2 wk and 3 mo following posttest.

Overall compliance was high across all assessments, with students completing
96.44% of all assessments. SI Appendix, Tables S5-S6 provide detailed informa-
tion regarding compliance rate and number of responses across the study and
by condition.

Experimental conditions.

Intervention development. We created our intervention to target the specific
worries and doubts students commonly experience in introductory physics. We
conducted 1-hour interviews with introductory physics students to learn more
about their specific concerns and interpretations (68). Students described their
experiences navigating difficulties during introductory physics. Common physics
demands were social comparison, exam worries, and lack of understanding. We
used these discussions to design an intervention guiding students through rec-
ognizing and accepting their physics-related emotions and thoughts as normal
and temporary.

Mindfulness training. Students assigned to the mindfulness intervention
received five 20-minute audio lessons, delivered once a day. Lessons were
completed via computer on Days 1 and 5, and smartphone on Days 2 to 4. This
training taught students about the mindfulness practice "R.A.LN.," which stands
for Recognize, Accept, Investigate, and Non-Identify (35, 36, 69). We adapted
this practice to help students manage common physics demands (e.g., self-
doubt, social comparison) identified in interviews. Each lesson invited students
to recall a difficult physics experience and process that event using R.A.LN. The
training guided students through observing their experience-related emotions
and thoughts as temporary and normal. Attention to the training was assessed
following each lesson (86.84 to 97.33% pass rate across lessons, see S| Appendix
for more details). Mindfulness training participants completed their afternoon
EMA surveys immediately following their daily lesson.

Audiobook control. Students assigned to audiobook control listened to two

20-min audio-delivered short stories on Days 1 ["The Stolen Dream”; (70)]
and 5 ["The Bet"; (71)] during baseline and posttest assessments. Attention
to the audiobook was assessed following each story (90.28 to 98.61% pass
rate across stories).
Psychological threat. Participants reported their perceptions of physics demands
and coping resources using the stress appraisal questionnaire (adapted from
ref. 10). Items, scale, and alphas are provided in S/ Appendix, Table S3. Average
perceived coping resources were subtracted from average perceived situational
demands to compute psychological threat. Scores at or below zero indicate chal-
lenge. Scores above zero indicated threat. Threat was assessed at all timepoints.
Engagement. Physics engagement was assessed through a variety of measures
at baseline (Day 1), posttest (Day 5), and 2-wk and 3-mo follow-ups. S/ Appendix,
Table S4 provides construct names, alphas, and number of items for each engage-
ment construct.

Data, Materials, and Software Availability. Anonymized Measures, primary
data, and analysis scripts have been deposited in OSF (https://osf.io/vt4jr/) (66).
Some study data available (Copyright restrictions prevent publicly sharing mind-
fulness audio, but it can be provided upon request.).
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