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In this quantitative study, we explored learners’ intrinsic motivation towards three different experimental
physics educational activities offered by our department to upper-grade high school students. The inspected
activities were lecture demonstrations, a science show, and hands-on practical work. The respondents were
Czech high school students (N = 9647) who participated in these activities. From each of these activities, a
highly comparable subset of 1128 respondents was selected for the comparative analysis. To assess their
intrinsic motivation and its covariates, we used three dimensions of the Intrinsic Motivation Inventory:
interest/enjoyment, effort/importance, and value/usefulness. The data were evaluated using a unidimen-
sional IRT Graded Response model. Our study revealed that the science show was more appealing to high
school students than traditional lecture demonstrations and, surprisingly, even more appealing than
practical lab work. This increased interest was more pronounced among students who identified themselves
as less diligent in physics. Paradoxically, the respondents perceived the science show as less useful than the
other two activities. Delving deeper, gender differences in perceived intrinsic motivation were generally
minor, with one exception: in a comparison of the interest generated by the science show and practical
work, girls favored the science show more than boys did. These findings underscore the need for a nuanced
understanding of pedagogical strategies and offer insights into different approaches to promoting student
engagement and interest in physics. Our research could assist educators in distinguishing the activities that

might be more beneficial in terms of generating interest among particular groups of students.
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I. INTRODUCTION

Various roles are (often uncritically) attributed to experi-
ments, including promoting conceptual understanding,
stimulating interest, illustrating scientific methods, devel-
oping manual skills, and fostering an understanding of the
nature of science. In this study, we focus solely on the
motivational aspects of physics experiments at the high
school level. Substantial evidence indicates that physics
experiments can generate intrinsic motivation and situa-
tional interest. However, this raises questions that have not
yet been adequately explored, such as how effective
different approaches to experimenting (traditional lecture
demonstrations, science shows, hands-on practical work)
are in promoting interest or how students’ attitudes towards
school physics influence their preferences for these various
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approaches. The primary objective of this study is to
explore the answers to these questions.

II. INTRINSIC MOTIVATION AND INTEREST

Intrinsically motivated people perform activities for their
inherent satisfaction and enjoyment rather than being
driven by external rewards. In the second half of the
20th century, cognitive evaluation theory became one of
the leading frameworks for analyzing the relationship
between extrinsic and intrinsic motivation [1], a theory
that assumes that human behavior is driven by two essential
psychological needs: competence and autonomy. Over
time, as empirical evidence concerning personality devel-
opment and human behavior has accumulated, cognitive
evaluation theory has been gradually supplemented by
other associated mini-theories, resulting in the emergence
of self-determination theory [2,3]. Currently, this meta-
theory comprises six mini-theories, addressing the social
contexts of intrinsic motivation or the issues of well-being,
life goals, or relationship quality [4]. The two original basic
psychological needs (competence and autonomy) have
been supplemented with a third one—telatedness or the
need to feel socially connected [5].

Published by the American Physical Society


https://orcid.org/0000-0003-0430-9534
https://orcid.org/0000-0003-0675-6098
https://orcid.org/0000-0003-4164-3160
https://orcid.org/0000-0001-8027-8907
https://orcid.org/0000-0002-2333-0702
https://orcid.org/0000-0002-5620-5342
https://ror.org/024d6js02
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevPhysEducRes.21.010146&domain=pdf&date_stamp=2025-05-06
https://doi.org/10.1103/PhysRevPhysEducRes.21.010146
https://doi.org/10.1103/PhysRevPhysEducRes.21.010146
https://doi.org/10.1103/PhysRevPhysEducRes.21.010146
https://doi.org/10.1103/PhysRevPhysEducRes.21.010146
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

ALEXANDR NIKITIN et al.

PHYS. REV. PHYS. EDUC. RES. 21, 010146 (2025)

A. Interest and its development

The closely related concept of interest is often addressed
in relation to intrinsic motivation. Some researchers con-
ceive interest as a psychological state or an individual
disposition, sometimes both [6,7], or as a set of ‘motives
that may result in intrinsically motivated behavior’ [6].
Other authors [8—10] describe interest as an emotion.
Regarding intrinsic motivation, interest is considered its
implicit aspect [11], a form of preconditioning [12], or an
antecedent [9]. Reeve [8] proposes that interest is one of the
two drivers of intrinsic motivation, the other being enjoy-
ment. While interest contributes to focusing attention on
one activity, enjoyment maintains the determination to
persist. The conceptual proximity between interest/enjoy-
ment and intrinsic motivation is essential in psychological
measurements; participants’ expressed interest/enjoyment
is considered a measure of intrinsic motivation [13].

A strong rationale for promoting interest in schools is its
impact on learning gain. Although some reviews do not
show such an effect [14], prevailing conclusions suggest
that interest acts as a mediator of learning [15], can increase
learning gain, and predict school performance [16,17], and
this is an important reason why students choose challeng-
ing tasks [18].

It is widely accepted that the process of interest develop-
ment has two characteristic stages—situational and indi-
vidual. While situational interest is a temporary affective
reaction generated by situations that attract attention
[6,9,19], individual interest is a relatively stable and
persistent orientation towards certain activities or subject
areas [9]. More detailed models of interest assume that each
of the concepts of situational and individual interest has its
own structure. Hidi and Renninger [19] suggest a four-
stage model of interest development, in which situational
interest has an initial triggering phase—a short-term
attention increase—and a subsequent maintenance phase,
where attention remains focused for a longer time.
Similarly, individual interest is assumed to have two
phases, emerging and well-developed, both of which are
already characterized by the conscious effort to engage in
certain activities. Over time, competing interest develop-
ment models have been described [9], challenging the
linearity of the four-stage model (i.e., that earlier phases of
interest are preconditions for higher levels). Schiefele [9]
suggests that individual interest can be supported in two
separate ways—by triggered and maintained situational
interest. Rotgans and Schmidt [14] note that previously
developed individual interest contributes to situational
interest when novel stimuli emerge.

B. Triggering interest in science education

Triggering situational interest is a crucial initial phase in
interest development, from which the subsequent stages
unfold. Activities aimed at triggering interest involve chal-
lenge, novelty, surprise, and complexity [16]. In a science

classroom, such activities encompass the following: active
learning methods [20], collaborative and team-based learn-
ing [9,19,21], problem-based tasks [16], hands-on practical
and laboratory work [22-26], lecture demonstrations
[24,25,27], or projects and fieldwork [9,16,19].

In this study, we compare three activities that represent
three different approaches to integrating experiments into
physics education: traditional lecture demonstrations, a
science show, and hands-on practical work. In the next
section, we describe these activities and formulate our
research questions.

III. RESEARCH CONTEXT: THREE DIFFERENT
ACTIVITIES TO BE COMPARED

Presenting physics experiments and providing access to
them for upper-grade high school students have a decades-
long tradition at the authors’ workplace. During the last ten
years, this has been mainly conducted through three
activities (the subject of our research): performances known
as Physics Demonstrations For Upper Secondary Students
(DEMOs), a science show Physics Through All Senses
(PTAS), and hands-on experimenting in the Interactive
Physics Laboratory (IPL).

All three activities serve educational goals, such as
fostering understanding, and objectives aimed at engaging
a broader audience, such as triggering interest in physics;
however, each emphasizes these goals differently. The
common aspect among these activities is that they are
led by experienced teacher trainers from the authors’
workplace or well-trained pre-service physics teachers,
all of whom exploit a wide range of experimental tools
and share their experiences. Four of the authors participate,
or have participated, in organizing these activities.

Each of the three activities has its specific characteristics,
which are outlined below. For quick reference, a brief
comparison of the activities is provided in Table I.

A. Physics demonstrations for
upper secondary students

The project “Physics Demonstrations For Upper
Secondary Students” (DEMOs) [27], which involves phys-
ics presentations with a structured sequence of carefully
selected experiments, has a tradition of more than 30 years
at the authors’” workplace. Through a thoughtfully chosen
series of intriguing demonstration experiments, each theo-
retically explained and focused on a specific physics topic,
students are guided toward a deeper understanding of that
topic, develop insights into the connections and relation-
ships between subtopics, and learn the theoretical concepts
that explain the physics phenomena observed.

Currently, there are seven distinct demonstrations, each
aimed at a different physics topic. They take place in a
university lecture hall and are performed by one or two
lecturers who engage students through questions and
occasional participation in demonstrations. The formal

010146-2



PHYSICS DEMONSTRATIONS, SCIENCE SHOW, ...

PHYS. REV. PHYS. EDUC. RES. 21, 010146 (2025)

TABLE L.

Comparison of selected aspects of examined activities. Note: Numerical values refer to a single instance of each activity.

Physics Demonstrations For
Upper Secondary Students
(DEMOs)

Physics Through
All Senses (PTAS)

Interactive Physics
Laboratory (IPL)

Experimental activity

Location
Duration
Emphasis on understanding

Topics per one instance of
activity

Character of typical
equipment

Lecturers

Typical number of
participants

Level of student
engagement

Structure of typical
student groups

lecture demonstrations

university, out-of-school

75 min

considerably high, lecturers
provide both simple and
advanced explanations

monothematic

a wide range of advanced
equipment

teacher trainers

60-90 students

low, only a few volunteers

whole classes, sometimes
classes from different schools

science show

students’ school

90 min

lowest, the emphasis is on
entertainment, lecturers
provide relatively brief
explanations

experiments across various
topics

mainly low-cost or everyday
equipment

mainly preservice physics
teachers

30-60 students

medium, more frequent
engagement of students

whole classes, even multiple
classes from different years

hands-on small-group practical
work

university, out-of-school

120 min

highest, students formulate their
explanations that are refined
by lecturers

monothematic

a wide range of advanced
equipment

teacher trainers, Ph.D. students,
senior pre-service physics
teachers

10-16 students

high, independent students’
work

students from one class of one
school, sometimes a selection

together, and occasionally
even several classes from
different years together

together, always students
from the same school

of students (from elective
physics seminars)

setting and structured delivery emphasize the systematic
exploration of physics principles.

B. Physics through all senses

”Physics Through All Senses” (PTAS) [28] is a project that
has been running for more than 10 years and features
approximately 25 engaging physics demonstrations inspired
by the topic of the human senses. The aim of the show is to
stimulate students’ interest and foster students’ conceptual
(qualitative) understanding of selected aspects of physics.
The tools and equipment chosen are deliberately simple and
often inexpensive, enabling students to replicate some
experiments at home.

The show is presented by two lecturers, who are pre-
service physics teachers from the authors’ workplace. The
relatively small age gap between the lecturers and the
students helps create a more informal and relatable learning
atmosphere. As the lecturers come to students in their
schools, PTAS is the only one of the three surveyed
activities that take place outside the university, making it
more accessible.

C. Interactive physics laboratory

The “Interactive Physics Laboratory” (IPL) [23], estab-
lished in 2008, offers students an opportunity to grasp

physics through hands-on practical work. In structured
inquiry settings, students work in small groups at exper-
imental stations guided by prepared worksheets. Their
work involves linking theory to the experimental setup,
making predictions, conducting quantitative and qualitative
experiments, and evaluating and interpreting data. Thus, the
laboratory aims to provide students with an experiential
understanding of experimentation as a key method of
learning about the world.

Currently, there are ten experimental sets, each focusing
on a single field of physics. Each set consists of four to six
experimental stations. During one visit, the student groups
work on stations that belong to one set pre-selected by their
teacher; finally, students present findings from one of the
stations to the other groups. Two lecturers are always
present to assist students who may need help, ask guiding
and broadening questions, and take care of the equipment.

D. Research goals and questions

The aforementioned activities illustrate three common
approaches to introducing students to physics experiments.
Previous studies have suggested that all three approaches can
stimulate students’ situational interest [22-25,27]. Following
on from the discussion in the Introduction, it is relevant to
investigate the relative effectiveness of these approaches. To
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provide a structured framework for our investigation, we
formulated the following research questions related to
physics experimentation at the high school level:

e RQOI: How does varying student engagement in
experimental activities influence students’ intrinsic
motivation?

e RQ?2: To what extent is the perception of activities with
varying student engagement associated with gender?

e RQO3: Do students’ self-reported diligence in and
perceived difficulty of physics as a school subject
affect their perceptions of the three activities equally?

The first and main research question addressed the key
motivation behind our study. Existing research on exper-
imental activities in science education tends to focus on a
single experimental approach (e.g., lecture demonstrations
or practical work), examining its impact on students and its
benefits and limitations. However, studies comparing
different experimental activities within a single context
are limited. Regarding chemistry, two studies are worth
mentioning. Lin et al. [24] studied the impact of various
learning activities, including lecture demonstrations and
hands-on experiments, on students’ situational interest,
while Thompson and Soyibo [29] investigated how lecture
demonstrations, discussions, and hands-on work influence
students’ attitudes toward chemistry. In physics, compar-
isons of experimental approaches, particularly lecture
demonstrations and practical work, have primarily focused
on high school students’ learning gains. Thijs and Bosch
[30] used the topic of forces on objects at rest in their study,
whereas Winkelmann and Erb [31] focused on geometric
optics. Further, Kestin et al. [32] have explored the
effectiveness of live and online lecture demonstrations in
an introductory university course. Nevertheless, there are
no large-scale studies directly comparing the effects of
lecture demonstrations and practical work on interest
(intrinsic motivation) in high school physics.

In the complementary RQ2, we aim to contribute to an
understanding of which activities can narrow (or at least not
strengthen) existing gender differences. Research on the
gender gap in experimental activities in physics has
predominantly focused on practical work, with somewhat
contradictory findings. While practical work is recognized
for its potential to empower girls [33,34], it is also
associated with higher perceived pressure and lower feel-
ings of competence among girls compared to boys [23,35].
The literature has neglected the issue of potential gender
disparities in the perception of lecture demonstrations or
science shows, an aspect we aim to address.

The complementary RQ3 was driven by findings of
Kacovsky and Snétinovd [27] on lecture demonstrations,
which identified self-reported diligence in physics being
closely related to some ‘general like of physics’, suggesting
its robust predictive power for students’ intrinsic motiva-
tion. The same authors also found that a higher perceived
difficulty of school physics supports intrinsic motivation in

lecture demonstrations—it (maybe paradoxically) serves as
a driver of interest rather than a barrier [27]. Building on
these findings, we aim to scrutinize whether these effects
exhibit comparable strengths across all three activities, with
varying student engagement under examination.

IV. METHODOLOGY

This study employed a quantitative research approach,
addressing high school students aged 15-20 who partici-
pated in the previously described experimental activities.

A. Participants

Nearly 10,000 students participated in this study. Most of
them were attending general selective (grammar) schools
that prepared them for university studies. DEMOs and the
IPL were visited mainly by students from the capital city
and its surrounding areas, whereas PTAS was almost
exclusively conducted outside the capital city.

Typically, whole classes attended DEMOs and PTAS,
corresponding to a sample of participants reasonably
representative of the high school population. In the case
of IPL, however, the students visiting the lab are more often
from elective high school physics seminars than in the other
two activities. This group of students would therefore be
less representative.

To ensure comparability in subsequent analyses, a subset
of 1128 students was selected from each activity. This
selection was made to balance key characteristics across
groups, which are described in detail in Sec. IV C 1.

B. Data collecting: Tools and procedures

To assess the students’ perceptions of each activity, a
Questionnaire on Intrinsic Motivation (QIM,; [36])1 was
designed, comprising parts labeled A, B, and C. QIM-A
collected basic data on the students: gender, age, year of
study, physics grade, and intention to study science,
technology, engineering, and mathematics (STEM) at a
higher education institution. QIM-B was inspired by the
Czech research of Pavelkova et al. [37] and focused on
students’ perception of physics as a school subject. It
comprises six statements assessed on a five-point Likert
scale. The first four statements explored the extent to which
physics as a school subject is popular, difficult, important,
and interesting for students, and the last two statements
identified how gifted and diligent the students feel they are
in physics.

QIM-C is based on the Intrinsic Motivation Inventory
(IMI), a multidimensional questionnaire grounded in self-
determination theory designed to assess participants’

Tn previous research [23,27], this questionnaire was labeled
differently. Specifically, the DEMOs activity was labeled DIMI,
and the IPL activity was labeled LIMI. All three versions of the
questionnaires can be found in [36].
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FIG. 1.

subjective perception of an activity [13]. The IMI offers a
choice of seven dimensions, with each dimension repre-
sented by several statements rated on a seven-point Likert
scale. For the purpose of our research, we selected four
dimensions: interest/enjoyment as an inherent dimension and
its associated dimensions, including effort/importance, felt
pressureltension, and valuelusefulness. The first three
dimensions are represented by four items, whereas the last
dimension comprises six items.

The subsequent explanation of the dimensions used in
this study is adapted from Monteiro et al. [38]. The interest/
enjoyment dimension evaluates a person’s level of interest
in and pleasure derived from an activity. The effort/
importance dimension reflects the degree to which indi-
viduals invest their capacity in an activity. The value/
usefulness dimension encompasses the idea that individuals
are more inclined to internalize and develop self-regulatory
activities when they perceive an experience as valuable and
useful. The felt pressure/tension dimension assesses the
extent to which participants experience pressure to succeed
in a particular task.

Data collection took place in the years 2017-2018 for
DEMOs, 2018-2020 for PTAS, and 2017-2020 for IPL.
The QIM was administered by the activity facilitators as a
paper-and-pencil questionnaire involving data collection
from 37 schools for DEMOs, 28 schools for PTAS, and 23
schools for the IPL. The students completed the question-
naire anonymously immediately after each activity. They
were informed that by completing and returning the paper
questionnaire, they were giving consent for data process-
ing. Although no specific time limit was imposed on the
respondents, the majority completed the questionnaire
within 5 min. Researchers were present at the administra-
tion of QIM only when they were the person facilitating the
activity. In cases where a researcher was not present, the

>The IMI version for the IPL also included a fifth dimension,
perceived competence, along with one extra item in the value/
usefulness dimension. However, owing to this study’s focus on
comparing activities, these specific data are not addressed further.

Diagram of the data processing procedure.

facilitator received instructions on how to administer the
QIM to ensure comparable conditions.

C. Data analysis

After collection, data from the paper questionnaires were
digitized using FormScanner software and analyzed using
IBM SPSS Statistics 26, IRTPRO 6.0, and MS Excel. The
data analysis process, as depicted in Fig. 1, is aligned with
the structure described in this section. In this study, a
unidimensional IRT analysis with prior factor analysis
was used.

1. Data filtering and subsets of comparable students

Evidently, invalid responses were filtered out from the
raw data using pairs of direct- and reverse-worded QIM-C
items (DRIs: three pairs for DEMOs and PTAS and four
pairs for the IPL). Respondents were excluded from further
analyses when at least one of the following criteria was met:
(a) in one pair of DRIs, the difference in score was equal to
6; (b) in at least two DRISs, the difference in score was > 5.
This led to the removal of 107 respondents (2.2%) from the
DEMOs data, 104 (3.5%) from the PTAS data, and 25
(1.2%) from the IPL data. The data remaining after filtering
are referred to as full data.

Owing to the distinct nature of DEMOs, PTAS, and IPL.
activities and their respective audiences, we created a
subset of respondents for comparative analysis. This subset
was composed of trios of respondents each of whom
(a) participated in a different activity and (b) provided
identical answers to the following QIM-A and QIM-B
items: type of school, gender, year of study, intention to
study STEM, giftedness, and diligence. Basic descriptions
of full data and subset are presented in Table II.

By selecting respondents in this manner, the dataset was
inherently biased by the activity with the fewest respon-
dents, the IPL, which is often visited by students also
attending elective physics seminars. Thus, the students in
the subset were, on average, more inclined toward physics
than those in the full data and perceived themselves as
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TABLE II. Basic descriptive statistics for full data (gray cells) and the subset (white cells).
Gender (%) Year of study (%) School (%)
Activity No. of responses Female  Male 1st 2nd 3rd 4th Grammar  Vocational
Full data DEMOs 4808 53 45 32 33 28 7 96 4
PTAS 2840 55 43 32 37 29 1 68 32
IPL 1999 37 60 25 38 28 9 87 13
Subset 1128 respondents for each activity 49 51 23 44 31 2 93 7
TABLEIII. Differences between students selected for individual activities, full data (gray cells) and the subset (white cells). Note: All

the QIM-A and QIM-B items are coded reversely compared to previous studies [23,27]. This has no effect on the QIM itself; it is
conducted only to make numerical interpretations of the data clearer.

DEMOs PTAS IPL Full data Subset

mean mean mean mean mean

Statements Range (SD) (SD) (SD) (SD) (SD)
I intend to study STEM at university 1: definitely not 3.02 2.91 3.50 3.09 343
5: definitely yes (1.45) (1.47) (1.36) (1.46) (1.37)

I intend to study physics at university 1: definitely not 1.63 1.66 2.04 1.72 1.92
5: definitely yes (0.89) (0.91) (1.06) (0.95) (1.03)

Importance of physics for me 1: unimportant 2.95 2.89 3.35 3.01 322
5: very important (0.98) (0.97) (0.99) (0.99) (0.96)

My giftedness in physics 1: talentless 3.11 3.08 3.46 3.17 3.39
5: very gifted (1.00) (1.04) (0.93) (1.01) (0.90)

My diligence in physics 1: lazy 3.34 3.31 3.59 3.39 3.60
5: very diligent (1.03) (1.05) (1.02) (1.04) (0.92)

more gifted and diligent in physics. This composition
explains why the subset resembles the IPL group more
closely than the other activities (a pattern also visible in
Table III).

To better understand these differences, in Table III, we
examined the responses in QIM-A and QIM-B items across
the individual activities, full data, and the subset. We note
that for each statement, the absolute value of Cohen’s d
(between full data and the subset) ranged between 0.21 and
0.24, indicating an effect size that is “not so small as to be
trivial” [39]. Being aware of these differences, we per-
formed all statistical analyses twice: once for full data and
once for the subset.

2. Factor structure

The QIM-C full data were analyzed using exploratory
factor analysis (KMO = 0.92; Bartlett’s test of sphericity
significance with p < 0.001) and, more precisely, using
principal axis factoring [40,41], rotating the solution using
a direct Oblimin rotation. The results revealed a four-factor
structure, with each factor in accordance with one of the
IMI dimensions. The factor associated with the felt

pressure/tension dimension is virtually uncorrelated with
the other factors (correlation coefficients ranging from 0.08
to 0.12), while the correlation coefficients between the
remaining factors fall in a range from 0.50 to 0.70.

The internal consistency of the data for each IMI
dimension was assessed using Cronbach’s alpha. This
analysis of reliability showed that the felt pressure/tension
dimension behaves poorly—showing a low value for the
alpha coefficient (0.54) and a correlation matrix far from
7-equivalent with items hardly correlating with each other
(r values between 0.11 and 0.37). Omitting felt pressure/
tension raises the overall alpha for the whole QIM-C from
0.86 to 0.91, similar to a previous study by Kacovsky and
Snétinova [27]. Furthermore, two items from the value/
usefulness dimension most deviating from z-equivalence
were omitted, reducing all three remaining IMI dimensions
to four items (lowering the overall alpha coefficient from
0.91 to 0.89).

As the reliability analysis of the IMI dimensions in the
subset yielded similar results, we do not discuss it here. The
alpha coefficients for the dimensions, after omitting one
dimension and the two items mentioned earlier, were as
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follows: interest/enjoyment (full data 0.87; subset 0.87),
effort/importance (0.76; 0.77), and value/usefulness (0.80;
0.89). The resulting Cronbach’s alpha value for the whole
QIM-C is 0.89 for the full data and the subset.

3. Item response theory and person scoring using
plausible values

IRT was employed to obtain more accurate estimates of
the latent person IMI score (the person parameter in IRT
terminology) for each IMI dimension. As the four items
constituting each dimension are seven-point Likert scales,
the unidimensional IRT Graded Response Model (as
proposed by Samejima [42]) was used for person IMI
score estimation using IRTPRO 6.0. The scale of IMI
scores was set to a Z score (population distribution). A
simulation study by Dai ef al. [43] suggests that, due to the
low missing rate (<2% for each item, 0.7% on average) and
larger sample size (> 3300 in subset and > 9500 in full
data), person IMI score estimates should be considerably
robust. Item parameter estimation was not considered
important in this study.

The values of respondents’ IMI scores arising from IRT
estimation should be independent of the choice of items or
the characteristics of the respondent group [44]. Correlation
coefficients (Pearson’s) between corresponding IMI score
estimates based on full data and subset are >0.999,
verifying that the latent trait estimates (at least in our case)
were independent of the respondent group. Thus, only one
set of IMI score estimates for each dimension was used
further (the one from full data).

The interpretation of the resulting latent IMI scores in
this study is as follows: a greater value corresponds to a
higher level of respondents’ identification with the corre-
sponding IMI dimension.

Each respondent was assigned 1000 plausible values
(PVs) randomly selected from a normal distribution, with a
mean equal to the estimate of the respondent’s latent IMI
score and a standard deviation equal to the score’s standard
estimation error. These PVs were generated separately for
each IMI dimension; thus, 1000 sets of PVs of respondents’
IMI scores were created for each dimension. The individual
sets of PVs generated in this manner exhibited a standard
normal distribution.

4. Subsequent data analysis

Each statistic was calculated separately for each distinctive
set of PVs, and the average value of this statistic is reported.
The significance of the corresponding statistical test was
inferred from the averaged statistics. For example, to estimate
the difference between two groups, the mean, standard
deviation, degrees of freedom, ¢ statistic, and Cohen’s d
were calculated for each set of PVs (1000 times), and the
values of these statistics were averaged; the p-value calcu-
lation was then based on these averaged values. This

methodology is similar to the one used in the PISA assess-
ment [45].3

First, for RQ1 and RQ2, the group descriptors were
inspected by estimating the group mean, its standard
deviation, and the 95% confidence intervals of the mean
(assuming a standard normal distribution, thus using a
critical Z value of 1.96).

To describe the differences between the activities (RQ1),
we compared the IMI scores of students attending these
activities using an independent-sample ¢ test. The answer to
RQ2 was handled similarly, except that the respondents
were split according to gender, and the differences between
activities were inspected separately for each gender using
an independent-sample ¢ test.

As the standard deviation in all reported groups is
roughly equal to 1 (ranging from 0.9 to 1.1), the difference
in group means is approximately equal to Cohen’s d [46]
and can therefore be considered a measure of the stand-
ardized effect size itself. Thus, Cohen’s d’s are not stated
for ¢ tests in the description of the results for RQ1 and RQ2
(and standard deviations are not reported in the results).

According to Cohen [46], effect sizes are small when
d = 0.2, medium when d = 0.5, and large when d = 0.8.
However, the use of these conventional thresholds has been
widely discussed [47,48] because their interpretation is
field specific and varies even across subdisciplines of a
field. Thus, the effect sizes are commented upon only in
comparison with each other [48].

A regression analysis was used to explore the relation-
ship between students’ IMI scores, their self-reported
diligence in physics, and the perceived difficulty of physics
(RQ3). A simple ordinary least squares linear regression
was used to estimate the parameters (slope and intercept
with their standard errors) of a linear model in which
diligence and difficulty were treated as independent vari-
ables, and respondents’ latent IMI scores were treated as
dependent variables.

5. Correlations of IMI scores, diligence, and difficulty

Before discussing the results, let us address the relation-
ships among the inspected IMI scores, self-reported student
diligence, and the perceived difficulty of physics. As value/
usefulness and effort/importance can be considered cova-
riates of interest/enjoyment, the answers to the RQs
regarding the different dimensions are somewhat interre-
lated. The strength of this relationship can be examined
using the correlation coefficients between the IMI scores,
as indicated in Table IV. These correlations affect the
subsequently discussed results, which were analyzed sep-
arately for each dimension.

3Imputation variance is ignored due to the large number of PVs
used. Sampling variance is not an issue for this study.
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TABLE IV. Pearson’s correlations (all significant at p = 0.001) between latent IMI scores and self-reported diligence and perceived

difficulty. Note: Gray cells = full data, white cells = subset.

Interest/enjoyment Effort/importance Value/usefulness Diligence Difficulty
Interest/enjoyment 0.48 0.54 0.33 0.16
Effort/importance 0.47 0.38 0.24 0.23
Value/usefulness 0.53 0.37 0.30 0.15
Diligence 0.30 0.21 0.25 0.19
Difficulty 0.14 0.20 0.12 0.16
Notably, students’ self-reported diligence is more  from the capital, whereas PTAS participants are mostly from

strongly related to the IMI dimensions than to the perceived
difficulty of physics as a school subject.

Table IV suggests that the results may be similar for full
data and subset. Therefore, the differences between subset
and full data are primarily discussed in relation to RQ1. For
RQ2 and RQ3, we report only the results from the
comparable subset because there were no substantial
differences between full data and subset.

V. RESULTS

Before interpreting the results, we highlight several
important considerations relevant to their interpretation.
The PTAS activity consistently delivers the same science
show, whereas DEMOs and IPL cover a range of topics,
making comparisons across activities challenging.
Additionally, in DEMOs, each topic is presented by a
specific lecturer, while lecturers alternate in IPL and PTAS.
However, this study does not analyze the potential effects
of lecturer personality or topic selection.

Differences in student demographics also present a limi-
tation. Students in DEMOs and IPL predominantly come

other regions. However, physics instruction in Czech sec-
ondary schools is relatively uniform across the country, so
regional origin is unlikely to introduce substantial bias.
Additionally, IPL had a higher percentage of male students,
likely reflecting its appeal among those attending elective
physics seminars. To mitigate the impact of these demo-
graphic differences, a subset of students with comparable
characteristics was created. This allows for more valid
comparisons across activities, although not for independent
assessment of each group.

Finally, a higher IMI score corresponds to higher
identification with the respective IMI dimension. The mean
difference approximates the effect size, and significance
levels correspond to independent-sample 7 tests, assuming
unequal variances.

A. Differences between activities (RQ1)

From the simple descriptive statistics in Table V, we can
infer that the students’ perceptions of their engagement
varied depending on the activity they participated in. This is
further confirmed by the results of independent-sample ¢

TABLE V. Descriptive statistics of latent IMI scores split by activity. Note: Gray cells = full data, white cells = subset.

Interest/enjoyment Effort/importance Value/usefulness

DEMOs PTAS IPL DEMOs PTAS IPL DEMOs PTAS IPL
N 4808 2840 1999 4808 2839 1999 4808 2840 1999
Mean —0.11 0.17 0.02 —0.19 0.06 0.38 0.01 —0.13 0.17
95% C.I. +0.03 +0.04 +0.04 +0.03 +0.04 +0.04 +0.03 +0.04 +0.04
N 1128 1128 1128 1128 1128 1128 1128 1128 1128
Mean —0.01 0.19 0.04 —0.10 0.08 0.42 0.12 —-0.09 0.17
95% C.I +0.06 +0.05 +0.06 +0.06 +0.05 +0.05 +0.06 +0.06 +0.06
TABLE VI. Mean differences in latent IMI scores between activities. Note: Gray cells = full data, white cells = subset. Results with
p < .01 are denoted by *.

Interest/enjoyment Effort/importance Value/usefulness

DEMOs vs PTAS vs  DEMOs vs DEMOs vs PTAS vs  DEMOs vs DEMOs vs PTAS vs  DEMOs vs
PTAS IPL IPL PTAS IPL IPL PTAS IPL IPL
—0.28* 0.15%* —0.13* —0.26* —0.32* —0.57* 0.14* —0.30* —0.16*
—0.21* 0.15% —-0.05 —0.18* —0.34* —0.52% 0.21* —0.26* —0.04
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FIG. 2. Means of latent IMI scores (split by activity, with 95% confidence intervals).

tests stated in Table VI, which verify that most of the
differences are significant at a 0.01 level.

While PTAS triggers the highest interest/enjoyment and
lowest value/usefulness of the three activities, the situation
in these two dimensions is more complicated for DEMOs
and the IPL. Although DEMOs trigger lower interest/
enjoyment and value/usefulness than the IPL for full data,
the differences between these two are insignificant for the
comparable subset.

Plotting the descriptive statistics for the subset and full
data into Fig. 2 shows that hands-on experimenting in the
IPL leads to significantly higher scores for effort/impor-
tance from students than the lecture-based approach of
PTAS or DEMOs, with DEMOs requiring even less effort/
importance than PTAS. This shows that the increase in
effort/importance between DEMOs and PTAS is smaller
than that between PTAS and the IPL.

As mentioned above, full data were omitted from the
results, as we intended to compare the perceptions of these
activities by comparable sets of students. Thus, the follow-
ing data relate to the comparable subset.

B. Gender differences (RQ2)

As was the case with previous research findings [23,27],
no significant gender differences in perceptions of DEMOs

and the IPL were discovered, and this study shows that the
same applies to PTAS as well. As no gender differences
were observed within the individual activities, the focus
moved to the differences between the three activities.

As is apparent from Table VII, the differences between
the activities for female and male students were similar
to those observed in RQI (see Table V). However,
the visualization of these data in Fig. 3 reveals that the
mean differences between the activities are affected by
gender.

Most notably, male and female students diverged in the
comparison between PTAS and the IPL regarding interest/
enjoyment, with the mean difference being significant for
female students (in favor of PTAS) and insignificant for
male students (see Table VIII). Moreover, the effect size of
this difference was substantially larger for female students,
favoring PTAS over DEMOs and the IPL.

Regardless of gender, the highest effort/importance is
attributed to the IPL and the lowest to DEMOs. The results
(Table VIII) show that all the differences in effort/impor-
tance are statistically significant at a 0.01 level. A careful
inspection of the mean differences in Table VIII suggests
that the increase in effort/importance devoted to hands-on
experimentation in the IPL is larger for female than for
male students.

TABLE VII. Descriptive statistics of latent IMI scores split by gender and activity for subset.
Interest/enjoyment Effort/importance Value/usefulness
DEMOs PTAS IPL DEMOs PTAS IPL DEMOs PTAS IPL
Female (N = 550) Mean 0.03 0.26 0.00 —-0.12 0.07 0.45 0.16 —0.03 0.20
95% C.I +0.08 +0.08 +0.08 +0.09 +0.08 +0.08 +0.08 +0.08 +0.08
Male (N = 578) Mean —0.04 0.13 0.08 —0.08 0.09 0.39 0.08 —0.16 0.14
95% C.I. +0.08 +0.08 +0.07 +0.08 +0.08 +0.07 +0.08 +0.08 +0.08
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Concerning value/usefulness, there were no significant (IMI score) = a - (diligence) + b
gender differences between the IPL. and DEMOs in this

subset. Both genders attributed the lowest value/usefulness . . . . o
to PTAS is similar in nature to the differences between activities that

have already been inspected in RQI. Thus, it is not given

. . further attention here, and the primary focus is on the slope

C. Effect of students’ diligence and perceived coefficient a. The same applies to the perceived difficulty of
difficulty (RQ3) physics as a school subject.

The interpretation of the coefficient b in the linear The positive values of the slope coefficients in Table IX

regression model show a general trend of increasing IMI scores with increasing

TABLE VIII. Independent-samples ¢ tests for mean differences in latent IMI scores between activities split by gender. Note: Results
with p < 0.01 are denoted by *.

Interest/enjoyment Effort/importance Value/usefulness
DEMOs vs  PTAS vs DEMOs vs DEMOs vs PTAS vs DEMOs vs DEMOs vs  PTAS vs DEMOs vs
PTAS IPL IPL PTAS IPL IPL PTAS IPL IPL
Female  —0.23%* 0.26* 0.03 —0.19* —0.38% —0.57* 0.19% —0.22% 0.03
Male —0.17* 0.05 —0.13 —0.17* —0.30* —0.47* 0.24* —0.29* 0.05

TABLE IX. Estimated parameters of the linear regression of diligence and difficulty on IMI scores for the subset.

Interest/enjoyment Effort/importance Value/usefulness

DEMOs PTAS IPL DEMOs PTAS IPL DEMOs PTAS IPL

Diligence N 1128 1128 1128 1128 1128 1128 1128 1128 1128
a 0.34 0.26 0.36 0.25 0.20 0.22 0.27 0.24 0.28

(S.E.) (0.03) (0.03) (0.03) (0.03) (0.03) (0.03) (0.03) (0.03) (0.03)

R? 0.10 0.06 0.12 0.05 0.04 0.05 0.06 0.05 0.07

Difficulty N 1122 1126 1127 1122 1126 1127 1122 1126 1127
a 0.17 0.12 0.15 0.22 0.15 0.24 0.13 0.14 0.09

(S.E.) (0.03) (0.03) (0.03) (0.03) (0.03) (0.03) (0.03) (0.03) (0.03)

R? 0.03 0.02 0.02 0.04 0.02 0.06 0.02 0.02 0.01

010146-10



PHYSICS DEMONSTRATIONS, SCIENCE SHOW, ...

PHYS. REV. PHYS. EDUC. RES. 21, 010146 (2025)

N 0.8
5 — DEMOs
& PTAS
= —IPL
0.4 i

1S
L
g
B
=
< 00
3
2
5
S

-0.4
]
2
o
vo-0.8

1 2 3 4 5
Lazy Averagely diligent Very diligent

FIG. 4. Means of latent interest/enjoyment for subset with
95% C.Ls split by the respondents’ self-reported diligence.

student diligence and increasing perceived difficulty of
physics. In other words, students who perceive themselves
as more diligent or who find physics more difficult tend to
perceive greater interest/enjoyment, feel higher value/use-
fulness, and invest more effort/importance in any of the three
experimental activities.

The effect of diligence on interest/enjoyment triggered
by PTAS is the weakest among the three activities.
Diligence affects value/usefulness and effort/importance
similarly during all three activities.

The effect of perceived difficulty on interest/enjoyment
and value/usefulness seems to be unaffected by the exper-
imental approach, whereas the effect on effort/importance
is lower in PTAS than in DEMOs and the IPL.

Further inspection of the slope coefficients in Table IX
reveals that, for all three activities, self-reported diligence is a
stronger predictor of interest/enjoyment and value/usefulness
than is the case for the perceived difficulty of physics.

As anticipated from the nature of these data, the determi-
nation coefficients R? reported in Table IX are fairly low.
Nevertheless, Fig. 4, as an example of the regression of
interest/enjoyment on self-reported diligence, suggests that
the linear approximation of the regression is justified. The
figure shows that the factual differences in interest/enjoyment
between PTAS and DEMOSs/IPL decrease with increasing
diligence of students, pointing to a lower slope coefficient for
PTAS and, thus, a less potent relationship between PTAS and
diligence. The offset of PTAS from DEMOs/IPL was
determined by the difference in coefficient b.

VI. DISCUSSION

A. Students’ intrinsic motivation in activities
with various levels of engagement

Students’ intrinsic motivation during the three activities
under examination was heavily influenced by the activity’s
capacity to engage them, as shown in Table I. Student
engagement ranges from fairly low during the experiments

performed in front of a class in DEMOs to a medium level
of engagement during the PTAS science show to the highly
engaging hands-on experiments in the IPL.

Regarding the first research question (RQ1), while PTAS
aroused the highest interest/enjoyment, it was perceived as
the least valuable/useful of the three activities. The high
situational interest triggered by PTAS may be attributed to a
“halo effect” of the appealing, funny, and flashy show,
essentially pointing to its place in science education and the
popularization of STEM as a way to arouse peoples’
interest [49].

Additional inspection of correlations between IMI
dimensions shows a slightly lower correlation between
value/usefulness and interest/enjoyment for PTAS than for
the other activities. This suggests that the intrinsic moti-
vation during PTAS arises as a result of factors different
from those measured by the QIM.

A comparison between DEMOs and the IPL for a
comparable subset of students produces interesting results.
As stated previously, the students constituting the subset
are more inclined toward physics and STEM than the
general population. For these selected students, no signifi-
cant differences in interest/enjoyment and value/usefulness
triggered by DEMOs and the IPL were discovered, indicat-
ing that those students more inclined toward physics can
find a lecture demonstration as interesting and valuable as
practical work.

Furthermore, the effort/importance dimension corre-
sponds to what we have intuitively called “student engage-
ment,” including the fact that the differences between the
two lecture-based activities (DEMOs and PTAS) are
smaller than the differences between these two and
hands-on practical work (IPL). The observed dominance
of the IPL regarding effort is to be expected, given the
higher requirements for engagement from individual stu-
dents during hands-on experimentation, which is especially
notable for the subset of comparable students.

Students perceived greater effort/importance in relation to
PTAS than for the DEMOs. There might be several reasons
for this. For example, PTAS takes place at students’ home
schools and is attended by smaller groups of students, which
may result in lower individual anonymity and higher over-
sight from their teachers, forcing students to put more effort
into this activity. This observation is supported by prior
studies that have found that the sheer size and anonymity of
large classrooms are significant barriers to student partici-
pation in classroom activities (e.g. MacGregor et al., 2000, as
cited [50,51]). Additionally, more PTAS experiments incor-
porate volunteers, even the entire audience at times, and this
requirement for direct participation can lead to a perception
of a higher required effort. Another source of this difference
can be attributed to the high interest/enjoyment triggered by
PTAS, in accordance with the substantial correlations
between these two dimensions, essentially endorsing that
the activity perceived as interesting and enjoyable is also
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perceived as more important and that students are willing to
put in more effort.

B. Gender differences

The second research question (RQ2) focused on the
extent to which gender influenced the perception of the
experimental activities regarding students’ intrinsic moti-
vation and its covariates. First, we examined gender
differences in the activities involved. Our findings indicate
no such differences in IPL data, which aligns with
Murphy’s [35] conviction that “practical work can play a
crucial role in combating gender differences” (p. 141). This
is also consistent with the suggestions of researchers who
propose narrowing the gender gap through learner-centered
and problem-solving activities [34,35], both of which are
part of the practical work in the IPL. We also found no
gender differences in the DEMOs data. The differences in
the full data for PTAS are statistically significant in favor of
female students but with negligible effect size. This
indicates that the intrinsic motivation toward experimental
activities in physics is predominantly independent of
gender. Therefore, we believe that such activities could
be effective in mitigating the gender gap in attitudes toward
physics, a discipline perceived as masculine and favoring
men [52,53].

Regarding the comparison across the studied activities,
the results for both genders separately follow the results
from the full data. Moreover, we observed that as students’
engagement increased, female students showed greater
growth in expressed effort/importance than their male
counterparts. The need for more active involvement in
activities seems to elicit a stronger sense of effort in female
students, possibly because they are considered more self-
disciplined than male students and are more likely to
suppress prepotent responses in favor of a higher goal,
which requires conscious effort [54].

C. Effects of diligence and difficulty

We found that students with higher self-reported dili-
gence in physics perceived all the activities more positively
in all IMI dimensions, and the same applies to students who
perceived physics as a more difficult school subject.

The results show that self-reported diligence affects the
effort/importance and value/usefulness triggered by the
three activities equally, suggesting that there might be a
general trend connecting self-reported diligence in physics
with the willingness to dedicate effort to a physics-related
activity and find value in it.

For PTAS, diligence is not as strong a predictor of
interest/enjoyment as it is for DEMOs and the IPL. PTAS
triggered significantly more situational interest for less
diligent students than DEMOs and the IPL, while for more
diligent students, this difference was negligible. This
implies that such flashy science shows are a good way

to spark interest in physics among students who describe
themselves as lazier in physics.

The fact that students who find physics to be a more
difficult school subject tend to perceive all the activities
more positively is interesting because the difficulty of
physics is often mentioned as a reason for its unpopularity.
For example, Williams et al. [55] state that there is evidence
that the perception of a subject as difficult tends to result in
the development of a general negative attitude toward that
subject. Lavonen et al. [56] suggest that students who
perceive physics as difficult do not try to learn it and lose
interest in it quickly. The strength of the difficulty of
physics as a predictor of interest/enjoyment and value/
usefulness was comparable for all three presented activities;
nonetheless, it was a less potent predictor of intrinsic
motivation than self-reported diligence.

The difficulty of physics is a less influential predictor of
effort/importance for PTAS than for the other two activ-
ities, suggesting that students with less positive attitudes
toward physics are more likely to invest their effort in a
vivid science show.

VII. LIMITATIONS

Several differences between the experimental activities
themselves may have affected the results. First, the PTAS
activity consistently delivers the same science show,
whereas individual runs of DEMOs and IPL activities offer
several different topics. Consequently, students’ responses
to the QIM-C were tied to a specific topic in the case of
DEMOs and the IPL. Second, in the case of DEMOs, each
topic is directly associated with a particular lecturer,
whereas for the IPL and PTAS, the lecturers alternate. In
this study, we did not delve into whether the QIM-C results
depend on the specific topic or the personality of the
lecturer, but both these aspects are the focus of an ongoing
research project.

Another limitation arises from the fact that the teachers
who enrolled their students in any of the activities tended to
be more active members of the teaching community.
Furthermore, the number and origin of students participat-
ing in each activity varied. Students attending DEMOs and
IPL activities come predominantly from the metropolitan
area of Prague, whereas PTAS activities are primarily
conducted in schools outside the capital city. The possibly
unrepresentative nature of the IPL groups has already been
alluded to.

Finally, the IPL had a higher percentage of male students
than the other two activities. This discrepancy is likely
because the IPL is often attended by students from elective
physics seminars who have a greater interest in physics or
require physics for their university studies.

The abovementioned differences in student character-
istics arising from divergent demographic profiles and
encompassing gender imbalances were addressed by estab-
lishing a subset of students whose characteristics displayed
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high comparability. This approach allowed for a more
objective comparison of all three aforementioned activities
and mitigated the potential confounding effects resulting
from these differences. As these subsets of students are not
representative samples of DEMOs and PTAS audiences,
they do not represent appropriate samples for individual
assessment; only their comparison with each other is valid.
The knowledge gained from these activities by the
students is not assessed in any manner. Further, notably,
the respondents completed the QIM immediately after
participating in the activity, and their self-reported char-
acteristics and attitudes toward physics were influenced by
their feelings at that moment in time. Finally, data could
only be collected up to the onset of the COVID-19
pandemic, after which no data collection was possible.

VIII. CONCLUSIONS AND RECOMMENDATIONS

Physics is generally considered one of the least favorite
school subjects and is perceived by students as challenging.
Physics experiments are a suitable means of arousing
interest and providing an understanding of the world.
Three types of experimental activities offered to high
school students by the Department of Physics Education,
CUNI MFF, were presented in this study. These activities
vary in the level of active student engagement and the
emphasis on understanding physics.

Our research has shown that the science show Physics
Through All Senses (PTAS) arouses higher student interest
among high school students than Physics Demonstrations
For Upper Secondary Students (DEMOS) or the Interactive
Physics Laboratory (IPL), especially for those who self-
reported themselves as less diligent in physics. However,
the students themselves perceived watching the science
show as less useful and valuable than watching DEMOs or
practical work in the IPL. Nevertheless, PTAS’s capacity to
arouse student interest can serve as a good starting point for
developing a long-lasting interest in physics. Additionally,
as lecturers visit students’ home schools with the show, it
can reach any student, particularly helping those with
greater anxiety about physics to overcome it.

DEMOs and the IPL are comparable in arousing student
interest, and they are perceived as having the same value;
nonetheless, the aims and instructional approaches of these
activities differ significantly. The IPL is designed for
students to independently explore the laws of physics in
small groups under lecturers’ guidance, while DEMOs
serve as a way to address numerous students, providing
them with insight into the demonstrated phenomena with-
out the need for active participation.

The differences between female and male students in
their perceptions of individual approaches to experimenta-
tion were negligible. However, the difference between the
situational interest triggered by PTAS and the IPL was
significantly larger for girls, favoring the vivid science
show.

Interactive
Physics Laboratory

AW e
I@)

A emphasis
on understanding

Physics
Demonstrations

AU

student
engagement

>

FIG. 5. Symbolic expression of the addressed experimental
activities in a 2D space defined by the students’ engagement and
the emphasis on understanding.

From the foregoing discussion, it is evident that all three
activities have a place in science and physics education.
The arrow in Fig. 5 suggests the order in which the
activities can be offered to students to gradually lead them
from developing an interest to developing an understand-
ing. Educators must choose an appropriate path for bring-
ing physics to a wider range of students to reach those who
are anxious about physics as well as those who seek a
deeper understanding of physical phenomena.
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