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 The research that studies the improvement of elementary school students' science 

knowledge and the development of elementary students' abilities to use the 

scientific and engineering practices is restricted. The purpose of this research is 

to study the effects of an instructional intervention on the knowledge of the 

students of elementary school about electromagnets and their abilities to design 

science investigations. Instructional material about electromagnets was 

developed, based on an inquiry-based approach using the scientific and 

engineering practices, which was applied to 76 students of elementary school (12 

years old). To evaluate the students' knowledge of electromagnets as well as 

their abilities to design science investigations, a questionnaire was developed 

which was completed by the students both before and after the instructional 

intervention. The data of the research were the answers of the students to the 

questionnaires. The data analysis showed that the students' knowledge about 

electromagnets as well as their abilities to design science investigations was 

improved, through the instructional intervention for electromagnets. 
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Introduction 

 

According to the Framework for K-12 Science Education proposed by the US National Research Council, 

students' science knowledge is achieved through their involvement with scientific and engineering practices 

(NRC, 2012). Therefore, it is necessary to study not only the knowledge of students but also the scientific and 

engineering practices that they develop. However, the research that is focused on the development of science 

instructional material and studies the effect of its application on improving the students’ knowledge especially 

in elementary school, and on the development of their scientific and engineering practices, is limited (Marshall, 

Smart & Alston, 2017; Schwarz, Passmore & Reiser, 2017). This paper is focused on the development of 

instructional material and the study of its application on the knowledge of elementary school students about the 

electromagnets and the development of their practice in designing science investigations. 

 

Theoretical Framework   

 

The constructivist views of learning claim that the student does not receive passively but constructs actively 

knowledge through cognitive, social and cultural processes (Akcay & Yager, 2010; Duit, 2009). It has been 
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argued that students have conceptions of the physical world that have been shaped by their experiences (Driver 

et al., 1985). These initial conceptions of the students are the background for the design and development of the 

instructional material and the teaching process. It is necessary for students, through the instructional material 

and the teaching process, to realize their initial conceptions and the conceptions of their classmates, to negotiate 

and modify them (Duschl et al., 2007; Samaresh, 2017).   

 

The intellectual work associated with interrogating and refining conceptions is grounded in scientific and 

engineering practices (NRC, 2012). In this inquiry-based approach (teaching science as practice), the main aim 

is students’ engagement in scientific and engineering practices in order to construct and use knowledge 

(Schwarz et al., 2017). This approach has shifted from students' knowing science content to students' using 

knowledge, along with scientific and engineering practices to understand the world (Berland et al., 2016). 

 

The scientific and engineering practices refer to the main practices in which scientists engage as they study and 

construct models and theories for the natural world and the key set of engineering practices that engineers use as 

they design and build models and systems (NRC, 2012). The following eight scientific and engineering 

practices have been proposed for science education (NGSS Lead States, 2013): (a) asking questions and 

defining problems, (b) developing and using models, (c) planning and carrying out investigations, (d) analyzing 

and interpreting data, (e) using mathematics and computational thinking, (f) constructing explanations and 

designing solutions, (g) engaging in argument from evidence, and (h) obtaining, evaluating, and communicating 

information. It has been pointed out that students through their involvement with scientific and engineering 

practices can build and use science knowledge in order to interpret phenomena, solve problems and make 

decisions. 

 

Among the scientific and engineering practices that have been proposed is the practice of planning 

investigations. Through this practice students are sought to be able: (a) to construct scientific questions (which 

can be empirically tested), (b) to make hypotheses, (c) to control variables (recognizing the independent 

variable, the dependent variable and the control variables) and (d) to invent and describe the experimental 

process in order to answer a scientific question (NRC, 2012). It is necessary to develop the above abilities for 

understanding science ideas and concepts (Mercer et al., 2004; OECD, 2013), the nature of science (NRC, 2012; 

Pearson et al., 2010), as well as constructing scientific explanations (NRC, 2012; Windshitl, 2017) and 

increasing interest in science (Duschl & Bybee, 2014). 

 

Literature Review   

 

Although the research regarding students’ conceptions about electricity (Feyzioğlu et al., 2018; Psillos et al., 

1987; Shipstone, 1984, 1985, 1988; Shipstone et al., 1988) and magnetism (Atwood, Christopher, Combs and 

Roland, 2010; Barrow, 1987; Borges & Gilbert, 1998; Hickey & Schibeci, 1999; Kähkönen et al., 2020) is quite 

extensive, the corresponding research about students’ conceptions of electromagnetism is restricted and mainly 

focused on secondary schools’ students (Anderson, 1986; Galili, 1995; Selman et al., 1982; Smaill & Rowe, 

2012; Thurn et al., 2020). Therefore, research data on elementary students' conceptions of electromagnets is 
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restricted and, according to them, students do not connect electric current with the appearance of a magnetic 

field and consider the electromagnet as a permanent magnet with a constant strength. There is also a lack of 

research investigating the contribution of instructional interventions to elementary students' conceptions of 

electromagnets. 

 

In addition, students' abilities related to the practice of planning science investigations have been explored. It 

has been confirmed that students have difficulties related to the identification of research questions (Avsar 

Erumit et al., 2019), control variables and the invention and description of the experimental procedure they must 

follow (Kruit et al., 2018, Pedaste et al., 2021). Students often plan experiments that do not associate with their 

research question (Lawson, 2002) and they change many variables, making it difficult to formulate conclusions 

(Glaser et al., 1992). 

 

To overcome these difficulties and help students with the processes of planning science investigations it is 

necessary to develop instructional interventions include giving them proper guidance (Taibu et al., 2021; van 

Riesen et al, 2018; Zacharia et al., 2015). However, the research that is examining the contribution of 

instructional interventions to students’ abilities regarding planning investigations focuses mainly on secondary 

school students and on the control of variable ability (Arnold, Kremer & Mayer, 2014; Cayvaz et al., 2020; 

Chen & Klahr 1999; Edelsbrunner et al., 2018; Kazeni et al., 2018; Klahr & Nigam, 2004; Lazonder & 

Harmsen, 2016; Lubiano & Magpantay, 2021; Roth & Roychoudhury, 1993; Schneider et al., 2002; Zion et al., 

2004). It has been pointed out that further study of this issue is necessary with elementary school students 

(Schalk et al., 2019). 

 

As a result, the research that systematically studies the effects of instructional interventions about 

electromagnets both on elementary school students’ knowledge and on their abilities to design science 

investigations is restricted. 

 

Aim and Research Questions 

 

The present study aims to assess the effects of an instructional intervention, based on an inquiry-based approach 

using scientific and engineering practices (teaching science as practice), on (12 years old) elementary school 

students’ knowledge about the electromagnets and their abilities to design science investigations. 

 

In particular, the research questions of this study are the following: 

(a) What is the contribution of the instructional intervention to students' knowledge of the meaning, parts 

and operation of an electromagnet? 

(b) What is the contribution of the instructional intervention on students' abilities to formulate a research 

question and a hypothesis, recognize and control variables, and to describe the experimental procedure to 

be followed in order to answer this research question about the factors that affect the strength of an 

electromagnet? 
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Method 

General Background and Participants 

 

The present study is a single group quasi-experimental research using pre-test and post-test (Cohen, Manion, & 

Morrison, 2011). It was carried out in three stages. Initially, instructional material about electromagnets and a 

questionnaire ware developed (Stage I). Then, the implementation of the instructional material took place and 

the completion of questionnaires by students before and after instructional intervention (Stage II). Subsequently, 

data analysis and drawing conclusions was carried out (Stage ΙΙΙ). 

 

Before the survey permission was asked from school principals. The teachers and the parents of the students 

were also informed about the goals of the research and their consent was given. The present research was 

additionally approved by the ethics committee of the University of the Aegean of Greece. The research involved 

76 students (40 boys and 36 girls) of the last grade of elementary school (12 years old). The sample was a 

convenience sample: the students (from varying socio-economic backgrounds) attended four classes of two 

public elementary schools of Greece. 

 

The Instructional Material and the Instructional Intervention for Electromagnets 

 

The instructional material for electromagnets was designed based on an inquiry-based approach using the 

science and engineering practices (teaching science as practice). Specifically, the instructional material included 

two sections. The first section ("Connecting electricity to magnetism") concerned the didactic elaboration of the 

students’ conception about the relationship between electric current and magnetic field (students do not connect 

electric current with the appearance of a magnetic field). Students were sought to build the conception that an 

electric current in a wire generates a magnetic field around the wire. The second section ("The electromagnet 

and the factors that affect its strength") concerned the didactic elaboration of the students’ conception who 

believe that an electromagnet is a permanent magnet and has a constant strength, in order to build the conception 

that the electromagnet only works when it is leaking electric current and its strength depends on the number of 

batteries to which it is connected, the number of turns of wire on the core, the nature of the core material and the 

shape and size of the core.  

 

The development of the instructional material of each section was based on the educational model 5E (Bybee et 

al., 2006) which included the following five phases which are presented below by a brief description. 

 

Engage 

 

The first phase aimed to challenge the students' interest, to highlight their initial conceptions, to help them 

realize the disagreements they had with each other and to formulate research questions. More specifically, in the 

first section a problem was posed to the students asking them to make predictions and explanations about what 

will happen to the deflection of the compass needle when an electric current passed through a metallic wire 

placed nearby. In the second section, students were asked to make pre-dictions and justifications about what 
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would happen if an electromagnet approaches paper clip. Initially, students worked individually and recorded 

their answers. Then, they discussed with their classmates and compared their answers. There was a 

confrontation of the students in their attempt to support their views. The group representatives announced the 

results of their group discussions to all the students in the class. This phase was completed with students 

discussing and formulating research questions. 

 

Explore 

 

The second phase aimed at designing and carrying out science investigations by students in order to check their 

initial conceptions and answer the questions they had asked. More specifically, the students designed and 

conducted investigations with the help of the questions that were found in their worksheets (Hackling, 1998). 

For example, in the second section of the instructional material, students were asked to answer the question of 

what affects the strength of an electromagnet. Specifically, the students designed and conducted investigations 

to verify if the number of batteries, the number of turns of wire on the core, the nature of the core material and 

the shape and size of the core affects the strength of an electromagnet. Each worksheet for science investigation 

incorporated three main parts: planning (part A), experimenting and data analysis (part B) and evaluation (part 

C). 

 

In the part A of a worksheet for science investigation (see  Figure 1), the students formulated a research 

question, made a prediction, and identified the variables which were involved in the investigation (identified the 

independent variable, the dependent variable and the control variables). 

 

 

Figure 1. The Part A of a Worksheet for Science Investigation: Planning 

 

In the part B of a worksheet for science investigation (see Figure 2), the students described the experimental 

procedure they would follow, identified materials and equipment needed for their investigation, performed 

experiments through educational software (see Figure 3) and recorded their observations and measurements in 

tables. 
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Figure 2. The Part B of a Worksheet for Science Investigation: Experimenting and Data Analysis 

 

 

Figure 3. Electromagnet Lab 

 

In the part C of a worksheet for science investigation (Figure 4), the students processed the tables with the data, 

identified trends in the data, drew conclusions from them and compared them with their initial predictions. 

 

 

Figure 4. The Part C of a Worksheet for Science Investigation: Evaluation 

 

Explain 

 

In this phase, teachers asked students to share what they learned during the Explore phase. Under the teacher’s 

guidance, the students were asked to compile explanations based on the data they collected. 
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Elaborate 

 

This phase sought the application of the knowledge acquired by the students to new problems and the feedback 

of the students. In particular, students processed problems differently from those originally negotiated. During 

the implementation of these activities, the students discussed their answers with their classmates and where 

disagreements occurred, they performed experiments and confronted ideas with their classmates. 

 

Evaluate 

 

This phase aimed at the reflection of the students on the learning process that was followed. Initially, it was 

asked from the students to consider their answers to questions that had been treated in the past in problems 

raised in the initial phase of teaching. Students were asked to compare their initial answers with their current 

answers. They discussed any similarities or differences between their answers with their classmates. 

Additionally, students were invited to participate in design activities for the electromagnets to help other 

classmates who have not being taught about them. 

 

Instrument and Procedures 

 

A questionnaire was used for data collection. At first, the questionnaire was implemented in ten students (pilot 

research). It was also given to two science education researchers. Any necessary changes based on the remarks 

were made and the final questionnaire was developed, which consisted of two parts. 

 

The first part of the questionnaire (included three open-ended questions) related to the investigation of students' 

conceptions of electromagnets and in particular what an electromagnet is (question 1), which parts comprises an 

electromagnet (question 2) and how it works (question 3). The second part of the questionnaire (see Appendix) 

was about exploring students' abilities to design science investigations about electromagnets. It included an 

introductory text (in which two students disagreed on whether an electromagnet could become stronger by using 

more batteries) and five questions that explored the students' abilities to formulate a relevant research question 

(question 4), to express a related prediction (question 5), identify the independent variable (question 6), the 

dependent variable (question 7), the control variables (question 8) and describe the experimental procedure to be 

followed (question 9). 

 

The questionnaire was given to the students two weeks before the instructional intervention (pre-test). The 

instructional intervention lasted 6 hours. The same questionnaire was given to students two weeks after the 

teaching intervention (post-test). 

 

Data Analysis 

 

The research data were the answers of the students to the questionnaires, before and after the instructional 

intervention (pre-test and post-test). The analysis of students' responses was performed with the help of an 
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analysis framework (coding scheme) based on the work of Arnold, Kremer & Mayer (2014). The analysis 

framework categorizes students' responses into four levels. Table 1 shows the framework of analyzing students' 

answers in questions 1, 2, 3, 4, 6 and 9. 

 

Table 1. The Analysis Framework (Issues, Levels and Description) of Students' Responses that Focuses on the 

Questions 1, 2, 3, 4, 6 and 9 

Issues Levels Description 

What an electromagnet 

is (question 1), which 

parts comprises an 

electromagnet (question 

2) and how it works 

(question 3) 

Level 1 The student does not suggest an answer 

Level 2 The student suggests an irrelevant answer 

Level 3 The student suggests a relevant but incomplete answer 

Level 4 The student suggests a relevant and complete answer 

Formulation of a 

research question 

(question 4) 

Level 1 The student does not suggest a research question 

Level 2 The student suggests an irrelevant research question 

Level 3 The student suggests a relevant but incomplete research question 

Level 4 The student suggests a relevant and complete research question 

Identifying an 

independent variable 

(question 6) 

Level 1 The student does not suggest the independent variable or mentions 

more than one independent variable. 

Level 2 The student suggests an irrelevant independent variable or 

proposes a relative independent variable without clarifying 

whether it is a quantitative or qualitative. 

Level 3 The student suggests the independent variable in qualitative terms. 

Level 4 The student suggests the independent variable in quantitative 

terms. 

Description of 

experimental procedure 

(question 9) 

Level 1 The student does not suggest an experimental procedure.  

Level 2 The student suggests an irrelevant experimental procedure. 

Level 3 The student suggests an experimental procedure and make clear 

reference to one to two of the following: the independent 

variable, the control variables and the dependent variable 

Level 4 The student suggests an experimental procedure and make clear 

reference to the independent variable, the control variables and 

the dependent variable 

 

The analysis of students' responses was performed by two researchers who worked independently. Any 

disagreements should be noted and resolved by consensus among researchers or by arbitration by an additional 

independent researcher. For statistical analysis purposes, the levels of responses for questions 1-9 were 

converted to scaled numeric values. Level 1 was assigned a numeric value of 1, Level 2 was assigned a numeric 

value of 2, Level 3 was assigned the numeric value 3, and Level 4 was assigned a numeric value of 4. Survey 

responses were analyzed using descriptive statistics which included means, and standard deviations for each of 
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the 9 questions. The t-test was used to study the differences between the means of students' answers before and 

after the instructional intervention (in the pre-test and in the post-test). 

 

Results 

The Contribution of Instructional Intervention to Students' Knowledge of Electromagnets 

 

In Table 2 the results of a paired-samples t-test are presented. The t-test was conducted to investigate the effect 

of instructional intervention on students’ knowledge about the meaning of the electromagnet, its parts and its 

function. Table 2 shows that there are differences in the mean value for each issue before and after the 

instructional intervention. To examine whether these differences were statistically significant a paired samples t-

test was conducted. The results of this test showed that there were statistically significant differences between 

the pre-test and the post-test. 

 

Table 2. Paired Samples t-Test on Pre-Test and Post-Test of the Students’ Knowledge About the Electromagnet 

Issues Pre-test Post-test t p 

M SD M SD 

Electromagnet meaning 1.84 1.26 3.86 1.24 -4.98 <.0001 

The parts of an electromagnet 1.74 0.56 3.59 0.69 -9.07 <.0001 

How electromagnet work 1.79 1.08 3.47 1.07 -4.82 <.0001 

 

The Contribution of Instructional Intervention to Students' Abilities to Design Investigations about the 

Factors that Affect the Strength of an Electromagnet 

 

In Table 3 the results of a paired-samples t-test are presented. It was conducted to investigate the effect of 

instructional intervention on students' abilities to formulate a research question and a prediction, identify and 

control variables, and describe the experimental procedure must be followed to answer the research question. 

Table 3 shows that there are differences in the mean for each issue before and after the instructional 

intervention. These differences were found to be statistically significant with a paired samples t-test. 

 

Table 3. Paired Samples T-Test on Pre-Test and Post-Test for the Students’ Ability to Design Investigations 

about the Factors that Affect the Strength of an Electromagnet 

Issues Pre-test Post-test t p 

M SD M SD 

Formulation of a research question 2.63 0.76 3.42 0.69 -3.34 .0019 

Formulation of a prediction 2.37 0.90 3.32 0.48 -4.07 .0002 

Identification of an independent variable 1.37 0.96 3.37 1.26 -5.52 <.0001 

Identification of a dependent variable 1.63 0.96 3.05 0.97 -4.55 <.0001 

Identification of control variables 1.05 0.23 3.11 1.05 -8.34 <.0001 

Description of experimental procedure 1.37 0.83 2.63 1.07 -4.08 .0002 
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Discussion 

 

The present study showed that before the implementation of the instructional intervention most students had and 

used conceptions different from school knowledge about what the electromagnet is, which parts it is composed 

from and how it works. The above findings agree with the conclusions of the research concerning students' 

conceptions about science concepts and phenomena. Accordingly, the students before learning about a subject, 

they have shaped conceptions about it based on their sensory experiences from the natural and social 

environment, and in most cases the initial conceptions of students differ from the views of scientific knowledge 

and its school version (Driver et al., 1985; Duit, 2009). In addition, it has been found that some of the 

conceptions recorded by the research seem to be quite widespread among students (Driver et al., 1994; Taber, 

2015). 

 

However, after the instructional intervention was applied to the students, it emerged that most students 

developed conceptions about electromagnets that are consistent with school knowledge. The findings of this 

study can be attributed to reasons related to teaching procedures that were implemented and activities included 

in the instructional material developed. The instructional intervention provides opportunities for students to 

record and expresses their initial conceptions, to work in groups and to process their conceptions by comparing 

them with the conceptions of their classmates and with the experimental results. The structure of the activities 

contributed to the creation of controversies between the students. During the implementation of the activities, 

the students of each group tried to support their views and convince their classmates about them. It probably 

helped the students to be actively involved in a confrontation of ideas that contributed to the change of their 

conceptions (Howe et al., 2013; Skoumios, 2009). In addition to the above, the use of scientific and engineering 

practices by students in the instructional intervention (such as their involvement in asking questions, developing 

and using models, designing and carrying out investigations, analyzing and interpreting data), may have 

contributed to changing conceptions about electromagnets. It has been argued that the intellectual and practical 

work associated with processing and revising conceptions is based on students’ engagement in scientific and 

engineering practices (NRC, 2012; NGSS Lead States, 2013). 

 

Although the instructional intervention contributed significantly to the change most students' conceptions of 

electromagnets, there were students who did not change their conceptions. It seems that students' conceptions 

are durable. Indeed, research data demonstrate the durable nature of students' conceptions in various teaching 

approaches (Chi et al., 2012; Dedetürk et al., 2021; Gunstone et al., 1992). 

 

In addition, from the findings of the present study, it was found that before the implementation of the 

instructional intervention most students have not developed their abilities to design science investigations. 

Indeed, most students were not able to formulate a research question and a prediction, identify and control 

variables, and describe the experimental procedure that must be followed to answer the research question. The 

above findings are in line with the conclusions of research that refer to the above abilities of secondary school 

students. According to them, students have significant difficulties related to the identification of scientific 

questions, the control of variables and the description of the experimental procedure (Arnold et al., 2014; 
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Cayvaz et al., 2020; Chen and Klahr, 1999; Lubiano & Magpantay, 2021). The limited development of these 

abilities may be due to the fact that students do not engage in experimental design practices since usually the 

teacher acts as holder and bearer of knowledge using questions and answers, without involving students in 

inquiry processes (Cherbow et al., 2021; Zuljan et al., 2021). Mainly, students follow instructions written in the 

lab manual step by step and the outcome of lab activities is pre-determined. The ineffectiveness of this type of 

activities has been well documented in the research literature (Abrahams & Millar, 2008; Todas & Skoumios, 

2014). 

 

However, after the instructional intervention was applied to the students, it emerged that most students 

significantly improved their abilities to design investigations. The improvement of abilities to design 

investigations, through the instructional intervention that was applied, can be attributed to the activities that 

were developed. These activities provided students with opportunities to formulate research questions, make 

predictions, identify the independent variable, control variables and dependent variable in each research, as well 

as describe the experimental procedure they must follow to answer a research question. It has been found that 

these activities can help improve students' abilities in designing science investigations (Cayvaz et al., 2020; 

Edelsbrunner et al., 2018; Roth & Roychoudhury, 1993). 

 

Conclusions and Recommendations 

 

The purpose of this research was to study the effects of an instructional intervention with instructional material 

for electromagnets, based on an inquiry-based approach using the scientific and engineering practices, on 12 

years-old students’ knowledge about the electromagnets and the development of their abilities to design 

investigations. From the results of this study, it can be concluded that it is possible to improve the knowledge of 

many elementary school students about electromagnets, as well as to develop their abilities to design 

investigations, through the instructional intervention that was developed and implemented. The present survey 

with its results contributes to the research concerning the study of the impact of instructional interventions on 

elementary school students’ knowledge about electromagnets and their abilities to design science investigations, 

which are issues with restricted empirical data. 

 

However, it should be noted that the results of this study are subject to limitations. In particular, 76 students of 

the last grade of elementary school participated in this research and therefore its findings are subject to the 

limitations of the sample. Also, a major limitation of this study is the lack of a control or comparison group. In 

addition, the research was conducted only with the use of a questionnaire completed by students before and after 

the instructional intervention and this is an additional limitation. 

 

This work focused on investigating the effects of the instructional intervention on students’ knowledge about the 

electromagnets and the development of their abilities to design science investigations. Further research is needed 

to study the effects of the instructional intervention on other scientific and engineering practices, beyond the 

practice about planning investigations, such as practices related to developing and using models, analyzing and 

interpreting data, constructing explanations and designing solutions, and engaging in argument from evidence. 
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In addition, in the present work the learning outcomes were evaluated through the use of a questionnaire before 

and after the instructional intervention. It would be interesting to study the evolution of students' knowledge of 

electromagnets as well as the evolution of their abilities to design investigations through the analysis of students' 

written and oral speech, during the instructional intervention. This research would allow to study the "learning 

paths" of students and to identify the activities that contributed significantly to both the building of knowledge 

and the development of students' abilities. 
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Appendix. Questionnaire (Part B) 

 

Aris and Giota made an electromagnet. Aris claims that they can make it stronger, so that it can pull more pins, 

using more batteries. But Giota believes that this cannot happen because she believes that it is not possible for 

an electromagnet to become stronger using more batteries. 

 

After this disagreement, the children decided to do a science investigation. 

Question 4: What is the question that children have to investigate? 

Question 5: What could be a possible answer to this question? 

Question 6: What will they change in their investigation? 

Question 7: What will they measure in their investigation? 

Question 8: What will not change in their investigation? 

Question 9: What would you suggest the children should do to find out who is right? (Answer in as much 

detail as you can). 

 




