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Abstract
Computer-simulated experiments have been gaining popularity over hands-on experiments 
in science education, given the availability of technology and the trend of distance learn-
ing. Past studies have focused primarily on comparing the learning outcomes and user 
experiences of the two experiment modes. In this study, we used an eye tracker to inves-
tigate the learning processes involved in manipulating hands-on and computer-simulated 
experiments, and the effect of prior knowledge and experiment mode on eye movements. 
A total of 105 undergraduates completed either mode of experiment to learn about pulley 
mechanics. Participants were asked to read relevant concepts before conducting the experi-
ments to ensure they had basic knowledge about the subject matter. Results showed that 
the learning outcome of experimentation was affected by prior knowledge but not experi-
ment mode. As for eye movements, the two experiment workstations were divided into 
nine functional regions. The findings revealed that eye movements in most regions were 
affected by the experiment mode, but not prior knowledge. The simulation group had 
shorter total fixation durations and smaller pupil sizes than the hands-on group, implying a 
lower cognitive load in learning in computer-simulated experiments. Lag sequential analy-
sis and entropy analysis were conducted on cross-regional fixation transitions. The results 
revealed that participants in hands-on experiments tended to make more diversified fixation 
transitions across regions, whereas those in simulated experiments showed a higher level of 
concentration in the spatial pattern of fixation transitions. While sequential analysis offers 
insights into important fixation transitions on a regional level, entropy analysis allows for 
a more macro perspective on the overall transition distribution and facilitates conventional 
statistical modeling that takes individual differences into account.
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Introduction

In modern science education, experimentation is an important way to develop science lit-
eracy (Jian, 2022a; National Research Council, 2000). Through experiments, students can 
experience changes—often described through abstract concepts in the books—in physical 
quantity, enabling a deeper comprehension of science concepts (Triona & Klahr, 2003). 
Apart from traditional, hands-on experiments, computer technology allows for virtual 
forms of scientific inquiry with the benefits of increased availability, higher flexibility, 
lower cost, precise manipulations, and support for self-paced learning (Chen, 2010; Hof-
stein & Lunetta, 2004). Recently, due to the COVID-19 pandemic and the growing trend 
of distance learning, virtual experiments have become even more widely adopted in edu-
cational practice, and in many cases, they are gradually replacing physical manipulatives 
(Klein et al., 2021; Radhamani et al., 2021). However, its effects on science learning are 
somewhat mixed (meta-analysis: Rutten et al., 2012), as the advantages of computer simu-
lations might be, subject to software design and hardware limitations, offset by reduced 
affordances of kinesthetic experiences with physical objects (Martin & Schwartz, 2005). 
These studies on the simulated experiments have so far focused on the learning outcome 
and overall learner experience, in comparison with hands-on manipulations. It is high time 
the research paradigm with regards to virtual inquiry should have widened its scope and 
considered the moment-by-moment process of learning.

Moment-by-moment learning process has so far been extensively studied by eye-track-
ing with regards to learning activities as reading (cf., review paper, Rayner, 1998). The 
technology was, however, rarely deployed to study the learning process of scientific experi-
ments (e.g., Jian 2022a; Chien et al., 2015). In empirical studies, the learning process of 
experimentation tends to be either neglected or, for virtual experiments, to rely on keypress 
logs as data (e.g., Wen et al., 2020). For the latter, the method does not support the study of 
hands-on experiments. Eye-tracking enables analysis of the learning process, regardless of 
the nature of manipulatives. Therefore, this study aimed to use eye-tracking technology to 
examine the learning processes that were involved in carrying out hands-on and computer-
simulated scientific experiments.

Theoretical basis of hands‑on and simulated experiments in science learning

Hands-on and computer-simulated experiments are widely used to help students learn sci-
entific theories and concepts in all levels of education. On the one hand, hands-on experi-
ments are based on the theory of cognition (Shapiro, 2011), which states that the human 
body and the environment play important roles in cognitive processing, and that behav-
iors—such as gestures and actions—can be leveraged to improve learning. Weisberg and 
Newcombe (2017) have suggested that embodied cognition provides learners with an 
opportunity to link sensory representations—such as touching an object or visualizing 
data or information—with abstract scientific principles. On the other hand, virtual simu-
lations are suggested to afford the provision of dynamic visualizations and analogies for 
abstract and unobservable phenomena to help learners integrate corresponding scientific 
knowledge, representations, and practices (Chien et al., 2015; Olympiou & Zacharia, 2012; 
Zacharia & Olympiou 2011).

The cognitive process that is involved in hands-on and computer-simulated experiments 
can be described by the cognitive theory of multimedia learning (Mayer, 2009). According 
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to Mayer, human cognition has two information processing channels: the visual-pictorial 
and auditory-verbal channels. In the visual-pictorial channel, visual and textual information 
in the learning environment is selected based on the learner’s criteria of relevance and is 
constrained by the working memory capacity of the learner. Both types of incoming infor-
mation are then organized into coherent, but separate, representations. Lastly, by engag-
ing relevant prior knowledge, the organized representations were further reconstructed and 
integrated to form new knowledge. Based on the cognitive load theory (Plass et al., 2010), 
we hypothesized that computer-simulated experiments have an advantage over hands-on 
experiments because the latter make additional demands on tactile information and kin-
esthetic sequences for completing a task with more dexterity. However, it has been argued 
that, compared to computer simulations, physical manipulatives involve both tactile and 
visual modalities for conducting hands-on experiments, and the cognitive load could be 
reduced by using the tactile modality as the third information processing channel (Zacharia 
& Olympiou, 2011).

In terms of the empirical studies of computer-simulated versus hands-on experi-
ments, most studies noted the superiority of simulations in enhancing learning achieve-
ment (review: Rutten et al., 2012), even among children (Klahr et al., 2007). The benefits 
of computer simulations include improved conceptual understanding (Chini et  al., 2012; 
Zacharia, 2005), higher time efficiency (Gibbons et al., 2004), better cognitive focus on the 
subject matter (Winberg & Berg, 2007), increased motivation (Baltzis & Koukias, 2009), 
and relatively easy customization to meet learners’ needs (Sullivan et al., 2017). Computer 
simulations are particularly useful for experiments that are potentially unobservable, costly, 
or dangerous (Zacharia & de Jong, 2014). However, the hands-on vs. simulated comparison 
conducted by Sullivan and colleagues (2017) on pulley mechanics showed no notable dif-
ference regarding overall learning outcomes among eighth-grade students, although simu-
lations resulted in a better understanding of the subtopics of physical work and mechanical 
advantage. However, other studies showed similar effectiveness for both learning experi-
ences (e.g., Dalgarno et al., 2009; Zacharia & Olympiou, 2011). Chini et al. (2012) manip-
ulated the sequence of hands-on and simulated experiments of pulley mechanics among 
a group of non-science majors; comparisons of learning outcome found that simulations 
resulted in better improvements in the overall conceptual understanding, as well as work 
and energy subtopics. However, a few studies had found that students performed better 
in their learning through manipulating hands-on experiments rather than through virtual 
experiments (Chang et al., 2008). Apparently, the findings in the literature were inconsist-
ent and more empirical studies are needed to resolve this issue.

Eye‑movement research in science experimentation

The eye-mind hypothesis holds that when an eye is relatively stabilized and fixated on 
an object in the environment, the person is very likely to deploy attention and cognitive 
capabilities (Rayner et al., 2006). To our knowledge, only two studies used eye-trackers to 
investigate the learning processes of manipulating scientific experimentation (Jian, 2022a; 
Chien et al., 2015). Chien and colleagues (2015) compared the eye fixations of high school 
students while performing Boyle’s experiment either in physical laboratories or through 
a computer-based simulation. The results indicated that the simulation group performed 
more trials and paid greater attention to the experiment, while the physical-laboratories 
group spent more time on the worksheets. They also observed that the simulation group 
began by manipulating a virtual experiment before they thought about the questions in the 
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worksheets. However, the physical-laboratories group tended to think about the questions 
in the worksheets before carrying out the experiment. In another study (Jian, 2022a), an 
eye tracker was used to investigate whether undergraduate students demonstrated different 
learning processes during a problem-solving task (pulley system) by reading easy and diffi-
cult scientific articles, and then conducting the experiment. The results showed that the dif-
ficult-article group preferred to check regularly on whether their manipulations had solved 
the test questions, while the easy-article group seldom did so. Another notable finding was 
that, based on observations of online eye movements, the participants seemed to have very 
limited procedural knowledge on how to manipulate the pulley system even though they 
were taught the basic concepts to do so in middle school.

The above two studies on eye-movement research (Jian, 2022a; Chien et al., 2015) were 
attempts to pioneer the study of processes that are involved in manipulating science experi-
ments. While Chien et al. (2015) used the two regions of doing experiment and worksheet 
as the areas of interest (AOIs) to investigate how learners paid attention to both regions 
in physical and virtual manipulations, the study by Jian (2022a) examined only the use of 
physical (hands-on) manipulation in science learning. In addition, both studies used fixa-
tion durations (the sum of all fixations on a region) to measure eye movements in order to 
understand the regions that required more attention or cognitive effort (Jian, 2019, 2021, 
2022b; Mason et al., 2013; Miller, 2015; Wang et al., 2022; Wu et al., 2021). However, 
pupil size is another measurement that could be used to assess cognitive load and men-
tal effort (Alemdag & Cagiltay, 2018; Appel et al., 2019; van Gog & Jarodzka 2013; Van 
Gog et al., 2009). Therefore, this study investigated whether learning processes, in terms 
of fixation durations, pupil size, and fixation transitions, were different between hands-on 
and simulated experiments, and whether prior knowledge, a very important variable in sci-
entific learning, played a role in these processes. This study also divided the regions of 
doing experiment (a pulley system) and worksheet into smaller units (e.g., fixed-pulley lift 
marks area, movable-pulley lift marks area, material area, diagram area, and formula area) 
in order to examine the specific cognitive processes involved in a scientific problem-solv-
ing task.

The role of prior knowledge in experimentation

Prior knowledge, or pre-existing domain knowledge, has long been identified as a robust 
predictor of student achievement in science, even after controlling for motivation, learn-
ing goals, and learning strategies (Song et al., 2016). In guided inquiry for science learn-
ing, prior knowledge has also been identified as a pre-requisite for a basic understanding 
of the topic of inquiry; related concepts and theories are required in the initial phase of 
the inquiry learning process (Pedaste et al., 2015). For instance, learners need some basic 
knowledge to understand the questions central to the inquiry and to become motivated to 
learn about the topic, which is in turn expected to affect the learning process and outcome. 
Empirical studies have found that knowledgeable learners, for instance, tended to adopt 
theory-driven approaches to inquiry-based tasks (Lazonder et  al., 2008); and that prior 
knowledge was a significant predictor of successful learning outcome from experimenta-
tion, especially if appropriate guidance was provided (Wen et al., 2020; van Riesen et al., 
2018). As such, the design of this study was conducted in two phases to resemble a typi-
cal instructional procedure: In the first phase, learners were engaged in reading about pul-
ley mechanics, which was aimed to provide essential scaffolding for students to reach the 
zone of proximal development before performing experiments in the second phase (Mestad 
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& Kolstø, 2014). Despite the reading materials, knowledge about pulley mechanics would 
still vary among participants. Such individual difference could affect the learning outcome 
through differential learning processes. We examined whether the eye-movement patterns 
during experimentation was affected by levels of prior knowledge, in conjunction with 
computer simulations.

Research questions

The overall objective of this study is to examine the eye movements during a computer-
simulated versus hands-on experiment, from which the learning process could be inferred, 
and how the eye movements were affected by prior knowledge and experiment mode. Spe-
cifically, the present study aimed to answer the following research questions:

(1) Is the learning outcome of experimentation affected by prior knowledge and experiment 
mode (hands-on versus simulated)?

(2) Are eye-movement indicators (e.g., fixation durations and pupil size) affected by prior 
knowledge and experiment mode in the regions of manipulating experiments and work-
sheets?

(3) Are cross-regional fixation transitions affected by prior knowledge and experiment 
mode in the manipulation of an experiment?

Methods

Participants

In total, 105 university students in Taiwan (Female: 83; Age: 18–25) were recruited. To 
ensure that participants had little pre-existing knowledge of pulley mechanics, only students 
who were enrolled in the college of humanities or social sciences were recruited. A total of 
53 participants (Age: M = 20.66, SD = 1.73) were assigned to the hands-on group, and the 
remaining 52 participants (Age: M = 20.37, SD = 1.73) formed the simulation group. The 
result of a t-test showed that the ages for the two groups did not significant differ (p > .05). 
In the hands-on group, the number of participants who majored in arts, business, educa-
tion, and social science were 11, 4, 23, and 15 respectively; in the simulation group, the 
numbers were 12, 3, 26, and 11, respectively. The result of a chi square test showed that 
the distribution of majors in the two groups did not significant differ (p > .05). All the par-
ticipants were native readers of Traditional Chinese, and had normal or correct-to-normal 
vision. Informed consent was obtained from all participants prior to the procedure.

A sensitivity analysis using G*Power (Faul et al., 2007) suggested that, with an alpha 
level of 0.05, and given our sample size, the study design was expected to yield at least 
a medium effect size (Cohen’s f = 0.31 or η2

p = 0.09) for main effects and interactions 
(Cohen, 1988).

Procedure

The procedure was carried out in two stages: a reading task, followed by a guided sci-
ence inquiry (Fig. 1), which were separated by a gap of four to seven days. The reading 
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task ensured that our participants had acquired some basic knowledge about pulley 
mechanics before performing the experiment. Upon arrival, participants were briefed 
about the study before signing the informed consent form. They were then instructed 
to sit in front of a tablet device and complete a spatial ability test within a 10-min time 
limit, followed by a pulley test (pre-test) that did not exceed 15 min. Thereafter, they 
began to read a nine-page expository text about pulley mechanics on a computer screen 
for 10 min maximum. As the text was a rather short passage (see the next section for 
details), no participants reported that the reading time was insufficient. After reading the 
pulley text, they performed the post-reading pulley test on the tablet device for 15 min. 
Stage 1 took approximately an hour.

Based on the  participants’ scores in the post-reading pulley test, those with scores 
above the median and those with scores below the median were each equally assigned 
to either the hands-on experiment condition (n = 52) or the computer simulation condi-
tion (n = 53) in the subsequent pulley experiments. The difference in the mean of post-
reading pulley test scores between the hands-on group (M = 20.04, SD = 4.38) and the 
simulated group (M = 20.16, SD = 4.44) was non-significant, as revealed by a Welch’s 
independent t-test, t(102.57) = 0.14, p = .89.

Participants returning to Stage 2 of the study completed, again, a computerized pul-
ley test that did not exceed 15  min. Afterwards, in preparation for the pulley experi-
ment, the participant put on a pair of eye-tracking glasses, with their position fixed by a 
band that was fastened around the participant’s head. The participant was seated around 
35‒50 cm in front of the objects at the workstation. Before experimentation began, par-
ticipants were given ample time to familiarize themselves with the way pulley manipu-
lations should be performed, under the experimenter’s standardized guidance. This is 
especially important for the hands-on experiment group, due to the variety of objects 
involved and the need to assemble the objects and set up pulley systems. However, oper-
ations on the pulley software for the simulation group were also thoroughly instructed. 
After the participant acknowledged to the experimenter that the operations were clear to 
them, they were given a maximum of 20 min to work on either a hands-on or computer-
simulated experiment and to complete a laboratory report worksheet. The experimenter 
withdrew to the adjoining room, observing participants using the scene camera on the 
head-mounted eye tracker. Upon reaching the time limit, the experimenter entered the 
room again and removed the eye tracker from the participants, who then sat for the 
15-min post-experiment pulley test. Finally, participants were debriefed, compensated, 
and released. Stage 2 lasted for approximately an hour.

4 - 7 days apart

Stage 1
Pulley test (pre-reading) 15 mins
Pulley Reading * 10 mins
Pulley test (post-reading) 15 mins

Stage 2
Pulley test (pre-experiment) 15 mins
Pulley Experiment * 20 mins
(either hands-on or simulated)
Pulley test (post-experiment) 15 mins

Fig. 1  Two-stage study procedures. The same procedure was applied to all participants, except for the mode 
of pulley experiment. The two experiment modes (hands-on and simulated) were matched with post-reading 
pulley test results
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Materials

Reading materials

The reading materials on pulley systems were adapted from relevant chapters of the 
Mandarin translation of a science multi-volume book written for high school students; 
it is entitled Conceptual Physics (Hewitt, 2018), carrying the following sub-sections in 
order of appearance: “Conservation of Energy,” “Three Orders of Levers,” “Friction,” 
“Features of Pulley System: Energy Saving and Time Saving,” “Work,” and “Mechani-
cal Advantage,” which corresponded to the six subtopics of pulley mechanics in the 
analysis. The text was divided into nine pages – participants had to finish reading one 
page before moving on to the next. The text was 1817 characters long.

Assessment tests and laboratory report worksheet

In order to measure spatial ability—specifically the ability to perform spatial rotation 
mentally—the Purdue Visualization of Rotations Test (Bodner & Guay, 1997) was 
administered as it is shown to facilitate learning in physics (Kozhevnikov & Thorn-
ton, 2006) and to predict outcomes in science learning (Hodgkiss et  al., 2018). The 
test required participants to match a rotated, irregular, and rod-shaped 3D object from 
among five alternatives. It contained 20 matching questions, and each of these contrib-
uted equally to the overall score. For our study, the internal consistency of this tool 
showed split-half reliability coefficients of 0.78–0.85.

The pulley test (Online Appendix  1) was modified based on the assessment tests 
deployed in the Concept Mapped Project-based Activity Scaffolding System (CoM-
PASS, 2014) curriculum and in Sullivan et  al’s (2017) study. The test comprised 32 
questions, including 17 multiple-choice questions and 15 short-answer questions. The 
questions and the marking scheme were subsequently edited by a researcher in physics. 
The test covered the six aforementioned subtopics of pulley mechanics. This test served 
to measure the learning outcome of both reading and experimentation. The short-
answer questions were graded by two research assistants, with a high degree of inter-
rater agreement due to the nature of questions. With Cronbach’s alpha values ranging 
between 0.701 and 0.771 across the four administrations of the test on the same sample, 
the test showed satisfactory internal consistency. The test was used to assess the learn-
ing outcome of reading and experimentation.

Regarding question types, the test contained 18 factual, 10 applied, and four experi-
ment questions. The factual questions asked about information that were explicitly 
stated in the reading materials present in the previous section (e.g., the location of the 
fulcrum, point of force, etc.). The application questions required participants to apply 
conceptual knowledge when solving a problem (e.g., how far from the fulcrum of a see-
saw one needs to sit in order to achieve balance). Experiment questions covered the 
specifics of pulley experiment (e.g., which kind of pulley generates a larger mechani-
cal advantage). The variety of question types was aimed to assess different aspects of 
conceptual understanding. Each participant performed the same test four times: Before 
and after the reading task, and before and after the pulley experiment. The test was 
computerized and administered on a Windows Surface tablet device with a time limit of 
15 min.
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During experimentation, participants were asked to complete a lab report worksheet 
by recording observations from the experiment and by deriving generalizations about 
pulley-related concepts (Online Appendix  2). The worksheet contained 18 items, six 
of which were records of parameter values that covered a fixed pulley, movable pulley, 
and their combination. The remaining 12 items comprised mostly two-choice questions 
about work, mechanical advantage, and the discrepancy between an ideal and a real 
pulley. These questions were adapted from the Pulley Challenge section of the  CoM-
PASS (2014) curriculum. The mean score of the two-choice questions was 9.55 out of 
12 (SD = 2.10), suggesting a satisfactory basic understanding of relevant concepts dur-
ing the experimentation task.

Apparatuses

Eye tracker

As the activity required considerable body movements, a head-mounted eye tracker, 
Tobii Pro Glasses 2 (Tobii Technology, Stockholm, Sweden), was deployed in the pulley 
experiments, with a sampling rate of 100 Hz. A scene camera was attached to the device, 
and recorded the environment, while the eye cameras kept track of the participant’s gaze 
directions.

Pulley experiment workstation

The experiment workstation was set up on a desk in our laboratory according to the speci-
fications of the experiment mode assigned to the participant (Fig. 2). The desk was elec-
trically adjustable in height, to match with the participant’s eye level. In the computer-
simulated experiment, a Windows surface tablet device with a 13.5” screen and a keyboard 
was placed on a stand for participants to perform the pulley manipulations (CoMPASS, 
2014). In the hands-on experiment, a metal rack, with two vertical supporting poles, was 
set up on the desk, allowing the participants to hang pulleys, put ropes around the pulleys, 
and add weights to form a pulley system (Fig. 3). The left supporting pole was marked with 

Fig. 2  Workstation for (i) hands-on and (ii) simulated experiments. The yellow frames mark the boundary 
of three regions under which the areas of interest (AOIs) for processing eye-movement data were grouped. 
Region A is where pulley manipulations took place; Region B contains an experiment guideline sheet; and 
Region C consists of a lab report worksheet for learners to complete
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reference measurements for the easier gauging of how far the test weight was lifted from 
the desk surface. Furthermore, a tool box containing materials for the pulley system was 
placed in front of the metal rack; it included four pulley wheels (6.5 cm in diameter), one 
long rope (80 cm), one short rope (40 cm), a set of test weights (100 g: 1 piece; 20 g: 15 
pieces; 10 g: 12 pieces; 5 g: 15 pieces; 2 g: 10 pieces; 1 g: 10 pieces), and a 30-cm ruler 
for measuring the distance between the pulley wheel and test weights. In both experiments, 
two A4-size documents were placed in front of the participants: a laboratory report work-
sheet to be completed (Fig. 3; Online Appendix 2) and an information sheet that served as 
a guide for completing the task (Fig. 3; Online Appendix 3a,b). The AOIs are depicted in 
Figs. 2 and 3, which include every region in the do experiments and worksheets.

Eye‑movement measures and data processing

Three eye-movement measures were used to investigate the learning processes that were 
involved in manipulating hands-on and computer-simulated experiments and in completing 
a problem-solving task. The first measure was total fixation durations, which were cal-
culated by aggregating the durations of all fixations on a specific AOI. This measurement 
represented the overall level of visual attention paid to this region, which can be linked to 
the level of cognitive effort (Jian, 2021, 2022b, 2022c; Mason et al., 2013; Miller, 2015; 
Wu & Liu, 2021). The second measure was pupil size, which was derived from the average 
pupil size of all fixations during a specific AOI. This measurement reflected the cognitive 
load that is required of a learner to complete a task as extensively shown in previous work 
(Alemdag & Cagiltay, 2018; Peterson et  al., 2015; van Gog & Jarodzka 2013; Van Gog 
et al., 2009). The last measure was transitions of fixations, whereby the overall transition 
count refers to the number of shifts in fixations that occurred from one AOI to another, and 
by disregarding intermediary fixations on locations outside all AOIs (Jian, 2016, 2022a; 
Jian & Ko, 2017; (Chiou et  al., 2021, 2022). This measurement depicted the learning 
sequences that occurred through the interplay of different workstation regions in the exper-
imental task, and how they were affected by experiment mode and prior knowledge. The 
nine AOIs in this study included the following: observational area; fixed-pulley lift marks 
area; movable-pulley lift marks area; material area; diagram area; formula area; reminder 
area; record area; and question area. The definition of every AOI is provided in Fig. 2.

This study adopted two approaches to the analysis of cross-regional fixation transitions, 
which we believe could complement each other in examining different dimensions of fixa-
tion transitions. The first approach, namely lag sequential analysis (LSA), is a common 
approach to examining between-AOI fixation transitions (Jian, 2016, 2022a; Jian & Ko, 
2017; (Chiou et al., 2021, 2022; Lai et al., 2013; Tsai et al., 2022). It compares the prob-
ability of transitions from a specified area toward a host of destinations by aggregating—
from all the participants—the number of transitions for each cross-regional transition route 
and converting the aggregates to standardized scores. An incidence of transition routes that 
are significantly higher than the usual number which is associated with a random occur-
rence is viewed as an important finding. This approach is particularly useful in examining 
fixation transitions between individual regions and in identifying frequent and infrequent 
transitions. The second approach, entropy analysis, is relatively less common in eye-move-
ment analyses, but is frequently used to analyze the uniformness of a discrete probability 
distribution in other fields (e.g., Schieber & Gilland 2008; Krejtz et al., 2014). A higher 
entropy value represents a higher level of uniformness in the probability distribution. In 
the case of fixation durations, a single value of entropy could be derived to represent the 
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distribution of conditional probabilities on destination AOIs given a source AOI for each 
participant. This allows for straightforward comparisons between individuals and groups. 
The downside is that the entropy metric only represents an overall distribution of prob-
abilities; it pales in comparison with LSA in terms of reflecting the pattern of fixation 
transitions on the regional level. This study adopted both approaches to examine fixation 
transitions between workstation regions at the macro- and regional levels. For the purpose 
of performing lag sequential analysis (LSA), the aggregate number of fixation transitions 
between each AOI for each participant were tabulated to form transition matrices. Also, for 
deriving conditional probabilities for each transition path, the total number of fixations on 
each AOI was compiled for each participant, from which the probabilities of events preced-
ing transitions were generated. Transition counts for each of the nine destination AOIs in 
relation to a source AOI were subsequently converted to Z-scores.

In addition to LSA, we conducted entropy analysis on the distributions of stationary 
fixations and fixation transitions for comparisons between experiment mode conditions and 
among prior knowledge groups. The entropy analysis started by calculating the conditional 
entropy for the transition matrix of individual participants. In order to do so, based on the 
total number of eye fixations on each of the nine AOIs, we first computed the probabilities 
of eye fixations on each AOI preceding cross-AOI transitions (i.e., stationary probabilities) 
for every individual. These probabilities showed the overall distribution of stationary fixa-
tions, which could be represented by a Shannon’s entropy measure henceforth referred to 
as stationary entropy (Krejtz et al., 2015). Stationary entropy ( ̂Hs ) was computed for each 
participant:

 where πi is the stationary probability of an AOI (i.e., i). A high value in entropy suggests 
a more dispersed distribution of eye fixations among the nine designated regions. After 
obtaining stationary probabilities, we calculated the conditional probabilities of eye fixa-
tions transiting to a destination AOI given the stationary probability of being in a source 
AOI. These conditional probabilities were then used to compute the transitional entropy 
( ̂Ht ) for the whole transition matrix (S) of a participant,

 where πi is the stationary probability, pij is the probability of transitioning to a destination 
AOI (i.e., j). given a source AOI (i.e., i), and i, j ∈ S . The transitional entropy reflected the 
level of distribution dispersion in relation to the destinations of fixation transitions.

Due to frequent shifts in the scene, the data on eye fixations that were overlaid onto 
the video—which were recorded by the glasses during the experiment—were subsequently 
viewed and manually coded by research assistants. Specifically, the AOI in the scene (see 
Figs. 2 and 3) where every fixation fell on was identified manually. This was performed 
with the use of Tobii Pro Lab, a software that was provided by the manufacturer of the 
eye-tracking glasses. During the coding process, two windows were displayed on the user 
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Fig. 3  Nine areas of interest where pulley manipulations took place (i.e., Region A in this figure and 
Fig.  2) in the (i) hands-on and (ii) simulated experiments; areas of interest on the experiment guideline 
(i.e., Region B) in the (iii) hands-on and (iv) simulated experiments, and (v) areas of interest within the lab 
report worksheet (i.e., Region C) in both experiment modes. Refer to the table above for the description of 
the areas of interest labelled in the pictures

▸
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(i) (ii)

(iii) (iv) (v)

Region No. Area of interest Function
A 1 Observational 

Area
For performing the pulley manipulations and observing their 
outcome.

A 2 Fixed-pulley Lift 
Marks Area

For taking the measurement on how far the weight attached to 
the fixed pulley is pulled down from the above.

A 3 Movable-pulley 
Lift Marks Area

For taking the measurement on how far the weight attached to 
the movable pulley is pulled up from the ground.

A 4 Material Area For obtaining the materials needed to build a pulley system.

A A

B B C

B 1 Diagram Area A diagram showing how to build a pulley system on the metal 
rack using pulley wheels, ropes, and test weights (hands-on
experiment), or a diagram showing the virtual experiment 
interface with Mandarin translations to the items in English
(simulated experiment).  

B 2 Equation Area Mathematical equations of work and mechanical advantages 
are presented for easy referencing.

B 3 Reminder Area It contained a message on how the weights should be added to 
the pulley system, physically or virtually.

C 1 Record Area A table for recording relevant values observed from the 
manipulations and related parameters, such as work and 
mechanical advantage, derived from the observed values.

C 2 Question Area A list of two-choice or short-answer questions about the 
experiment and related concepts.
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interface. The first window played back the video that was recorded by the glasses, which 
showed the location of eye fixations that were dynamically marked in the video. The coder 
controlled the video playback, manually clicked on the static picture in the second win-
dow to record the location of the eye fixations, and repeated the same procedure for all the 
fixations in the video. Repeated mapping was not required when a series of fixations were 
maintained at the same location.

As the static picture and video playback of the experiment were launched simultane-
ously, temporal information (i.e., the start and end time of a fixation) was automatically 
obtained through manual mapping. The coordinates of the nine AOIs were also entered 
into the software to derive the fixation data for every one of them. Since the focus of this 
study was on eye movements that were defined by AOIs, the data quality was not affected 
by slight spatial errors in manual mapping, except for cross-boundary errors. The coding 
was performed by four research assistants, and every one of them began by working on the 
video playbacks of the hands-on and simulation groups separately. They then discussed 
and resolved differences in judgment to establish common principles. After the discus-
sion, every assistant proceeded to work on the video playbacks that were allocated to them. 
In order to ensure the quality of coding, spot checks were made on them by the senior 
research assistant.

Prior knowledge about pulley mechanics with regards to experimentation was defined 
in terms of the post-reading test scores, such that those who ranked the upper third, middle 
third, and bottom third were labeled as high (n = 34), middle (n = 35), and low (n = 36) in 
prior knowledge respectively. For each group, the number of participants were approxi-
mately the same in both experiment modes.

Results

Statistical analyses were conducted on R (version 4.0.4; R Core Team, 2013). The fitting of 
linear mixed-effects models was performed using the lme4 package (version 1.1–26; Bates 
et al., 2015). Confidence intervals, calculated by the basic bootstrap method and based on 
1000 iterations, were computed using the boot package (version 1.3–28; Canty & Ripley 
2021). Post-hoc pairwise comparisons were conducted with the multcomp (version 1.4–16; 
Hothorn et al., 2008) and emmeans packages (version 1.5.5-1; Lenth 2021).

The conceptual understanding of pulley mechanics (learning outcome) was improved 
by reading and experimentation, a one-way repeated-measures ANOVA was conducted on 
the scores for pre-reading (M = 13.63, SD = 4.13, bootstrapped 95% CI = [12.77, 14.41]), 
post-reading (M = 20.10, SD = 4.56, bootstrapped 95% CI = [19.19, 20.97]), pre-exper-
iment (M = 20.18, SD = 4.59, bootstrapped 95% CI = [19.26, 21.08]), and post-experi-
ment (M = 21.81, SD = 4.37, bootstrapped 95% CI = [21.01, 22.68]) pulley tests (Fig. 4). 
There were significant differences between these tests, F(2.62, 272.52) = 247.33, p < .001, 
η2

p = 0.70; we used Greenhouse-Geisser correction (ε = 0.87) to adjust for sphericity viola-
tion. Moreover, all but one post-hoc Tukey comparisons were significant, ps < 0.001. The 
exception was the pairwise comparison between post-reading and pre-experiment tests, 
p = .995; still, this was an expected exception, as no intervention occurred between the two 
tests. Given that the pulley test was repeatedly administered, this non-significant difference 
could allay concerns about potential retest effects. Focusing on the experimentation stage, 
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upward trends in pulley test scores were observed across prior knowledge groups (high, 
middle, and low).

Effects of prior knowledge and experiment mode on the learning outcome 
of experimentation

To answer Research Question 1, whether the learning outcome of experimentation is 
affected by prior knowledge and experiment mode, a series of linear mixed-effects mod-
els were fit on the data, using the restricted maximum likelihood (REML) method; while 
controlling for spatial ability, we specified Experiment Mode (hands-on vs. computer-sim-
ulated) and Prior Knowledge (high, middle, and low) as between-subjects factors, and Test 
(pre- vs. post-experiment) as a within-subjects factor for the fixed effects of the model, 
and subjects as the random effect (Fig. 5). A total of seven models were fitted, one for the 
overall test score and the rest for each of the six pulley subtopics, along with their corre-
sponding random-effects model. Likelihood-ratio tests that compared the goodness of fit 
of the full model and the random-effects model revealed superiority of five out of seven 
full models, which includes the model on the overall test scores, and the models on lever, 
work, mechanical advantage, and the basic principles of pulley system, ps < 0.05, with the 
p-values adjusted using the false discovery rate approach (Benjamini & Hochberg, 1995). 
However, the full models on the subtopics of friction and conservation of energy did not 
provide a better data fit than the random-effect-only model, ps > 0.05. In other words, for 
the subtopics of friction and conservation of energy, the specification of the factors did not 
provide satisfactory account of the variance in the test scores. Thus, no further analyses 
were carried out on these two subtopics. On violations of assumptions, Shapiro test on the 
residuals of the model on total test scores returned no significant deviation from normal-
ity (W = 0.99, p = .18); however, on the residuals of other subtopic models, normality tests 
returned significant results [Lever: W = 0.95, p < .001; Work: W = 0.99, p = .03; Mechanical 
advantage: W = 0.97, p < .001; Pulley system: W = 0.98, p = .002]. All the p-values reported 
on fixed effects and their interactions below had been adjusted for multiple comparisons 
using the false discovery rate approach.

Fig. 4  Mean scores of the pulley 
test at the pre-reading, post-
reading, pre-experiment, and 
post-experiment time points 
(N = 105). The max score was 32. 
Error bars represent 95% confi-
dence intervals of the mean
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On the total test scores, the linear mixed-effects model returned significant 
fixed effects for Prior Knowledge [F(2,99) = 58.22, p < .001; ηp

2 = 0.54] and Test 
[F(1,99) = 40.04, p < .001, ηp

2 = 0.29]; no interaction between them was found. Post-hoc 
Tukey tests showed that post-experiment test scores were higher than pre-experiment 
test scores, p < .001. Improvement on the conceptual understanding of pulley mechan-
ics was observed. On the fixed effects of Prior Knowledge, high prior knowledge group 
attained the highest mean scores, followed by the middle and then low prior knowledge 
groups (ps < 0.001).

Separate linear mixed-effects models were then conducted on test scores for four of 
the six subtopics of pulley mechanics that showed satisfactory goodness of fit; all mod-
els had Prior Knowledge and Test as predictors. Prior Knowledge returned significant 
for all these subtopics [lever: F(2,99) = 8.23, p = .003, ηp

2 = 0.14; work: F(2,99) = 23.16, 
p < .001, ηp

2 = 0.32; basic principles of pulley system: F(2,99) = 37.75, p < .001, 
ηp

2 = 0.43; mechanical advantage: F(2,99) = 9.46, p < .001, ηp
2 = 0.16]; Test, how-

ever, was significant in all the models except for lever [work: F(1,99) = 8.92, p = .01, 
ηp

2 = 0.08; basic principles of pulley system: F(1,99) = 13.67, p = .001, ηp
2 = 0.12; 

mechanical advantage: F(1,99) = 24.44, p < .001, ηp
2 = 0.20]. In none of the models 

above was the interaction between Prior Knowledge and Test significant, ps > 0.05. 

Fig. 5  Mean total scores and mean scores for each of the six pulley subtopics for the pre-experiment and 
post-experiment tests by prior knowledge and experiment mode. Prior knowledge was divided into high, 
middle and low, defined by the post-reading scores. Experiment mode was divided into hands-on vs. simu-
lated modes. Error bars represent bootstrapped 95% confident intervals of the mean
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Overall, where post-experiment test scores were found to have been improved, prior 
knowledge also tended to significantly boost test performance as well.

The influence of prior knowledge and experiment mode on fixation durations 
and pupil size

To answer Research Question 2, whether fixation durations and pupil size for indi-
vidual workstation AOIs were affected by prior knowledge and experiment mode, we 

Fig. 6  Mean total fixation duration (in sec) on workstation AOIs (combined and the nine base-level AOIs) 
by Experiment Mode (hands-on: left vs. simulated: right) and Prior Knowledge (high: darkest; middle; low: 
lightest). Y-axes without values share the same scale as the graph to the left on the same row. Error bars 
represent bootstrapped 95% confidence intervals of the mean
(i) Hands-on experiments
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conducted a series of 2 (Experiment Mode: hands-on vs. simulated) X 3 (Prior Knowl-
edge: high, middle, and low) factorial ANOVAs on the total duration of fixations and 
average pupil size that fell on each individual AOI (Figs. 6 and 7).

(i) Hands-on experiments

Material Area

Total Fixation Dur.
M = 44.65s
SD = 34.80

95%CI = [35.04, 54.46]
5.58% [4.36%, 6.65%]

Movable-pulley
Lift Marks Area

Total Fixation Dur.
M = 23.10s
SD = 12.21

95%CI = [19.72, 26.18]
2.97% [2.56%, 3.35%]

Fixed-pulley
Lift Marks Area

Total Fixation Dur.
M = 34.49s
SD = 16.89

95%CI = [29.67, 38.87]
4.39% [3.84%, 4.91%]

Pupil Size
M = 3.95mm
SD = 0.56

95%CI = [3.81, 4.10]

Diagram Area

Total Fixation Dur.
M = 9.61s
SD = 9.04

95%CI = [6.89, 12.04]
1.20% [0.93%, 1.49%]

Pupil Size
M = 3.66mm
SD = 0.50

95%CI = [3.53, 3.79]

Equation Area

Total Fixation Dur.
M = 9.19s
SD = 7.21

95%CI = [7.30, 11.03]
1.18% [0.91%, 1.42%]

Pupil Size
M = 3.51mm
SD = 0.51

95%CI = [3.37, 3.64]

Reminder Area

Total Fixation Dur.
M = 5.42s
SD = 9.55

95%CI = [3.48, 7.11]
0.67% [0.47%, 0.85%]

Record Area

Total Fixation Dur.
M = 238.32s
SD = 70.41

95%CI = [219.47, 256.38]
30.40% [28.56%, 32.36%]

Question Area

Total Fixation Dur.
M = 143.79s
SD = 66.50

95%CI = [127.25, 160.14]
18.73% [16.34%, 21.18%]

Observational Area

Total Fixation Dur.
M = 269.58s
SD = 108.17

95%CI = [240.41, 298.24]
34.04% [31.18%, 36.89%]

prior knowledge group
high
middle
low

Pupil Size
M = 4.02mm
SD = 0.56

95%CI = [3.87, 4.17]

Pupil Size
M = 4.22mm
SD = 0.58

95%CI = [4.05, 4.38]

Pupil Size
M = 3.58mm
SD = 0.52

95%CI = [3.43, 3.72]

Pupil Size
M = 4.06mm
SD = 0.57

95%CI = [3.90, 4.21]

Pupil Size
M = 3.61mm
SD = 0.49

95%CI = [3.46, 3.74]

Pupil Size
M = 3.51mm
SD = 0.49

95%CI = [3.38, 3.64]

Fig. 7  AOIs used in this study. The arrows indicate the directions of significant aggregate transitions. The 
line on the arrow represents prior knowledge group (high/ middle/ low). Three paths among various prior 
knowledge groups were not shown due to low number of aggregate transitions (< 15). The total fixation 
duration and average pupil size for each workstation area and significant aggregate transitions (ps < 0.05) 
between these areas in a (i) hands-on and (ii) simulated experiment. Under each area label, the mean, stand-
ard deviation and bootstrapped 95% confidence interval of total fixation duration and average pupil size are 
shown. For total fixation duration, the mean proportion, in percentage, of fixation durations out of the grand 
total fixation durations covering the entire workstation, is also presented
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Total fixation durations

On the total fixation durations for all the AOIs combined, Experiment Mode was sig-
nificant [F(1,99) = 88.22, p < .001, η2

p = 0.47], but not Prior Knowledge [F(2,99) = 1.40, 
p = .38, η2

p = 0.03], or the interaction between Experiment Mode and Prior Knowledge 
[F(1,99) = 0.03, p = .97, η2

p < 0.001]. Post-hoc Tukey test suggested that simulated experi-
ments (M = 784.06, SD = 133.85) gave rise to shorter total fixations than hands-on experi-
ments (M = 528.95, SD = 142.91), p < .001. Regarding those AOIs where pulley manip-
ulations took place, Experiment Mode was a significant factor influencing total fixation 
durations on the Observational Area [F(1,99) = 116.78, p < .001, η2

p = 0.54], the Fixed-
pulley Lift Marks Area [F(1,99) = 125.24, p < .001, η2

p = 0.56], and the Movable-pulley 
Lift Marks Area [F(1,99) = 102.10, p < .001, η2

p = 0.51]. Neither Prior Knowledge nor its 

(ii) Simulated experiments

Material Area

Total Fixation Dur.
M = 45.40s
SD = 17.76

95%CI = [40.17, 49.75]
8.72% [8.03%, 9.44%]

Movable-pulley
Lift Marks Area

Total Fixation Dur.
M = 4.48s
SD = 5.51

95%CI = [2.90, 5.84]
0.82% [0.55%, 1.07%]

Fixed-pulley
Lift Marks Area

Total Fixation Dur.
M = 6.27s
SD = 6.00

95%CI = [4.62, 7.82]
1.21% [0.89%, 1.48%]

Pupil Size
M = 3.17mm
SD = 0.40

95%CI = [3.06, 3.28]

Diagram Area

Total Fixation Dur.
M = 9.05s
SD = 9.78

95%CI = [6.31, 11.61]
1.72% [1.26%, 2.19%]

Pupil Size
M = 3.33mm
SD = 0.38

95%CI = [3.22, 3.44]

Equation Area

Total Fixation Dur.
M = 1.91s
SD = 4.24

95%CI = [0.59, 2.87]
0.32% [0.12%, 0.49%]

Pupil Size
M = 3.24mm
SD = 0.41

95%CI = [3.09, 3.39]

Reminder Area

Total Fixation Dur.
M = 1.50s
SD = 2.70

95%CI = [0.63, 2.08]
0.29% [0.15%, 0.39%]

Record Area

Total Fixation Dur.
M = 188.21s
SD = 60.35

95%CI = [171.04, 203.55]
35.89% [34.09%, 37.57%]

Question Area

Total Fixation Dur.
M = 167.84s
SD = 64.62

95%CI = [150.40, 184.31]
32.01% [29.46%, 34.37%]

Observational Area

Total Fixation Dur.
M = 98.60s
SD = 33.84

95%CI = [89.91, 107.03]
19.02% [17.88%, 20.11%]

prior knowledge group
high
middle
low

Pupil Size
M = 3.02mm
SD = 0.41

95%CI = [3.07, 3.32]

Pupil Size
M = 3.19mm
SD = 0.39

95%CI = [3.09, 3.29]

Pupil Size
M = 3.25mm
SD = 0.40

95%CI = [3.10, 3.38]

Pupil Size
M = 3.19mm
SD = 0.39

95%CI = [3.09, 3.30]

Pupil Size
M = 3.28mm
SD = 0.41

95%CI = [3.17, 3.39]

Pupil Size
M = 3.26mm
SD = 0.38

95%CI = [3.17, 3.37]

Fig. 7  (continued)



 Y.-C. Jian et al.

1 3

interaction with Experiment Mode was significant, ps > 0.05. Post-hoc Tukey test suggested 
that shorter total fixations were associated with simulated experiments, ps < 0.001. For 
the Material Area, none of the factors was significant, ps > 0.05. On the guideline sheet, 
divergent results were found on subordinate AOIs. For both the Equation Area and the 
Reminder Area, only Experiment Mode was found to significantly affect fixation durations 
[Equation Area: F(1,99) = 39.55, p < .001, η2

p = 0.29; Reminder Area: F(1,98) = 15.70, 
p < .001, η2

p = 0.14]. Post-hoc Tukey tests showed that simulated experiments were associ-
ated with shorter fixations (ps < 0.001). In contrast, for the Diagram Area, Prior Knowledge 
was instead the only significant factor [F(2,99) = 4.94, p = .009, η2

p = 0.09]. Post-hoc Tukey 
tests suggested that the high prior knowledge group showed shorter total fixation durations 
in the Diagram Area than the middle group (p = .03) and the low groups (p = .01). On the 
lab report worksheet, for the Record Area, Experiment Mode [F(1,99) = 15.74, p < .001, 
η2

p = 0.14] was the only significant factor. Post-hoc Tukey tests suggested that simulated 
experiment was associated with shorter fixations (p < .001). As for the Question Area, none 
of the factors reached statistical significance (ps > 0.05).

Pupil size

The results showed that experiment mode was a significant factor that affected pupil size 
[F(1,99) = 44.28, p < .001, η2

p = 0.31], but not prior knowledge or the interaction between 
both factors (p > .05). Post-hoc Tukey test results suggested that the pupil was more dilated 
during a hands-on experiment than in a simulated experiment, p < .001, Cohen’s d = 0.33. 
In addition, pairwise comparisons between both experiment modes were conducted on 
individual workstation area. After adjusting for multiple comparisons, the average pupil 
size was found to be consistently larger across all workstation areas in the hands-on group 
(p < .05). A summary of the statistical findings on average pupil size for individual work-
station area in the hands-on and simulated experiments are shown in Fig. 7. The salient 
findings on total test scores, fixation durations, and pupil size are summarized in Table 1.

Lag sequential analysis on fixation transitions and entropy analysis 
on the distribution

To address Research Question 3, lag sequential analysis on fixation transitions and entropy 
analysis on the distribution were conducted.

Lag sequential analysis on fixation transitions

On average, a hands-on experiment gave rise to 309.96 cross-AOI transitions 
(SD = 89.18, bootstrapped 95% CI = [286.36, 334.55]), while a simulated experiment 
produced 143.48 transitions (SD = 39.66, bootstrapped 95% CI = [132.23, 153.65]). 
The difference was partly driven by the stark contrast between the two experiment 
modes in terms of overall duration. Since our focus was on comparing the distribu-
tion of fixation transitions among all the possible transition paths, aggregate transition 
count was converted to Z scores (see Appendices 4 and 5). Paths with significant fixa-
tion transitions recorded (i.e., Z scores larger than 1.96, with an alpha level of 0.05) 
were shown in Fig.  7; these significant transition paths were taken in exceptionally 
high number. Three of these paths were common to both experiment modes and to 
all levels of prior knowledge (high, middle, and low); these paths originated from the 
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Material Area, Fixed-pulley Lift Marks Area, or Movable-pulley Lift Marks Area, and 
were all bound for the Observational Area. Three other paths were only significant in 
hands-on experiments and all the prior knowledge groups in that experiment mode: 
They were the paths from the Observational Area to the Movable-pulley Lift Marks 
Area, from the Equation Area to the Record Area, and from the Record Area to the 
Question Area. The path from the Question Area to the Record Area was significant 
in both experiment modes except for the high knowledge group in simulated mode. 
As for paths that were significant only in either one of the experiment modes, the path 
from the Observational Area to the Material Area was significant only in simulated 
experiments, covering all prior knowledge groups; the path from Reminder Area to the 
Equation Area was significant only in hands-on experiments and, specifically, for the 
high prior knowledge group only. Other than these paths, three statistically significant 
paths had been disregarded in hands-on experiments, as the results were skewed by a 
few outliers among the overall small count of transitions. For a bigger picture of the 
significant paths, considering the three larger regions (i.e., pulley manipulation, guide-
line, and lab report) within which the AOIs were located, only the transition path from 
the Equation Area to the Record Area (significant in hands-on experiments only) was 
cross-regional; other paths did not involve movements beyond their respective region.

Table 1  A summary table on the findings on how prior knowledge affected the test scores on individual 
pulley subtopics and how prior knowledge and experiment mode affected the total fixation durations and 
pupil size for individual workstation areas

Trends that are underlined did not reach statistical significance
Mean post-test scores were higher than mean pre-test scores for the subtopics of work, basic principles of 
pulley system, mechanical advantage, and all the subtopics combined (i.e., total test scores); the subtopics 
of friction and conservation of energy are not presented due to poor model fit; with regards to total fixa-
tion durations, Material Area, one of the regions where pulley manipulation took place, and Question Area, 
within the lab report worksheet, are not presented above as neither factor was significant

DV Pulley subtopic/ Area of interest Significant factor Pairwise comparison

Test scores Lever, work, pulley system, mechani-
cal advantage

Prior knowledge High > middle > low

All subtopics combined Prior knowledge High > middle > low
Total fixation durations Guideline sheet 

Diagram Area Prior Knowledge High < middle < low
Equation Area, Reminder Area Experiment Mode Simulated < hands-on
Pulley manipulation regions 
Fixed-pulley Lift Marks Area, 

Movable-pulley Lift Marks Area, 
Observational Area

Experiment Mode Simulated < hands-on

Lab report worksheet 
Record Area Experiment Mode Simulated < hands-on
All areas combined Experiment Mode Simulated < hands-on

Pupil size All areas combined
All of the nine workstation areas

Experiment Mode Simulated < hands-on
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Entropy analysis on the distribution of eye fixations and fixation transitions

On the entropy analysis, the results of Fig. 8 showed that only the main effect of Experi-
ment Mode was significant, F(1, 99) = 144.31, p < .001, η2

p = 0.59, suggesting that the 
mean stationary entropy was higher for hands-on experiments than simulated experiments; 
the main effect of Prior Knowledge [F(2, 99) = 1.51, p = .23] and the interaction between 
the two factors [F(2, 99) = 0.59, p = .56] were not significant. On the simple main effects, 
pairwise comparisons showed that all differences between the two experiment modes were 
significant within each of the three prior knowledge groups [High: t(99) = 7.31, p < .001, 
Cohen’s d = 2.21; Middle: t(99) = 6.09, p < .001, Cohen’s d = 2.01; Low: t(99) = 7.50, 
p < .001, Cohen’s d = 2.50], with p-values adjusted by Tukey’s method. Regarding the 
assessment of ANOVA assumption violations, Shapiro test on the residuals returned no 
significant deviation from normality [W = 0.98, p = .051]; Levene’s test on homoscedastic-
ity also returned non-significant [F(5, 99) = 2.05, p = .08].

On transitional entropy (Fig.  8), similar to the results on stationary entropy, only 
the main effect of Experiment Mode was found significant [F(1, 99) = 43.41, p < .001, 
η2

p = 0.30], suggesting that the transitional entropy was higher (i.e., more dispersed desti-
nations) for hands-on experiments than for simulated experiments, while the main effect of 
Prior Knowledge [F(2, 99) = 2.33, p = .10] and the interaction between Experiment Mode 
and Prior Knowledge [F(2, 99) = 0.58, p = .56] were both non-significant. On the simple 
main effects, all the differences between hands-on and simulated experiments within each 
of the three prior knowledge groups were significant [High: t(99) = 4.28, p < .001, Cohen’s 
d = 1.47; Middle: t(99) = 2.97, p = .04, Cohen’s d = 1.00; Low: t(99) = 4.29, p < .001, 
Cohen’s d = 1.43], with p-values adjusted using Tukey’s approach. On the assessment 
of ANOVA assumption violations, Shapiro test on the residuals revealed no significant 
deviation from normality [W = 0.99, p = .70]; Levene’s test on homoscedasticity, however, 
returned significant [F(5, 99) = 2.40, p = .04].

Fig. 8  Mean stationary entropy (left) and mean transitional entropy (right) by experiment mode and prior 
knowledge. Error bars represent bootstrapped 95% confidence interval of the mean
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Discussion

This study investigated the learning performances and the eye movements during a com-
puter-simulated versus hands-on science experiment, from which the learning process 
could be inferred, and how the eye movements were affected by prior knowledge and 
experiment mode. In the following sections, we discussed the three main findings that 
addressed our research questions.

Experiment mode and prior knowledge on conceptual understanding

For answering the first research question, is the learning outcome of experimentation 
affected by prior knowledge and experiment mode (hands-on versus simulated), we found 
that there had no significant difference between hands-on and simulated experiments in 
terms of learning outcome, consistent with some of the prior studies on the comparison 
between the two (e.g., Dalgarno et  al., 2009; Han, 2013; Triona & Klahr 2003; Zacha-
ria & Olympiou, 2011). No difference was found in the pulley subtopics either. Based on 
our findings, both experiment modes were effective in improving conceptual understand-
ing about pulley mechanics, as a significant improvement in result was seen in the post-
experiment test. Specifically, performing either a hands-on or simulated experiment, the 
process of which includes the reflections involved in the completion of the lab report, led 
to a better understanding of subtopics of pulley mechanics including work, mechanical 
advantage, and the basic principles of pulley mechanics. The results of this study also cor-
roborated the finding by earlier studies on an advantage of simulated experiments, which 
is their helpfulness in assisting learners to integrate science knowledge, graphs, processes, 
and phenomena through the provision of dynamic visualizations and analogies for abstract 
and unobservable phenomena (Chien et al., 2015; Olympiou & Zacharia, 2012; Zacharia & 
Olympiou 2011). Moreover, our study found that learners with more prior knowledge had 
better results in the post-experiment test than those who had less prior knowledge, which 
supported the findings by previous research that such knowledge can influence the achieve-
ments of students in science learning, even after controlling for their motivations and learn-
ing strategies (Song et al., 2016; van Riesen et al., 2018; Wen et al., 2020).

Experiment mode and prior knowledge on eye movements

To address our second research question on whether eye-movement indicators (e.g., fixa-
tion durations and pupil size) were affected by prior knowledge and experiment mode in 
manipulating experiments and worksheets, our study found that only experiment mode 
had an effect on eye movements. The comparative results between both experiment modes 
showed consistently shorter total fixation durations and smaller average pupil size in most 
workstation regions (except the Material Area) in the simulation group, including the space 
where pulley manipulations were performed. Interestingly, compared to the eye-movement 
results of Chien et al. (2015)—which showed that the simulation group had more trials and 
paid more attention to the experiment while the physical-laboratories group spent more 
time on worksheets—our results showed the opposite pattern: participants of simulated 
experiments in the present study did not appear to exploit the ease of experimental manipu-
lations on the computer simulations and to try out more varied manipulations. Moreover, 
the results of this study showed that the simulation group had smaller pupil size in most 
areas in the worksheet than the hands-on group. Since fixation durations (Jian, 2019, 2021; 
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Mason et al., 2013; Miller, 2015; Wu & Liu, 2021) and pupil size (Alemdag & Cagiltay, 
2018; van Gog & Jarodzka, 2013; Van Gog et al., 2009) are used to measure visual atten-
tion and cognitive load, we inferred that one possible explanation was that the learners in 
the hands-on group experienced a higher cognitive load than those in the simulation group 
based on the cognitive load theory (Plass et al., 2010), which states that additional demands 
for tactile information and kinesthetic sequences may increase cognitive load. Another pos-
sible explanation was that the specific features of the experimental setups explain differ-
ences between the two modalities, not the fundamental nature of the hands-on and virtual 
environments themselves (Bumbacher et al., 2018). For example, we make the same argu-
ment—the equation sheet plays a greater role in the hands-on condition because the simu-
lation computes the work done for participants. In contrast, the hands-on participants must 
calculate it independently. Therefore, a part of the greater fixation time for the hands-on 
groups may be attributed to the increased time needed for physically changing the equip-
ment, rather than the increased cognitive load in processing the outcome of the experimen-
tal trial. Further empirical studies were needed to confirm the possible explanations.

Fixation transitions and experiment mode

To address our last research question on whether cross-regional fixation transitions were 
affected by prior knowledge and experiment mode, we conducted sequential and entropy 
analyses to examine the cross-AOI fixation transitions from regional and macro perspec-
tives respectively, offering multi-faceted insights to the two experiment modes. Starting 
from a macro perspective on the overall distribution of fixation transitions among AOIs, 
the transitional entropies revealed that participants in hands-on experiments tended to 
make more diversified fixation transitions across AOIs, while those in simulated experi-
ments showed a higher level of concentration in the spatial pattern of fixation transitions. 
This reflected the tendency of concentrating on a smaller portion of the workstation in sim-
ulated experiments. The more focused pattern of fixation transitions could partially explain 
the higher efficiency of virtual experiments and the minimal occurrence of trial and error. 
Beyond experiment mode, the level of prior knowledge was unlikely to influence the distri-
bution of fixation transitions.

On the regional level, despite a rather high degree of overlapping between hands-on and 
simulated experiments in terms of prominent fixation transition routes, a few differences 
between the two experiment modes are noteworthy. First, the transition route from the 
Record Area to the Question Area, both of which are located within the lab report, is excep-
tionally salient in hands-on experiments but not in simulated experiments. Interestingly, 
the transition route in reverse (i.e., from the Question Area to the Record Area) was also 
significant among all but one prior knowledge groups for hands-on and simulated experi-
ments, with the exception being the high prior knowledge group for simulated experiments. 
Salient bi-directional routes in this case indicate the need to integrate information from the 
figures recorded during the experiment and the concepts raised in the lab report questions 
in order to derive answers to those questions. The salient bi-directional routes between the 
Record Area and the Question Area in the hands-on experiment suggested that, when par-
ticipants of the hands-on mode were working on the lab report, they tended to focus on 
the lab report and attempt the experimental questions on the report based mostly on the 
information from the experiment record. In contrast, participants of simulated experiments 
tended to make transitions from the Record Area towards not only the Question Area but 
also the Observational Area, instead of concentrating on making transitions to the Question 
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Area. In other words, more varied references were made to complete the lab report ques-
tions for those performing simulated experiments. This is particularly the case in the high 
prior knowledge group for simulated experiments, where transitions out of the Ques-
tion Area were much more evenly distributed than the middle and low prior knowledge 
groups. One possible explanation is that the participants with high prior knowledge about 
pulley mechanics in the simulation group could answer the lab report questions without 
frequently referring to the experiment record because they had acquired a comprehensive 
understanding before and during the experiment. It is noteworthy that such an advantage in 
prior knowledge is absent in hands-on experiments because of the relative cognitive over-
load resulting from manipulating the abundant physical objects for all participants regard-
less of their prior knowledge levels. Some other differences in significant transition routes 
between the two experiment modes could be attributed to the fundamental difference in the 
software design. For example, the hands-on experiment required participants to calculate 
the values of work on their own, and they must first check the equations in the Equation 
Area and then transferred to the Record area. In other words, the software embedded in the 
simulation could automatically display and calculate the required values in the lab report, 
and this might free a considerable amount of working memory capacity and processing 
time for the simulation group to engage in integrating the results of simulation experiments 
with relevant knowledge to achieve a deeper understanding of the pully mechanics.

Research contributions and limitations

A contribution of this study was its methodology. Although a few studies on eye move-
ments used sequential analysis to investigate learning transition patterns in reading (Jian, 
2016; Jian & Ko, 2017; Tsai et al., 2022) and in manipulating experiments (Jian, 2022a; 
Chiou et al., 2022), the use of entropy analysis to examine the overall distribution of tran-
sitions from a macro perspective is, as far as we know, the first of its kind in this field of 
research. As expected, sequential and entropy analyses provide different perspectives to the 
pattern of fixation durations. In the current study, LSA offered insights into the differences 
in transitions on the AOI-level between the two experiment modes and, in several occa-
sions, among levels of prior knowledge. Notwithstanding that it is possible to use LSA to 
examine the similarities and differences of cross-regional fixation transitions among indi-
viduals, its strength lies in revealing the spatial pattern of transitions on a group level, as 
it is typically deployed in eye-tracking studies. Meanwhile, entropy analysis offers a more 
straightforward overview in the overall distribution of fixation transitions, and, as we have 
demonstrated, allows conventional statistical modeling that examines group differences 
while taking individual differences into account. It is noteworthy that entropy analysis is 
not necessarily restricted to the overall distribution of fixation transitions; rather, entropy 
could be derived from the distribution of transitions towards destination AOIs for each 
individual source AOI. However, this was not attempted for the present study, as the LSA 
has proven its merit in identifying important transition routes, which could not be deliv-
ered by entropy analysis. Depending on the research questions, a dual-method approach 
in examining transition patterns is desirable. We propose that such an approach could be 
applied to the analysis of learning process in other virtual and hands-on learning activities.

Another contribution of this study are the implications of its findings in science edu-
cation. To the best of our knowledge, the use of an eye tracker to examine the learning 
process that is involved in the conduct of scientific experiments is rarely used (e.g., Jian 
2022a; Chien et al., 2015). This study aimed to examine whether—and how—the learning 
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outcome and learning process of experimentation in science education were affected by the 
mode of experiment and level of prior knowledge. Our results on the learning outcome of 
experimentation concurred with previous findings that prior knowledge is a robust factor in 
shaping learning outcome, and that hands-on and computer-simulated experiments could 
bring about similar learning outcome. Beyond learning outcome, the most consistent dif-
ference between the two experiment modes was found in total fixation durations and pupil 
size in most workstation regions, where shorter fixation durations were observed in simu-
lated experiments. Given that there is no difference in terms of learning outcome between 
the two experiment modes, computer simulations offered higher learning efficiency across 
the board, which validated the findings of previous research on the advantage of time effi-
ciency that is provided by virtual experiments (Gibbons et al., 2004). Computer technol-
ogy allows for virtual forms of scientific inquiry with the benefits of increased availability, 
higher flexibility, lower cost, precise manipulations, and support for self-paced learning 
(Chen, 2010; del Mar Quiroga & Choate, 2019; Hofstein & Lunetta 2004), virtual experi-
ments have become even more widely adopted in educational practice, especially dur-
ing the COVID-19 pandemic (Klein et  al., 2021; Radhamani et  al., 2021). Our findings 
show that mode of experiment took the place of prior knowledge as the factor that shaped 
the learning process. Specifically, computer-simulated experiments showed a more even 
distribution of fixation transitions among both source AOIs and destination AOIs. Note 
that the difference is not restricted to the regions where actual manipulations occurred, 
where operations were understandably different, but could also be spotted in such directly 
comparable areas as in the lab report. The important findings in this study were that the 
total fixation durations, pupil size and fixation transition analyses revealed that experiment 
mode affected the completion of the Question Area in different ways: Where total fixation 
durations and pupil size showed no difference between the two experiment modes, fixation 
transition analysis was able to detect subtle difference in the transition routes between the 
two, which informs their distinctions in the learning process, especially in terms of how 
the various visual and verbal information, from the perspective of the Cognitive Theory 
of Multimedia Learning (Mayer, 2009), is integrated to build new knowledge about pulley 
mechanics. Fixation transition analysis appears to be a promising method of examining 
learning process.

Finally, this study allows for drawing some pedagogical implications for science 
education.

First, simulated experiments could be a more time-efficient and, based on our findings of 
eye fixations, probably a less cognitively-taxing option of guided inquiry, although they are 
as effective as their hands-on counterpart in delivering learning outcome. Also, although 
there is no denying that prior knowledge gives learners a competitive edge to the learning 
outcome of experimentation, regardless whether it was hands-on or computer-simulated, 
the learning process as demonstrated by our eye-movement analyses points to a leveling-up 
effect for learners of various prior knowledge background. Moreover, regarding the manip-
ulation of virtual simulations, our analyses have shown the tremendous potential for using 
fixation transitions between functional regions to uncover the learning process involved in 
manipulating simulations. Teachers can monitor students’ learning progress by examining 
the patterns of their fixation transitions. For example, if a student fixates on the Material 
area without transferring to the Observational area, then it can be assumed that the student 
may encounter difficulty in connecting the changing variables with the resulting phenom-
ena in the pulley system. In addition, if a student pays too much attention to the Report 
area and frequently transfers between the Equation area and Report area, the teacher can 
assume that the student may not know the simulation software has automatically calculated 
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the required values for the lab report, and then guide the student to focus on the numbers 
shown on the simulation. By doing this, the student could free a certain amount of work-
ing memory capacity to engage in higher-order cognitive processes, such as analyzing the 
trends and patterns of obtained data instead of arithmetically calculating. In other words, 
as suggested by Chiou et al. (2022), to successfully learn with scientific simulations, learn-
ers not only need to perform fixation transitions in logical sequences but also integrate the 
obtained information as a meaningful whole. Accordingly, analyses of fixation transitions 
may provide feedback to both educators and students for examining the learning processes 
involved in manipulating simulations and for designing instructional activities to guide stu-
dents on how to manipulate the simulations, observe target phenomena, take measures, and 
analyze the data in a logical sequence. Furthermore, science teachers with no access to eye-
tracking systems at hand can also benefit from the findings of this study. By knowing stu-
dents’ potential fixation transition patterns before actual instruction, science teachers can 
design instructional activities that can either guide students to perform expected fixation 
transitions or prevent them from undertaking undesired fixation transitions.

Some limitations were observed in this study. First, the pulley test was repeatedly 
administered, so retest effect cannot be ruled out; however, this would not affect the 
between-subjects comparison of experiment modes. Second, since eye fixations reflect 
visual attention—and to a lesser extent, cognitive processing—one cannot assert, with 
absolute confidence, that they entail active processing of visual objects. Thus, an element 
of uncertainty is involved when an inference of cognitive load is made based on fixation 
durations and pupil size. Third, the development of conceptual understanding from experi-
mentation and guided inquiry could depend on the subject matter (Pouw et al., 2014) and 
its connection with the actual inquiry activities; hence, our study findings should be gen-
eralized with caution. Finally, we tried to investigate if the participants’ learning processes 
(reflected by the eye-movement indicators) were relevant to their test performance, but we 
found neither a stable correlation of the learning processes and test performance for the 
hands-on group nor for the simulation group. We thought it might because the sample size 
(about 50 participants for the hands-on and the simulation groups) was not large enough for 
conducting correlation analysis or predictive analysis.
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