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ABSTRACT
The use of virtual manipulatives (VMs) in tablets has become increasingly 
popular in science courses, and previous studies have indicated its educa-
tional benefits. However, the tablet-to-student ratio (TSR), which may affect 
students’ learning, has rarely been examined. This study compares how 
learning in groups with different TSRs influences the learning performance 
and mental experience of elementary school students. Participants were 
117 fifth-grade students who were randomly assigned to two groups: Group 
1:1 (i.e., each student had one tablet) and Group 1:m (i.e., each group 
shared one tablet) to learn the topic of triboelectrification. The results 
demonstrated that the students with a 1:m TSR performed better than 
those with a 1:1 TSR in terms of group work; that students with a 1:m TSR 
showed a higher degree of involvement during collaborative inquiries; and 
that the retention test, cognitive load, and group-process satisfaction results 
showed no significant difference between the two conditions. The findings 
indicate that the positive effect of collaboration on individuals may gradually 
disappear and the tradeoff between TSR and time of intervention should 
be considered during instruction.

Introduction

In recent years, virtual manipulatives (VMs) have been widely employed in education, as they 
serve as mediations (e.g., dynamic visualizations, virtual experiments) to support students’ sci-
entific inquiry activities by contextualizing them in a simulated interactive environment (e.g., 
Cai et al., 2020; Kapici et al., 2020; Olympiou & Zacharia, 2012; Wu et al., 2018; Zacharia & 
Michael, 2016). With the support of informational technologies, VMs provide learners with 
unique affordances, such as visualizing unobserved experimental phenomena, addressing unan-
ticipated events, minimizing measurement errors, and providing timely feedback (De Jong et al., 
2013; Zacharia & Michael, 2016). Previous studies have shown that VM has equal (Kapici et al., 
2020) or even superior (Olympiou & Zacharia, 2012) educational benefits compared with other 
learning materials (e.g., physical manipulatives; PMs) in terms of students’ conceptual under-
standing, especially in the science domain (e.g., Kapici et al., 2020; Olympiou & Zacharia, 2012; 
Wang et al., 2020b).

Understanding the nature of science is broadly viewed as an essential component of students’ 
scientific literacy (García-Carmona & Acevedo-Díaz, 2018; National Research Council, 2000), in 
which collaborative inquiry is always deemed one of the best approaches to acquiring scientific 
knowledge (Bell et al., 2010). In this context, VMs based on portable devices (e.g., tablets, phones, 
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and whiteboards) have been increasingly advocated as collaborative inquiry methods in the past 
few years (Haßler et al., 2016; Kapici et al., 2020), particularly when computer simulation tech-
nologies (e.g., AR, VR) become mature and prevalent. While the use of VMs in tablet-supported 
collaborative scientific inquiry learning (TSCSIL) has already shown its potential, the tradeoff 
between different affordances of tablets (e.g., resource allocation) and corresponding learning 
scenarios during the inquiry process remains completely unexplored and urgently needs to be 
considered (Haßler et al., 2016). With respect to resource allocation in TSCSIL, the tablet-to-stu-
dent ratio (TSR), which may affect students’ learning by influencing peer collaboration and the 
role of teachers, has rarely been compared and discussed (Haßler et al., 2016). Among previous 
studies in digital learning environments, findings about the effects of the TSR have been incon-
sistent. Some studies suggest that a 1:1 TSR (each student had one tablet) could provide seamless 
acquisition of resources and enhance students’ learning performance (Cai et al., 2020; Wong & 
Looi, 2011). Other empirical studies show that 1:m TSR (each group shared one tablet) is more 
beneficial to collective output and knowledge acquisition (Lin et al., 2012; Wang et al., 2020b). 
These mixed results, we argue, might be attributed to the different learning scenarios and stu-
dents’ corresponding mental experience. Moreover, a lack of direct comparison between 1:1 TSR 
and 1:m TSR in TSCSIL was revealed (Haßler et al., 2016). Therefore, to advance the under-
standing of the effects of the TSR on students’ learning performance and mental experience, 
further exploration is needed.

In this study, a VM-based TSCSIL lesson was designed for students who are learning the 
topic of triboelectrification, which is a typical case in Chinese elementary school science cur-
ricula. A quasi-experimental study was conducted in an elementary school to explore whether 
the TSR has an impact on students’ learning performance and mental involvement during TSCSIL. 
Specifically, this study focused on a comparison between two types of TSRs: 1:1 and 1:m. 
Students’ learning performance and mental experience were examined to answer this question.

Literature review

Collaborative scientific inquiry and VM

Science inquiry is an essential component of classroom teaching (National Research Council, 
2000). Science inquiry enables students to understand and apply scientific concepts and methods 
by retrieving information, conducting research, discussing topics and practicing applications (Bell 
et al., 2010; Tolentino et al., 2009). However, science curricula involve some abstract concepts 
and complicated knowledge that may exceed students’ cognitive abilities and further impair their 
learning (Kirschner et al., 2018; Liu et al., 2021). According to the theory of group cognition, 
which posits that knowledge sharing in the context of a community can build group knowledge 
that surpasses the individual knowledge of group members (Stahl, 2005), researchers emphasize 
the role of collaboration during science inquiry. Through collaborative inquiry learning (CIL), 
students can infer scientific principles or solve problems based on active communication and 
exploration with the assistance of some learning technologies (e.g., computer simulations, virtual 
labs, and tangible materials) (Bell et al., 2010; De Jong & Van Joolingen, 1998; Lazonder & 
Harmsen, 2016). Compared to learning by individual, students are able to solve problems more 
efficiently by collaboratively combining information elements distributed across individuals, 
thereby forming collectively working memory (Kirschner et al., 2009). In this regard, researchers 
were actively advocating learning science through CIL (e.g., García-Carmona, 2020; Petersen 
et al., 2020).

In recent years, with the maturity of new technologies, there has been an upsurge of interest 
in using interactive, low-cost, and scalable VM on a portable device (e.g., mobile phone, tablet) 
to support CIL (e.g., Liu et al., 2021). Specifically, with the support of tablets, students can 
collaborate in inquiry projects by relieving teachers of some of their responsibilities and enabling 
direct information exchange among them, anytime and anyplace (Bell et al., 2010; Wong & Looi, 
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2011). In this context, VM has been widely utilized in TSCSIL courses to facilitate hands-on 
activities when teaching scientific concepts and phenomena (e.g., Cai et al., 2020; Clariana, 2009; 
Wang & Tseng, 2018).

However, while tablet-based VM provides students with seamless acquisition of resources 
during CIL (Haßler et al., 2016; Wong & Looi, 2011), the dynamics of the interaction and col-
laboration mode of students may greatly vary since they would be exposed to different amounts 
of guidance or support (Kirschner et al., 2018; Lin et al., 2012), which would further influence 
their learning performance according to group cognition theory (Theiner, 2014). This finding 
prompted requirements on the tablet-to-student ratios (TSRs), as discussed in the next section.

Tablet-to-student ratios

Since the notion of 1:1 learning (one mobile device per student) has been expounded by Chan 
et al. (2006), dozens of subsequent studies cited this type of learning and implemented its use 
(Jong et al., 2020; Looi et al., 2011). Previous research has identified the positive effect of a 1:1 
learning setting on students’ learning achievement, motivation, and engagement compared to 
other conditions (e.g., non-tablet condition or other TSR) (Harper & Milman, 2016; Zheng 
et al., 2016).

However, due to some constraints on the actual teaching situation, such as the availability of 
suitable content, technological issues concerning the tablet (e.g., network and battery), and the 
operational troubles of students (Haßler et al., 2016), students’ learning performance may greatly 
vary according to their technological familiarity and abilities. In this regard, much research has 
promoted the collaborative use of tablets (e.g., Cai et al., 2020; Clariana, 2009; Lin et al., 2012; 
Liu et al., 2021; Wang et al., 2018). During CIL, the cognitive process would be distributed across 
the members of a group (Theiner, 2014), through which individual ideas would be systematically 
aggregated to solve problems. Two modalities of tablet use were subsequently emerging: 1:1 
(with collaboration) and 1:m (with collaboration) (Haßler et al., 2016). For the former, advocators 
posited that individuals in groups can autonomously explore the contents and materials to gen-
erate more ideas (Looi et al., 2011; Zheng et al., 2016), thereby promoting their discussion and 
interaction. However, when each individual owns his or her device, conflicts may arise within 
groups due to the excessive autonomy that emerged in the 1:1 TSR environment (Lin et al., 
2012), which subsequently hinders students in reaching a consensus. As depicted by collaborative 
cognitive load theory ( CLT; Kirschner et al., 2018; Liu et al., 2021 ), a better learning outcome 
lies in well-structured problems and effective collaboration. When students have too many con-
flicts during CIL, collective working memory is hard to form, thereby producing a high extra-
neous load. In this regard, some studies recommended equipping each group with one tablet 
(i.e., 1:m TSR) to try to reduce cognitive conflicts and enhance knowledge construction during 
CIL (Cai et al., 2020; Wang et al., 2018).

Based on the debate about whether 1:1 is better or 1:m is better, researchers have conducted 
relevant explorations (Clariana, 2009; Lin et al., 2012; Wang et al., 2020b), and mixed results 
have been obtained. In their 2009 study, Clariana (2009) applied laptops to support students’ 
mathematics learning; the results showed that students in a 1:1 TSR setting performed better 
than those in a 1:5 TSR setting. On the other hand, in Lin et al.’s (2012) work, two modalities 
of tablet use (i.e., 1:1 & 1:m) in collaboration with concept mapping were compared. Different 
from Clariana’s (2009) finding, students with a 1:m TSR performed better than those with a 1:1 
TSR in terms of concept map score. However, due to relatively less autonomy than those in the 
1:1 group, they demonstrated relatively worse quality interactions. Moreover, in our previous 
work (Wang et al., 2020b), a preliminary comparison among different TSRs on the topic of lever 
was conducted. Students in the 1:m condition presented a better group worksheet result and 
flow state and similar retention test results and cognitive load levels compared to the 1:1 group. 
Similarly, nonsignificant results on learning gains between the 1:1 condition and the 1:m con-
dition were obtained in Liu et al. (2021)’s work.
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However, as depicted by Haßler et al. (2016), studies that compare different TSRs are still 
too rare to synthesize reliable findings to support educational practice, let alone consider the 
impact of TSR on collaborative performance during learning and post-hoc individual performance 
during testing at the same time. What is more, while the benefits of TSCSIL were mentioned 
by previous studies, the subsequent influence on individual performance was rarely discussed. 
Although a pioneer work of Kirschner et al. (2009) explored the effects of using tablets with or 
without collaboration on individuals’ learning performance and the results confirmed the positive 
effect of collaboration, the collaborative performance which would directly reflect the group 
work efficacy were ignored.

Based on the abovementioned considerations, more details on how students’ learning varies 
with different TSRs are needed. This study triboelectrified the empirical evidence by comparing 
students’ learning performance (collaborative performance during learning phase and individual 
performance during testing phase) and mental experience through another scientific 
topic—triboelectrification.

Mental experience during collaboration

According to the former reviewed findings, during face-to-face collaboration, the cognitive load 
(CL) may arise among students when they face too many conflicts deriving from different TSRs 
(Kirschner et al., 2018; Wang et al., 2020b). In this case, to understand the underlying reason, 
it is necessary to introduce CL theory (CLT) to provide further explanation. In general, CLT 
asserts that learning is constrained by limited working memory capacity (Paas & Van Merriënboer, 
1994), and CL (Kirschner et al., 2018) refers to the sum of the working memory resources 
required to perform a learning task. During collaborative learning, multiple working memories 
collaborate on the same task or problem (Kirschner et al., 2018), and collective working memory 
can then be created through communication and collaboration, thus generating a better collective 
knowledge structure. Furthermore, various interactive elements can be distributed among the 
working memories of other group members, which will reduce the CL on single working memory 
(Kirschner et al., 2018). However, when group members have difficulties exchanging knowledge 
and information due to improper tasks or instructional designs, the collective working memory 
of the group will not be easy to form and thus may further impair students’ learning perfor-
mance and CL (Kirschner et al., 2018; van Merriënboer & Sweller, 2005).

Based on these considerations, when adopting VM-based TSCSIL, different modalities of 
tablet use may affect the information exchange and task coordination in the process of coop-
eration, with different CL results within individuals (Kirschner et al., 2018; Wang et al., 2020b). 
For instance, whether team members could share the same working interface determines how 
much effort is needed for information exchange. However, studies that compare the impact of 
different TSRs on learners’ CL are rare. Thus, it is necessary to further explore the CL levels 
of learners with different TSRs. As an important measurement of CL in multimedia learning 
(Mutlu-Bayraktar et al., 2019), the assessment factors mainly consist of mental load (ML) and 
mental effort (ME) (Paas & Van Merriënboer, 1994). ML derives from the number and degree 
of information interactions between a task and a subject, while ME relates to formats and 
manners of information presentation and teaching strategies (Paas & Van Merriënboer, 1994). 
This study attempted to measure CL from these two dimensions.

Furthermore, based on the assessment factors of CCT (Paas & Van Merriënboer, 1994), Paas 
et al. (2005) proposed an ME performance coordinate system and a formula to compute the 
task involvement of students in cognitive tasks. According to Paas et al. (2005), the calculation 
and representation of student-related involvement in instructional conditions can enhance research 
on the effectiveness of complex cognitive tasks (Wang et al., 2020b). In addition, satisfaction 
with digital artifacts, which describe how pleasant learners perceive learning activities, also serves 
as an important measuring factor for evaluating students’ learning effectiveness (e.g., Cai et al., 
2020; Wu et al., 2018). During tablet-supported group collaboration, the different learning 
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processes mediated by different modalities of technological support will dictate team member 
information exchange patterns, which also subsequently impact group-process satisfaction (Andres, 
2006). However, while previous studies examined satisfaction with the VM-supported learning 
environment, most studies focused on the learning materials rather than interpersonal factors 
(e.g., Cai et al., 2020; Wu et al., 2018). Therefore, the group-process satisfaction scale proposed 
by (Savicki et al., 1996) was utilized in our study to investigate the extent to which a student 
is satisfied with the collaboration of his or her group.

To summarize, when investigating students’ mental experience in different learning situations, 
how students’ learning engagement and satisfaction vary is worth exploring. Therefore, in this 
study, CL, task involvement, and group-process satisfaction were involved in evaluating students’ 
mental experience during collaborative inquiry learning.

Purposes of this study

Based on the aforementioned theoretical background and empirical studies, we assume that TSRs 
could influence inquiry performance during collaborative inquiry learning. Specifically, this study 
considered two modalities of using VM based on tablets: 1:1 TSR and 1:m TSR. A 1:1 TSR 
means that each student in a group has a tablet, while a 1:m TSR indicates that each group 
shared one tablet. The main purpose of this study is to compare learning performance and 
mental experience for different TSRs. To address this issue, we conducted a quasi-experiment 
in an elementary school. Two research questions are posed:

1.	 What are the differences in learning performance (i.e., collaborative performance during 
learning and individual performance during testing) between 1:1 TSR and 1:m TSR in 
collaborative inquiry learning?

2.	 What are the differences in mental experience (i.e., cognitive load, task involvement, and 
group-process satisfaction) between 1:1 TSR and 1:m TSR in collaborative inquiry 
learning?

Experimental design

Inquiry materials

Triboelectrification, the topic that depicts the phenomenon that two samples of the same mate-
rials may charge each other when they are rubbed together (Lowell & Truscott, 1986), is an 
important knowledge point in Chinese elementary school science curriculums. Given that the 
transfer of the electric charge caused by friction is difficult to observe in real life, students could 
not gain a deep understanding of this abstract concept. Thus, based on this topic, we selected 
the simulation tool “Balloons and Static Electricity” (Balloons and Static Electricity, 2021) from 
the PhET learning platform as the learning material. This virtual triboelectrification manipulative 
(VTM) illustrates the phenomenon of triboelectrification by visualizing the transfer of the electric 
charge generated in the friction between the balloon and the sweater. As shown in Figure 1, 
the inquiry materials contain some interactive elements (e.g., balloons, sweater, and wall), which 
aim to support students’ hands-on activities. Specifically, students can select one or two balloons 
to rub against a sweater by finger-screen haptic interaction. The transfer of charges would be 
visualized in real time, with the movement of balloons. Learners were required to learn the 
triboelectrification phenomenon by observing the charge interaction (i.e., similar charges repel, 
dissimilar charges attract) through CIL.

According to Lazonder & Harmsen, (2016), adequate guidance should be employed to assist 
students in accomplishing tasks during inquiry learning. We offered a group worksheet to pro-
ceed with the inquiry learning step by step, which will be mentioned in subsequent sections.
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Table 1. C hi-square tests of group compositions.

Group size 2 4 5 6 χ2 N χ2 p
1:m 1 2 6 3 12 1.477 0.688
1:1 0 3 7 2 12
Number of Male in a group 1 2 3 4 5 N χ2 p
1:m 1 5 4 2 0 12 4.400 0.355
1:1 0 5 6 0 1 12 χ2 χ2

Number of Female in a group 0 2 3 χ2 χ2 N χ2 p
1:m 2 3 7 12 2.752 0.253
1:1 1 7 4 χ2 χ2 12 χ2 χ2

Participants and experimental procedure

The participants of this study were 117 fifth-grade students (aged 11 on average) from four 
classes of a public elementary school in Beijing, China. The participants were randomly divided 
into Group 1:1 (26 boys and 33 girls) and Group 1:m (27 boys and 31 girls). Table 1 shows 
the information of group compositions for the two groups, including group size, number of 
males in a group, and number of females in a group. The chi-square tests showed that the 
number of students in a group (group size) has no significant difference between group 1:1 and 
1:m (χ2 = 1.477, p = 0.688 > 0.05) and there was no significant difference on the gender distri-
bution between the two groups (number of male: χ2 = 4.400, p = 0.355 > 0.05; number of female: 
χ2 = 2.752, p = 0.253 > 0.05), indicating the two conditions had similar group compositions.

These students had not learned the knowledge of triboelectrification before treatment and 
were taught by the same science teacher with a teaching experience of 10 years. The experiment 
was conducted across three weeks in September 2019, which marked the beginning of the new 
semester.

Note that in the last semester before treatment, students have already been taught some prior 
knowledge that may be helpful for learning triboelectrification based on tablets, such as the 
simple circuit and electromagnetic induction. At the end of the last semester, 116 of the 117 
students participated in the final exam (a girl was absent from the final exam and she was 
randomly assigned to the 1:m group). The content of the exam is about the learning theme of 
the last academic year, including the knowledge points of simple circuits, electromagnetic induc-
tion, and light refraction, etc. According to the exam scores of the last academic year (the total 
score was 100), there was no significant difference (t (114) = −.313, p = .151 > .05) between 
group 1:1 (Mean = 81.46, SD = 8.02) and Group 1:m (Mean = 81.04, SD = 6.42). This indicates 
that the students in the two groups had a similar level of academic performance in the science 
subject or prior knowledge level in the learning topic of triboelectrification. In addition, con-
sidering that the treatment was carried out at the beginning of the new semester (i.e., September) 
and that the same batch of tablets (Android system, 8-inch screen) was utilized in this 

Figure 1. I nterfaces of virtual triboelectrification manipulative.
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experiment, we assumed that the two groups (i.e., Group 1:m and Group 1:1) had similar starting 
points both for the tablet using experience.

According to Pedaste et al. (2015), the core phases of the inquiry cycle include 5 stages: (1) 
orientation, (2) conceptualization, (3) investigation, (4) conclusion, and (5) discussion. This cycle 
highlights the key features of scientific thinking and has become guidance for some later works 
(e.g., Petersen et al., 2020). Therefore, the CIL activities of this study were designed followed 
by Pedaste et al.’s (2015) inquiry phases. Refer to Figure 2. The detailed experimental procedure 
and its corresponding inquiry phase are described as follows:

The experiment in the first week consisted of two stages: introduction, randomization 
(20 min), and basic knowledge teaching (40 min). At the initial stage, students in each group 
were randomly divided into 12 subgroups, with approximately 4–6 students in each subgroup. 
The science teacher then briefly introduced the learning topic (triboelectrification) and left 
students work concerning identifying the triboelectrification phenomenon in daily life. This 
task partly corresponded to the orientation phase, as the learning topic was briefly introduced. 
One day later, the second phase, class teaching, was conducted to introduce the basic knowledge 
of triboelectrification; for example, students were required to collaborate in some designated 
face-to-face activities (e.g., rub a ruler against hair to attract small pieces of paper) to make 
the triboelectrification phenomenon register in their brain. In this context, some issues emerged, 
e.g., what caused this phenomenon? This part was consistent with the orientation and concep-
tualization phase since the topic and the problem were introduced.

One week later, knowledge was further imparted through VM-based TSCSIL. The inquiry 
activity includes two parts: the introduction of inquiry activity (10 min) and the collaborative 

Figure 2. D iagram of experiment procedure and its connections to inquiry phases.
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Figure 3. C ollaborative situations.

inquiry learning process (35 min). The first part was introduced by the science teacher and 
corresponded to the conceptualization phase, as students were informed of some issues to which 
they needed to pay attention during the activity. The second part, collaborative inquiry learning, 
was conducted by groups with the guidance of a group worksheet in paper form. Each sub-group 
was administered with one group worksheet, and students should cooperatively finish the group 
worksheet by operating the VTM with one tablet per group (Group 1:m) or one tablet per 
person (Group 1:1). The class collaborative learning scenarios of two representative learning 
groups are shown in Figure 3. After the learning activity, we administered several questionnaires 
to examine students’ CL, group-process satisfaction, and task involvement. This part drew upon 
elements of the investigation and conclusion phase, as the students were involved in exploring 
the issues and synthesizing their findings.

Note that, among all the phases, the students were required to collaborate in communicating 
their findings and conclusions to others, as well as reflecting issues during their TSCSIL.

In the last week, a knowledge retention test (10 min) was conducted to investigate students’ 
individual performance.

Instruments

Assessment tools
To perform a comprehensive examination of students’ learning performance, we designed two 
assessment tools: a group worksheet to guide the CIL and assess students’ task performance of 
the inquiry activity (i.e., collaborative performance) and a Retention test that aimed to evaluate 
students’ knowledge retention concerning triboelectrification (i.e., individual performance).

Group worksheet. As shown in Appendix A, according to the different contexts of VTM (refer 
to Figure 1a and b), two learning tasks were presented on the group worksheet with scores of 
50 points each. Each task consisted of three questions or guidance to facilitate their step-by-step 
inquiry, e.g., “Rub the yellow balloon against the sweater and observe the change in the balloon 
and sweater. Do positive and negative charges move? How did they move?”

Retention test. This retention knowledge test consists of one fill-in-the-blank question (i.e., “The 
essence of triboelectricity is the transfer of __”), one true or false question (i.e., “Rub the balloon 
with the sweater; only the negative charge will move”), and four multiple-choice questions (e.g., 
“In the experiment of triboelectrification, which description is wrong: A. After the balloon rubs 
against the sweater, the sweater becomes positively charged; B. After the balloon rubs against the 
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sweater, the balloon becomes negatively charged; C. The rubbed balloon attracts the sweater; D. 
The rubbed balloon repels the sweater”) with a total score of 60 (i.e., 10 points for each item).

All questions in the retention test and group worksheet were jointly developed by the science 
teacher and researchers following the science curriculum syllabus. Furthermore, another teacher 
with more than ten years of teaching experience and an expert in science education were con-
sulted to recheck these questions.

Questionnaire
The questionnaire distributed after the collaborative inquiry learning activity contains a cognitive 
load scale and a group-process satisfaction scale (refer to Appendix B). To better understand 
the group process in different conditions, we also designed open questions to collect qualitative 
data of how students collaborate through tablet(s) and the difficulties they encountered during 
collaboration. The CL scale consists of the ML dimension and ME dimension with four items, 
which were based on the measures proposed by Paas & Van Merriënboer (1994) and adapted 
from the research of Hwang et al. (2013). The group-process satisfaction (GS) scale, which aimed 
to investigate the extent that a student is satisfied with the collaboration of his or her group, 
was adapted from the scale developed by Savicki et al. (1996) and has four items in total. All 
items of the scales are rated on a seven-point Likert scale. Cronbach’s alpha coefficients for the 
ML scale, ME scale, and GS scale were .941, .810, and .900, respectively, suggesting high reli-
ability in internal consistency.

Results

Learning performance

The learning performance was reflected by the group worksheet (group level) and retention test 
(individual level).

The group worksheet was collaboratively finished by students in each sub-group of two con-
ditions. Since the groups showed similar composition according to the abovementioned chi-square 
test result, we compared the data on group level. Shapiro-Wilk test was firstly utilized to check 
the normality of the data. The results showed each group was normally distributed (group 1:m: 
p = .216 > .05; group 1:1: p = .495 > .05). As such, an independent sample t-test was subse-
quently performed to compare the difference in students’ learning performance in terms of the 
group worksheet score under the impact of the TSR. As shown in Table 2, a significant difference 
was found between group 1:m and 1:1 (t (24) = 2.364, p =.027 < .05, Cohen’s d = 0.96). Specifically, 
students in group 1:m (Mean = 81.25) performed better than those in group 1:1 (Mean = 71.25) 
in terms of their collaborative work (Mean difference = 10).

An independent sample t-test was conducted to further compare the knowledge retention of 
individuals. The result showed students in both groups retained similar knowledge on the topic 
of triboelectrification one week later (t (115) = 0.768., p =.444) (see Table 2). In addition, we 
found the test results were only slightly higher than half of the total score 60 (group 1:1: Mean 
= 35.17, group 1:m: Mean = 33.05).

To sum up, these findings indicate that the students in Group 1:m performed significantly 
better than the students in Group 1:1 in collaborative inquiry tasks and that the two groups 
had a similar knowledge retention one week later.

Table 2. I ndependent sample t-test for the comparison of learning performance of each group in different stages.

1:m 1:1

Learning performance N Mean S.D. N Mean S.D. t df p
Group worksheet score 12 81.25 8.292 12 71.25 12.084 2.364* 22 0.027
Retention test score 58 35.17 14.539 59 33.05 15.341 0.768 115 0.444

Note. * p < .05.



10 C. WANG AND S. YU

Table 4. D escriptive analysis of task involvement.

Group N Mean S.D. t df p
I 1:m 58 .304 .816 3.469*** 109.214 .001

1:1 59 −.299 1.050

Note. *** p <.001.

Cognitive load and group-process satisfaction

In this study, we applied scales to investigate students’ CL and GS for different tablet-to-student 
ratios when using VM. The mean and standard deviation values of the ML, ME, and GS of 
students are shown in Table 3. An independent-sample t-test was utilized for the data analysis. 
As shown in Table 3, there was no significant difference in ML (Mean Difference = 0.154, t(115) 
= 0.511, p = .610 > .05), ME (Mean Difference = −0.092, t(115) = −0.293, p = .770 > .05), or 
GS (Mean Difference = −0.050, t(115) = 0.170, p = .865 > .05) between the two groups.

Task involvement

In this study, we adopted the task involvement formula proposed by Paas and his associates 
(2005) to calculate task involvement during collaborative inquiry learning. In the following 
formula, I refers to the task involvement (I) of students, R represents the z-score for ME, and 
P represents the z-score for performance.

	 I R P
�

�
2

	

Specifically, scores of group worksheets were applied to represent students’ performance on 
inquiry tasks. By subtracting the total mean from each score and then dividing the result by 
the total standard deviation, the students’ scores for ME and performance were standardized. 
The mean and standard deviation values of students’ task involvement are shown in Table 4. 
An independent-sample t-test was performed to compare the difference in students’ task involve-
ment between the two groups. The result shows that the students in Group 1:m had significantly 
higher task involvement in group work than the students in Group 1:1 (Mean Difference = 
0.602, t(109.214) = 3.469, p < .001, Cohen’s d = 0.64).

Moreover, the motivational effects of instructional conditions can be visualized by the 
ME-Performance coordinate system (Paas et al. 2005). As shown in Figure 4, each point in this 
coordinate system represents the ME Z-score and related performance Z-score of a student 
involved in this study. A point above the diagonal means that the corresponding student had 
relatively high involvement (I > 0), and a point below the diagonal refers to relatively low involve-
ment (I > 0). The percentage of students in Group 1:m who had relatively high involvement 
(I > 0) was 65.52% (n = 38), while 47.46% (n = 28) of the students in Group 1:1 showed a higher 
level (I > 0) of task involvement. The chi-square test showed that the students in the two groups 
had different task involvement levels ( χ 2  = 3.879, p = .049 < .05). These findings also indicate 
that students with a 1:m TSR experienced higher involvement during the collaborative task, 
while students with a 1:1 TSR had relatively low involvement.

Table 3. D escriptive analysis of cognitive load and group-pross satisfaction.

Group N Mean S.D. t df p
ML 1:m 58 3.086 1.582 0.511 115 .610

1:1 59 2.932 1.676
ME 1:m 58 4.065 1.607 −0.293 115 .770

1:1 59 4.156 1.791
GS 1:m 58 5.698 1.613 0.170 115 .865

1:1 59 5.648 1.563
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Discussion

This paper aims to examine the influence of different TSRs on students’ learning performance 
and mental experience during VM-based TSCSIL. Two groups with different TSRs (1:m and 
1:1) were established in our study. Students were asked to learn triboelectrification, an important 
topic of the elementary school science curriculum, via the VTM. The learning performance 
(collaborative performance and individual performance) and mental experience (cognitive load, 
group-process satisfaction, and task involvement) were concurrently examined. The findings are 
discussed in the next section.

TSR to learning performance

In general, the results showed that the students in Group 1:m presented a better group work 
performance but a similar retention test score (individual performance) compared to those in 
Group 1:1. This finding may indicate that groups sharing one tablet outperformed groups in 
which each student owned one device in terms of collaborative efficacy. One possible reason is 
that the students in Group 1:m could only view one screen and that the assigned group work 
gave more chances for interaction with other students instead of solely paying attention to their 
own interface, as observed for those in Group 1:1. Accordingly, the cognitive process can be 
more effectively distributed across the members in a community, leading to better collaborative 
efficiency (Theiner, 2014). In addition, as depicted by Lin et al. (2012), students in the 1:m 
groups were less likely to interfere with each other. In our study, we further collected text data 
related to students’ perceptions of the group process with open questions. For instance, we could 
simultaneously analyze the experimental data and spent more time on the problem-solving task, 
while only two students dominated the manipulation of the VM, as stated by a student from 
Group 1:1. In contrast, Group 1:1 would spend more time than Group 1:m to reach a consensus 
when completing the inquiry topics, which yields unsatisfactory results for group worksheet 
performance. For example, some students in Group 1:1 indicated that the opinions of group 
members were often not unified, which caused them to spend too much time checking the 

Figure 4.  Task involvement of students.
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manipulation stage with each other. This finding also corroborated the findings of Liu et al. 
(2021), which revealed that students who shared one tablet allocated a greater frequency of 
attention to VMs than those who had individual devices in groups. However, the findings con-
tradicted the finding of (Lin et al., 2012) but echoed the findings of (Kirschner et al., 2009) and 
our previous work (Wang et al., 2020b), implying that the group working of TSRs should be 
contextualized to specific learning scenarios according to the real situation.

Regarding the results of the knowledge retention test on individual level, Group 1:m showed 
a slightly higher but nonsignificant result than Group 1:1. This interesting finding implies that 
no matter under what types of TSR, the positive effect of the collaboration on individuals may 
gradually disappear within a time. On one hand, this corresponds to Ebbinghaus’s forgetting 
curve (Ebbinghaus, 2013), on the other hand, this may also indicate the positive effect of col-
laboration on group level are hard to last in the current context. This finding was contradictory 
to some former studies (e.g., Kirschner, 2009, Wang et al. 2020a). Specifically, The “faded effect” 
was more obvious in group 1:m. Although the two stages (learning phase and testing phase) 
cannot be directly compared, the dropped mean correct rate (from 81% to 59%) can to some 
extend explain, which is much larger than group 1:1 (from 71% to 55%). The phenomena may 
be attributed to the limited number of devices in a community, which would afford the members 
fewer opportunities for hands-on operation, thereby distributing uneven attention to the VTM 
on a screen. In this context, students may not receive a deep understanding of the learning 
material and may retain relatively less knowledge than obtained via their collaborative perfor-
mance. In addition, the video recordings revealed that a few students in Group 1:m were reluctant 
to share their screen with other group members, which may constrain the effect of collaboration 
on individuals (Haßler et al., 2016). Therefore, although they can easily achieve consistency by 
short time coordination, the real influence on individuals in groups may be shallow, as they 
did not have chances as the members in group 1:1, who gave more attention to checking the 
inter-group inconsistent opinions through self-inquiry via the VTM. This finding contradicted 
the findings of our previous study, which indicated that students in the 1:m condition performed 
better than those in the 1:1 condition in terms of the retention test (Wang et al., 2020b). As 
the given time is reduced, some individuals in groups do not have enough opportunities to 
access VTM and discussion, thus impairing their knowledge construction.

TSR to mental experience

In this study, we mainly assessed students’ CL, GS, and task involvement to reflect their mental 
experience. In terms of the CL, there was no significant difference between Group 1:1 and 
Group 1:m in either the ML or ME. This finding revealed that students in both groups shared 
the learning materials with the same complexity, and the amount of their mental resources that 
were actually allocated to the learning task was similar (Paas & Van Merriënboer, 1994). This 
finding corroborates some previous findings, which demonstrated that there is no difference in 
CL among students with different TSRs (Liu et al., 2021; Wang et al., 2020b). Furthermore, the 
relatively low results of CL (i.e., lower than 4) also proved the benefits of CIL; that is, the 
complexity of the to-be-learned material was effectively distributed among group members 
(Kirschner et al., 2018). The nonsignificant results for GS indicated that the extent to which a 
student is satisfied with the collaboration of his or her group is similar among students in two 
groups with different TSRs (Savicki et al., 1996). According to students’ text data for open 
questions, a 1:1 TSR gave students more autonomous rights in operation, while the group had 
to spend more time on “whether we are together”. In contrast, in the 1:1 TSR groups, “All of 
us could have the same inquiry stage to refer to”, even though “only two people control the 
VTM”. The balance problem between individual control and group shared space may lead to 
no significant difference in GS between the two groups. In general, the low level of ML and 
ME and the high level of GS (i.e., higher than 5.5) indicated that most students in these two 
groups had a relatively positive mental experience during the learning activity. This result also 



Journal of Research on Technology in Education 13

affirmed the positive effect of VTM on students’ learning experience and aligned with the results 
of some previous studies (e.g., Turan et al., 2018; Wang et al., 2020b).

Regarding task involvement, students in Group 1:m showed a significantly higher score than 
those in Group 1:1, which implies that students in groups sharing one tablet had a higher 
motivation to involve the TSCSIL than those who individually owned devices. This finding 
echoes the finding of Liu et al. (2021) and Wang et al. (2020b), suggesting that learning involve-
ment must be considered when examining the effects of different TSRs. Moreover, the results 
reaffirmed the applicability of the computational method proposed by Paas et al. (2005) to 
compare learners’ involvement in TSCSIL activities.

To summarize, unlike our previous work, which focused on the topic of levers, this paper 
extended the empirical evidence to another topic, triboelectrification. The following findings 
emerged: regarding the impact of TSRs, the collaborative use of tablets seems better for group 
work, but in terms of individual knowledge acquisition, it is necessary to dialectically consider 
the setting of TSRs based on actual teaching needs. In addition, the nonsignificant but positive 
results on CL and GS reaffirmed the educational benefits of VTM.

Conclusions

This study tried to find out under what TSR students could have a better learning performance 
and mental experience (i.e., CL, GS, and task involvement). 117 fifth grade students were ran-
domly assigned in two groups with different TSRs (i.e., 1:1 and1:m) and CIL activities were 
designed based on the inquiry phases proposed by Pedaste et al. (2015). From the empirical 
results, the following conclusions can be drawn: First, the TSR will affect students’ learning 
performance and task involvement during collaborative inquiry learning. Concretely, in terms 
of the group worksheet, students with 1:m TSR performed better than those in 1:1 groups; 1:m 
groups also showed a higher degree of involvement during the collaborative inquiry. However, 
with respect to the knowledge retention test (individual performance), students with different 
TSR showed similar results. Second, there was no significant difference between different TSR 
groups on ML, ME, and GS; more specifically, no matter what group the students were in, they 
all showed a low level of CL and a high level of GS, indicating VM-based TSCSIL has a positive 
impact on students’ learning experience.

Based on the findings of the current study, some implications for educational practitioners 
can be highlighted. As for the positive results on CL and GS found among students using VM, 
more practical applications of VM are suggested to be implemented in education, especially in 
the science discipline wherein hands-on experiments are needed to construct and consolidate 
learners’ knowledge. Regarding the group worksheet results, we argue that teachers need to 
consider the design of TSR in combination with specific learning tasks. The TSR of 1:m may 
be more effective in some classroom teaching situations, as it could afford a shared learning 
space which is helpful for groups to concentrate more on collective tasks. Moreover, the similar 
results on individual retained knowledge indicated the positive effects of shared-screen collab-
orated work may be decreased over time, which put forward requirements on the time of 
intervention when considering the design of TSR. Additionally, to avoid the shallow effect on 
students’ retention knowledge, the VM application, if possible, can provide to students after 
school so that they can consolidate knowledge by themselves by running it on their own or 
their parents’ devices.

Some limitations should also be mentioned. First, the collaborative inquiry time (35 min) 
seems a bit short, which may lead to some unexpected results. For instance, the non-significant 
results of GS in our study were different from our expectation. For a more convincing result, 
the time allocation should be taken into consideration. Second, we did not strictly control the 
“m” in the “1:m”, which may influence the efficiency of inquiry learning. Third, we only recorded 
video in two groups of 1:m condition, which impeded the intention to do a video analysis to 
enhance the validity of quantitative results. Fortunately, we collected some qualitative evidence 
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through open-ended questions. Some recommendations for future works can be drawn. First, 
as studies concerning the impact of different TSR on students’ learning process remain rare, 
subsequent research is needed to investigate whether the finding of the current study can be 
replicated in other disciplines or experiments as well as students in different learning stages 
(e.g., elementary school students, high school students, and university students). Second, the 
impact of different group sizes on 1:m VM-based learning is recommended to be investigated 
in future works. Third, we recommended conducting a video analysis if conditions permitted, 
since this may produce some valued findings from the qualitative perspective. Forth, learner 
autonomy, a possible factor that influences the TSCSIL, is also worth exploring in future work. 
Finally, since individuals are nested in groups, we intend to collective large group data to con-
duct a multilevel analysis to discover more interesting findings in future studies.
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Appendix A. Inquiry guidance and group worksheet

Inquiry guidance and group worksheet

Task 1 (see Figure 1a) Task 2 (see Figure 1b)

Operation guidance Rub the yellow balloon against the 
sweater and observe the change 
of the balloon and sweater.

Rub the yellow balloon and the green balloon against 
the sweater respectively, and observe the changes 
of the balloon and sweater.

Step-by-step inquiry 
questions

1. Do positive (10 points) and 
negative (10 points) charges 
move? How did they move?

Please mark the initial positions of the yellow balloon 
and the green balloon in the Figure (10 points).

2. What happens when the balloon is 
close to the sweater after 
friction (5 points)? Why is that 
(10 points)?

Use one of the balloons to suck away all the negative 
charges on the sweater. What happens to the 
position of the balloon by doing this (10 points)? 
Why (10 points)?

3. What happens when the balloon is 
close to the charging wall after 
friction (10 points)? Why is that 
(5 points)?

Can the yellow balloon and the green balloon 
maintain the initial position when they each 
absorb a part of the negative charges of the 
sweater (10 points)? Why (10 points)?

Appendix B. Questionnaires

Cognitive load

Mental load

1.  The degree of difficulty of this learning activity for me.
2.  The degree of difficulty of this learning content for me.
3.  The degree of difficulty of this related knowledge for me.
4.  The degree of difficulty of this learning process for me.

Mental effort

1.  The degree of mental effort I invested into the learning activity.
2.  The degree of energy I devoted to the learning activity.
3.  The degree of time tension during the learning activity.
4.  The degree of nervousness during the learning activity.

Group-process Satisfaction

1.  I felt that I could express my thoughts when I had an idea about the problem.
2.  I felt that people listened to my thoughts when I expressed them.
3.  I felt that people understood my thoughts and feelings after I expressed them while solving this problem.
4.  I felt good that I could participate with my group in coming to a conclusion about the problem.

Open questions

1.  How did your group members collaborate through tablet(s)?
2.  What difficulties did your group encounter during the collaboration?
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