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Introduction 

 
Complex issues in science are challenging for both students and science educators. The 

significance of instructional design becomes most apparent in the teaching of difficult science topics. 

One of the theories that emphasise the significance of instructional design is Cognitive Load Theory 

(CLT). CLT encompasses the complex cognitive tasks that are manifested through the quantity and 

interaction of the information that is processed simultaneously, as well as the cognitive processes that 

take place prior to the initiation of the learning (Paas et al., 2004). CLT is fully contingent upon the 

ABSTRACT 

Thermodynamics is one of the most complex topics in chemistry. Cognitive Load Theory 

claims that the complexity of a subject is mainly due to element interactivity - how many 

elements an individual must organise simultaneously in her/his working memory to 

master a topic. The simultaneous processing of various chemistry and mathematics 

concepts to learn thermodynamics puts a strain on the working memory capacity of the 

learner. Accordingly, what kind of change occurs in a learner’s cognitive processes 

according to the level of element interactivity is an issue that needs to be investigated. 

The aim of this study is to reveal the basic indicators of element interactivity and 

investigate the effects of instructional design on understanding subjects with different 

element interactivity levels. With this objective in mind, educational software comprising 

eight distinct sessions for instructional design was developed in accordance with the 

Cognitive Load Theory. The sample consisted of 37 freshmen who were taking classes in 

the Chemistry Department of a public university in Turkey. The instructional design was 

implemented with the experimental group while the control group followed the lecturer's 

instructional design. The results indicate that, in terms of the cognitive load in the 

learning process, the study time and the learning at the retention and transfer level are 

among the basic indicators of the element interactivity. This study also determined that 

the instructional design that is developed according to Cognitive Load Theory can 

provide effective learning at the retention and transfer levels in subjects with high 

element interactivity.  
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understanding that working memory has a limited capacity, meaning that learning environments 

must be regulated in a way that allows the cognitive load to be carefully distributed over the working 

memory (Chandler & Sweller, 1991). The current research focuses on instructional design 

development and indicators of complexity according to CLT. 

 

Cognitive Load Theory 

 
The cognitive load is a poly-dimensional structure that encompasses the specific memory load 

that affects the learner while a task is being performed (Paas & Merriënboer, 1994). CLT describes the 

cognitive load with reference to intrinsic load, extraneous/ineffective load, and germane/effective load 

(Clark et al., 2006; Sweller et al., 1998, 2019). Intrinsic cognitive load is contingent upon both the nature 

or complexity of the subject that is being learned and the learner's level of experience (Große & Renkll, 

2007; van Merriënboer & Ayres, 2005; Sweller et al., 1998, 2019). The extraneous load arises as a result 

of poorly designed instructional materials and design that put a strain on the working memory. CLT 

provides a range of design principles that can reduce the extraneous cognitive load. Lastly, the 

germane cognitive load is manifested in the processes that allow the mental structures to be created 

and organised (van Merriënboer & Ayres, 2005). Learning can occur when the sum of internal, 

external and germane cognitive loads does not exceed the capacity of working memory (Sweller et al., 

1998, 2019).  

Related literature suggests that CLT is effective in learning complex scientific concepts 

(Carlson et al., 2003; Chang & Yang, 2010; Cierniak et al., 2009; Große & Renkll, 2007; Kala & Okal, 

2016; Mousavi et al., 1995; Weng et al., 2018). For instance, thermodynamics concepts are particularly 

difficult to understand, but they hold great significance in the fields of sciences and engineering 

(Carson & Watson, 2002; Mulop et al., 2012; O'Connell, 2019; Sreenivasulu & Subramaniam, 2013). The 

literature shows that students (Cochran, 2005; Kırtak, 2010; Sözbilir, 2002; Sözbilir & Bennett, 2007), as 

well as teachers and lecturers (Galili & Lehavi, 2006; Kruger et al., 1992; Pinto et al., 2005), have 

difficulty with basic thermodynamics concepts.  

O’Connell (2019) claims that there are five main challenges that explain why individuals tend 

to fail at learning thermodynamics. These challenges are "scope and level", "mathematical abstraction", 

"an incomplete discipline based only on equations, not numbers", "laws are always true; models are 

imperfect but necessary" and "solving problems". According to CLT, the complexity of the subject is 

related to its "element interactivity" (Clark et al., 2006; Große & Renkll, 2007; Sweller et al., 2019; 

Sweller, 2020).  

 

Complexity and Element Interactivity 

 
For a learner, complexity may be based on intrinsic cognitive load such as the nature of the 

subject and learner expertise or may arise from material design or teaching procedures (Chen, Paas & 

Sweller, 2021; Chen et al., 2018; Sweller et al., 2019). In a subject such as thermodynamics, which the 

majority accept as difficult, the complexity which can be explained by the element interactivity arising 

from the nature of the subject plays a leading role. 

Element interactivity is the coordination of many information elements working 

simultaneously to complete a task (Clark et al., 2006; Sweller, 2020). Element interactivity is accepted 

as a criterion of complexity and is closely related to learner characteristics (Chen et al., 2018; Sweller, 

2020). A concept with low element interactivity for an expert student may be high element 

interactivity since the novice student's schema is limited in this subject (Chen et al., 2017). Grading of 

element interactivity is a major challenge for studies. For example, Deng et al.  (2021) accepted as high 

element interactivity concepts the concepts of aerobic and anaerobic, which were reached by the 

integration of the oxygen and density schemes that the students had previously been exposed to, and 

the complex metabolic system. The degree of element interactivity can be defined by the number of 

items that are required to understand the subject (Kalyuga et al., 2003; Sweller, 2020). However, it is 



Journal of Turkish Science Education 

470 

 

difficult to determine the number of items in a learning situation, because the number is determined 

by both the complexity of the information to be learned and the student's prior knowledge (Chen et 

al., 2017). In this case, after determining students' prior knowledge, it is necessary to decide on low or 

high element interactivity. Unlike low element interactivity materials, high element interactivity 

materials consist of elements that heavily interact, meaning they cannot be learned in isolation 

(Sweller, 2010). Accordingly, since heat, work, system and system types in thermodynamics can be 

learned in isolation, these concepts are considered low element  interactive in current research. 

However, the learner must understand many different concepts (including system, system types, 

work, energy, internal energy, the first law of thermodynamics, mole, reaction, reaction types) and 

have basic mathematical skills in order to learn the concept of enthalpy. Moreover, these items must 

be processed simultaneously in the working memory. There are two main reasons that this study has 

chosen to focus on the subject of thermodynamics: 1) As stated in the literature, it is a very complex 

subject to learn, and 2) As seen in the concepts of system and enthalpy, this topic includes many 

concepts at various element interactivity levels.  

According to CLT, the higher the element interactivity is, the heavier the working memory 

load will be (Sweller, 2010, 2020). For this reason, element interactivity is the main learning variable 

considered in many studies. For example, Chen et al. (2021) examined the effectiveness of worked 

examples and problem-solving tasks in learning chemical formulas. For this purpose, they designed 

their experiments at two element interactivity levels, low and high. Darejeh et al. (2021) compared the 

effect of narrative types (no-narrative, familiar and unfamiliar context) on cognitive load while 

learning a complex productivity software application. Researchers used two types of materials in low 

and high element interactivity for each narrative type. Buchin (2021) used high and low element 

interactivity tasks in his research focusing on the effect of prior knowledge on retrieval. In these 

studies, which are very valuable in terms of literature, element interactivity is a variable of 

experimental design. Although the aims of these studies are different, they provide some clues about 

the indicators of element interactivity. Experimental designs consisting of more than one session at 

different element interactivity levels are needed to investigate indicators of element interaction. 

Experimental designs in the literature, including the aforementioned studies, consist of 1-2 sessions. 

Despite the importance of item interaction for CLT, no available comprehensive study explores the 

kind of indicators teachers encounter in the learning environment if the subject has high element 

interactivity. Ngu & Phan (2016) analysed the element interactivity levels of these equation types 

based on the hierarchy and complexity level of linear equations as well as the learners' working 

memory load. This research, however, is in the form of a theoretical article that based on the 

researchers' own opinions. Experimental and comprehensive studies are thus needed in order to more 

fully understand element interactivity. Accordingly, this paper is primarily aimed at developing an 

instructional design that can provide effective learning according to CLT and to determine the basic 

indicators of element interaction based on this design. With this in mind, it is thought that this study 

will contribute to the literature on both determining the indicators of element interaction and how an 

effective instructional design can be developed based on the element interaction level. The research 

questions that this study will attempt to respond to are as follows:  

1- Regarding instructional design; 

a. Is there a significant difference between student scores on the Retention Tests, Transfer 

Tests, Thermodynamics Achievement Post-Test, and Cognitive Load Scales within and between two 

groups, provided that the Thermodynamics Achievement Pre-Test and The Digit Span Memory Test 

scores are controlled? 

b. How do students' effective learning scores change at the level of retention and transfer 

according to both instructional designs? 

2- Regarding the indicators of element interactivity; 

How do students' achievement at the level of retention and transfer, mental effort, and study time 

change depending on the level of element interactivity of the topic? 
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Methods 

 

Research Design 

 
An experimental research design was chosen for this study. The subjects were randomly 

assigned to experimental and control groups (Cohen et al., 2007; Kline, 2009). The same lecturer (Prof. 

Dr.) taught both the experimental and control groups, although his teaching roles were different. He 

taught the whole class with the material he developed in the control group. However, in the 

experimental group, he summarised the topic using the software only to the students who asked for 

his help individually.  

An eight-session educational software for the experimental group's instructional design was 

developed in accordance with CLT. The developed instructional design was implemented in the 

experimental group, while the instructional design developed by the lecturer was implemented in the 

control group. The lecturer was left free to decide how to develop an instructional design. For 

example, the lecturer decided which learning theory and model would be chosen and how the 

lecturer-student and student-student interaction would be. The instructor was given an outcome table 

on which he would focus according to the courses, and he was asked to make designs based on 

instructional technologies. As seen in Table 1, two different instructional designs used in the study are 

summarised in seven items, taking into account the points stated by Smith and Ragan (1999). 

 

Table 1 

Features of the Instructional Designs Used in the Experimental and Control Groups. 

 
 Instructional design for the experimental group Instructional design for the control group 

Course 

outcomes 

Course outcomes for eight courses were 

determined by the researchers at the beginning 

of the research. 

The same course outcomes were shared 

with the lecturer for the control group to 

improve the instructional design. 

Teaching Style Individual teaching was carried out in which 

students could progress at their own individual 

learning pace. Students were responsible for 

their own learning. 

An expository teaching strategy was 

carried out by the lecturer. 

The Lecturer's 

Role 

The students learned the subject from the 

educational software, but the lecturer attended 

the classes to support the students. He provided 

guided learning support in situations where the 

students needed it. 

The lecturer was utterly in the role of an 

instructor. He solved many subject-related 

sample questions by giving a presentation 

and discussing the subject with his/her 

students. 

Physical 

Conditions 

The computer lab and individual headphones 

were used. The students learned individually 

from the developed software. 

Lessons were taught in a lecture hall with a 

computer, sound system, projector, and 

sliding board. 

Content and 

material 

An eight-session software was developed 

according to the principles of CLT. 

An eight-session PowerPoint presentation 

developed by the lecturer.  

In-Class 

Interactions 

The students established a dialogue with the 

lecturer when needed and received the 

necessary feedback. The students were also 

encouraged to quietly share their work with 

peers.  

The students established a dialogue with 

the lecturer when needed and received the 

necessary feedback. The students were also 

encouraged to quietly share their work 

with peers. 

Assessment and 

evaluation 

Thermodynamics Achievement Test, Retention 

Tests, Transfer Tests, and Cognitive Load Scales 

were used. 

Thermodynamics Achievement Test, 

Retention Tests, Transfer Tests, and 

Cognitive Load Scales were used. 

 

The Sample  

 
The sample consists of 37 freshmen chemistry students taking a General Chemistry II course 

in the chemistry department of a public university in Turkey. The sample in the study was chosen on 
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a voluntary basis. Although the sample was 44 students at the beginning, the research was carried out 

with a smaller group because some students could not volunteer to participate in the sessions 

regularly. The students were randomly assigned to either the experimental group or the control 

group. The experimental group had 18 students (12 female and 6 male) and the control group had 19 

students (11 female and 8 male).  

 

Data Collection Instruments 

 
The data was collected using (1) Thermodynamics Achievement Test, (2) Retention Tests, (3) 

Transfer Tests, (4) Cognitive Load Scales and (5) Digit Span Memory Test. An explanation for each of 

the tests is provided in the following section. 

 

Thermodynamics Achievement Test 

 
As seen in Table 2, the Thermodynamics Achievement Test (TAT) incorporates the basic 

concepts and four laws of thermodynamics. The TAT includes 27 items that are based on these basic 

concepts and laws; the items have been validated by a panel of experts, including chemists and 

chemical educators. The pilot test was implemented for 67 freshmen after test corrections were made 

based on those expert recommendations (approximately two weeks after the thermodynamics unit of 

the General Chemistry II class). An item analysis process was conducted for the test items, which took 

into account item difficulty and item discrimination (Ebel, 1967). As a result, four of the items were 

removed from the test, meaning that the final version of the TAT consisted of 23 items. Based on the 

analyses that were conducted, the Pearson correlation was calculated at 0.93 and the Spearman Brown 

split half test correlation was calculated at 0.96. The mean difficulty of the TAT was calculated as 0.48, 

while its mean discrimination was calculated as 0.33. The TAT was used to both determine the 

students' prior knowledge of the subject before the implementation of the test and to observe their 

development following the test. 

 

Retention Test 

 
The Retention Test (RT) was developed to assess the students' knowledge after the instruction. 

Unlike TAT, RTs contain questions only in the knowledge level of Bloom Taxonomy's (1956). The 

purpose of RTs is not to measure the transfer of knowledge, but to measure what has been learned in 

that lesson at a basic level. Initially, each of the RTs contained three open-ended questions about the 

topics that were covered in each session. Two experts in the field of chemistry education examined the 

clarity of each RT form and whether the questions were relevant to the topics covered in the lesson. In 

the pilot study, the trial forms of the RTs were also tested. The questions that were answered by 

almost all of the students were identified, as well as the questions that the students had difficulty 

answering. In this way, an item with low discrimination was removed from each RT form. As a result, 

eight RTs were developed in the research, each containing two open-ended questions. Examples of the 

questions in the RTs are shown below. 

● Explain the first law of thermodynamics. 

● In what ways can the internal energy of a non-volume-controlled system (e.g. frictionless 

piston) be changed? 

 

Transfer Test 

 
Since the purpose of CLT is to facilitate the transfer of knowledge from the external 

environment to the long-term memory and from the long-term memory to the external environment 

(Sweller, 2020), transfer-level learning was also measured with a separate test. A total of eight Transfer 

Tests (TT) that corresponded to eight sessions were developed to assess whether the students in the 
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sample were able to apply their learned knowledge to various situations. Each TT contains both near 

and far transfer questions. If a question could be solved using knowledge of any topic in chemistry, it 

was considered a near transfer question. However, if a question could be solved using knowledge in 

daily life or in a discipline other than chemistry, this question was considered a far transfer question. 

There are numerous CLT research using near and far transfer questions or tasks in the literature 

(Buchin, 2021; Chen et al., 2021; Große & Renkll, 2007; Paas et al., 1994). The process that was followed 

in the development of the RTs was also employed for the TTs. Even though the TTs initially contained 

three open-ended questions about the subjects of the session, one question from each test was 

excluded based on the implementation of the pilot test as well as expert opinions. Therefore, each TT 

contains two open-ended questions. Examples of the questions that appeared in the TTs are shown 

below.  

 

   

● Identify whether there is a 

change in the internal energy of the tea glass between B 

position and A position. 

 

 

 

 

 

 

●  3 Fe2O3(s)  +  H2(g)                           2 Fe3O4(s)   +   H2O(g) 

 

When the standard gibbs free energy ((∆Gro) of the reaction with an equilibrium constant 2,5. 105 at 330 

K is - 29 kJ, what can be said for the direction of the reaction at this temperature (R═ 8.3145 J / K. mol)? 

 

Cognitive Load Scale  

 
The cognitive load scale (CLS) was developed by Paas and van Merriënboer (1993) in order to 

assess the difficulty levels of given tasks. Consisting of just a single item, the CLS is a rating scale with 

9 categories. The reliability of the scale (otherwise known as the Cronbach Alfa internal consistency 

coefficient) was calculated at 0.90. When Kılıç and Karadeniz (2004) implemented a Turkish 

adaptation of the CLS, their Cronbach Alfa internal consistency coefficient was 0.78; also, their 

Spearman Brown split half test correlation was 0.79.  

The CLS was used in this study, though some alterations were made in response to the topics 

that were covered in each session. Since the content varied from session to session, the number of 

learning tasks that were given to the students also varied. As such, a total of eight CLSs were formed 

as a result of the tasks that were to the students in each session. While the base of questions for each 

item of the scale was unchanged, the addenda (concept, principles, and law) were altered in light of 

the content.  

  

The Digit Span Memory Test 
 

Miller (1956) showed that working memory can process a limited number of items (5-9). Since 

CLT focuses on working memory and the finitude thereof, the study places particular importance on 

the overall determination of the students' memory width. The memory width can determine how 

many items an individual can process. Therefore, digit span tests are used in research focused on 

working memory such as CLT (Berends, & van Lieshout, 2009; Klingner et al., 2011; Miller, 1956). The 

Digit Span Memory Test (DSMT) that was used in this study was translated into Turkish by retrieving 
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the source codes that Sezgin (2009) wrote in the Java programming language for the website 

http://www.dushkin.com/connectext/psy/ch07/digitspan.mhtml. A reliability study was conducted 

with the permission of the website authorities that determined that the test has a high level of 

reliability [r = 0,78, p<0,001].  

 

A Brief Description of Material Development Processes for Instructional Designs 

  

The Development of the Educational Software for the Experimental Group 

  
In this study, educational software was developed to be used in the instructional design, 

which was itself created with CLT considerations in mind. The scope of the software is based on the 

observations that are carried out in the classes of four lecturers who taught the General Chemistry II 

course in the Chemistry Department of the Faculty of Sciences. During this period, interviews were 

conducted with the lecturers and a group of students. The content was divided into eight parts, as the 

lecturers who taught General Chemistry II stated during their interviews that they allocated 8-9 hours 

for the thermodynamics unit. In light of the preliminary study, it was decided to develop the 

educational software as a guided learning module based on learner interaction. This software is 

designed in such a way that the student can both learn the subject and solve exercises related to the 

subject. Moreover, with this software, the student will be able to get feedback according to his/her 

problem solution. The content of educational software was arranged according to some principles of 

CLT, including the goal-free effect, worked example effect, completion problem effect, split-attention 

effect, modality effect, and redundancy effect. For the scaffolding in the software, worked examples of 

problems and the completion problems were presented. With regard to the completion problems, the 

software offered feedback based on the student's answers. In addition, the texts in the interfaces with 

visual presentations, according to the modality effect, were presented as voiced (Figure 1). In the 

application process, each student was provided with individual headphones to ensure that they were 

not distracted by the other computers. As the learners were responsible for transitioning between 

interfaces, the students could progress according to their individual pace. Also, in order to prevent the 

risk of the application process being affected by internet interruptions, the software was desktop-

based (meaning that it was not reliant on internet connectivity or downloads). 

After 8 experts, 4 of whom were in the field of chemistry and 4 in the field of educational 

sciences (2 chemistry education, 1 curriculum development, and 1 instructional technology), analysed 

the draft software, some changes were made in line with their suggestions. The pilot implementation 

then took place. All of these steps were intended to improve the material before the main study was 

rendered. The number of interfaces for each session of the software and the subjects each session 

contains are shown in Table 2. The interface examples of the developed software are shown in Figure 

1. 
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Figure 1   

Some Interface Examples of the Software 

 

 
 

  
 

 

The Development of the Instructional Material for the Control Group 

 
A few weeks before the implementation, the content and the course outcomes of the eight 

sessions were given to the lecturer. This lecturer is one of the experts whose opinion we take into 

account when dividing the teaching content into eight sessions. In addition, the data collection tools 

that were used in the research were provided to the lecturer at the onset of the study. The lecturer was 

told that he could improve upon his own instructional design and use technology at his discretion. 

The lecturer was informed that he could develop a completely computer-based design if he chose to 

and that he could be given technical support if needed. However, as the lecturer preferred to use the 

computer and projector in the presentation phase of the sessions, he chose to prepare PowerPoint 

presentations for eight sessions. 

 

Procedures 
 

The Pilot Study 

  
After the draft form of the software was developed in the research, a pilot study was 

conducted. The pilot study was conducted with one of the four lecturers whose course was observed 

during the software development process. This lecturer was supported to develop his own 

instructional design in eight sessions by following the steps mentioned earlier. During the pilot study, 

the issues that were not understood by the students in the software, the RTs, and TTs were 

determined, and these tools were revised. The pilot study was carried out with approximately 60 

freshmen chemistry students. However, the main study was carried out with a smaller group since 

fewer students were enrolled in this department in the year of the main application. Since the number 
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of students decreased, the lecturer who taught the course in the pilot study could not take the General 

Chemistry II course the following year. The main study was carried out with one of the four lecturers 

whose course was observed during the software development process and whose opinion was sought 

as a field expert during the software development process. Depending on the lecturer, the 

instructional design also changed, but with the same steps in the pilot study, a second lecturer 

developed his own instructional design. The steps of the main research are presented in detail below. 

 

The Main Study  

 
After the students in the sample were randomly assigned into experimental and control 

groups, the TAT was implemented as a pre-test in order to determine the students' prior knowledge 

on the thermodynamics unit. Then, the DSMT was taken from the website that was specified in the 

relevant section above and was given to each student individually in order to determine their memory 

width. The main study started after the DSMT was implemented.  

The software that was developed according to CLT was used in the experimental group. The 

lecturer presented all of the content himself in the control group and provided guidance in the 

learning process when needed. In addition, the students in the control group were encouraged to seek 

out and provide peer support. In the experimental group, the students primarily studied by 

themselves on their computers, though they also had access to available support from their peers and 

the lecturer. The students completed two sessions each day. As is highlighted in the flow diagram, 

there was a ten-minute break between each session. One week after completing the experiment, the 

TAT was applied to both groups as a post-test. The flow diagram of the first session is provided in 

Figure 2 for exemplary purposes, with the exact same steps followed in every session of the 

application process. 
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Figure 2 

The Flow Diagram of the Application Process in the Experimental and Control Groups First Session Sample  

 
The students in the experimental group were free to work on the software as long as they 

preferred, meaning that certain sessions took more time. Table 2 shows how much time the students 

in the experimental group dedicated to learning the subject matter for each session. In the control 

group, how long the session would be allocated was under the control of the lecturer. Although the 

experimental design was planned as eight-course hours for both groups, an additional four-course 

hours applied course was given in the control group after the planned training was completed. Since 

the RTs, TTs and CLSs were applied during the sessions, the extra training of the control group did 

not affect the results of these three tools. However, since TAT was applied after the training was 

completed, it may have affected the outcome of TAT in favour of the control group. Since this effect 

was in favour of the control group, the study was continued. As a result, the experimental group used 

eight-course hours while the control group used 12-course hours (8 hours for the tutorial and 4 hours 

for the practice) for the training.  

 

 
Application Process in the Experimental 

Group 

 

The students began the process on their 

preferred computer in the computer lab. 

Individual headsets were distributed to 

each student to ensure that no one would 

be disturbed by the software’s audio. 

CLS-1 was distributed, and relevant 

information was provided. An information 

form about the software was distributed 

and any necessary explanations were 

offered. 

 
Under the guidance of the lecturer, the 

software that was developed based on the 
learning outcomes of the first session was 

presented.  

 
CLS-1 was collected from the students who 

had concluded their study and the RT-1 and 

TT-1 were distributed. 

 

The data collection tools were collected 

from the students who completed RT-1 and 

TT-1. A ten-minute break took place before 

proceeding to the second session.  

 Application Process in the Control Group 

 
The students sat in their preferred place in the 

classroom. CLS-1 has been distributed and 
relevant explanations were given. 

 
The teaching activities regarding the learning 
outcomes of the first session were presented 

by the lecturer. 

 

After the lecturer has presented the 
instruction design, the CLS-1 was collected 

from the students, and they were distributed 
with the RT-1 and TT-1. 

 

The data collection tools were collected from 
the students who completed RT-1 and TT-1 

and ten minutes break was given before 
proceeding to the second session.  
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Analysis  
 

In this study, the data obtained from the TAT, RTs, TTs, CLSs and DSMT were analysed using 

a statistical package software.  

 

Analysis of the Data Obtained from the RT and the TT  
 

As previously mentioned, this study applied eight RTs and eight TTs after each session. 

Answer keys and rubrics were also developed for each test. The researchers compared the scores they 

gave after evaluating the TTs and TTs according to these rubrics. In cases where there was a scoring 

difference, a consensus was reached by discussing. Each test was rated for a total of 100 points. The RT 

and the TT, which were both used to assess academic achievement, were used in tandem with the CLS 

to calculate the students' effective learning scores.   

 

Analysis of the Data Obtained from the CLS 
 

A total of eight CLSs were created for each of the students' tasks. The mean scores of the CLS 

were calculated after each session and a cognitive load score for each student was obtained. The CLS 

was used to determine the load and, together with the RTs and TTs, to calculate the students' effective 

learning score.  

 

Analysis of the TAT  
 

In analysing the TAT, a score was determined for each student by designating 1 for correct 

answers and 0 for blank or wrong answers. The maximum score a student could achieve was 23. Since 

the TAT was used before and after the study as a pre- and post-test, it was designated as covariate in 

the analysis for the overall study. In addition, the data that was obtained from the TAT post-test was 

used in tandem with the cognitive load score in order to calculate the effective learning score.  

 

Statistical Analysis  
 

Firstly, to determine the equivalence of the groups in advance, the study carried out 

independently sampled t-tests to determine how the groups varied in terms of prior knowledge about 

the thermodynamics unit, and memory width. Although the research was carried out with a small 

group, parametric tests were used because preconditions were met. In the literature, there is much      

CLT research in which parametric tests are applied to small groups (Chen et al., 2021; Darejeh et al., 

2021; Leahy et al., 2015). Multi-factor variance analysis (MANOVA) was carried out to determine of 

the effect of the independent variable, of which effect had been researched, over variables such as the 

RTs, the TTs, and the CLSs (Cohen et al., 2007). Since CLT attests that both memory width and prior 

knowledge are among the elements that affect learning, the DSMT and the TAT (pre-test) were 

designated as covariant.  

The data obtained from the sessions were analysed descriptively to determine the indicators 

of element interaction. In addition, to interpret the effectiveness of instructional design in the 

experimental group in comparison to the control group, the effective learning scores (E) of the 

students were calculated based on their cognitive load Z (CLZ) and the performance Z (PZ) scores. 

According to CLT, effective learning is the emergence of high learning performance without too much 

cognitive load. The effective learning score (E = PZ - CLZ / √2) was developed by Paas and van 

Merriënboer (1993, 1994) to evaluate the relative effectiveness of various learning methods.  
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With regard to the second research question of the study, the subjects in the thermodynamics 

unit were classified according to the element interactivity level. This classification is in line with the 

opinions of two chemistry experts (lecturers) who have taught General Chemistry II at the university 

for over ten years each. The lecturers were informed about the concept of element interactivity, at 

which point a table with sessions and topics was provided to them. The lecturers were asked to divide 

the sessions into high and low interactive elements based on the session topics. After the lecturers 

opined that some of the sessions contained topics that had very high interactive elements, we decided 

to categorise these elements as either low, high or very high. For example, since all of the concepts that 

were included in the first session could be taught independently from each other, they were classified 

as having low interactive elements. In the second session, the students were asked to learn the first 

law of thermodynamics and internal energy, which required converging the eight concepts from the 

first session that were stored in working memory with basic mathematics knowledge; for this reason, 

the second session was considered to have high interactive elements. As the third and eighth sessions 

introduced such concepts as enthalpy and free energy change, these sessions were classified as having 

very high interactive elements. This is because the students were required to process several elements 

from working memory, and because these concepts are very abstract, meaning they can only be 

understood via mathematical equations. It should be noted that this classification system does not 

consider the subjects in thermodynamics as they compare to other chemistry subjects, but rather how 

the subjects compare within the unit itself. Table 2 captures the number of interfaces for each session 

of the software, the subjects each session contains, and the element interaction level of these subjects. 

 

Table 2 

The Content of each Session of the Educational Software and the Approximate Time the Students in the 

Experimental Group Required to Learn the Subjects  

 
Sessions The subjects of the session The level of 

element 

interactivity 

Number of 

interfaces 

in the 

software 

Mean study 

period of the 

subjects in the 

session 

Mean time 

for an 

interface 

First session System, environment, open system, 

closed system and isolated system, 

heat, work and state function 

Low element 

interactivity 

18 25 minutes 1.39 

Second 

session 

The first law of thermodynamics 

and internal energy 

High element 

interactivity 

12 32 minutes 2.67 

Third 

session 

Enthalpy Very high 

element 

interactivity 

9 35 minutes 3.89 

Fourth 

session 

Spontaneous change, the second law 

of thermodynamics and entropy 

Low element 

interactivity 

17 12 minutes 0.71 

Fifth session Standard entropy, absolute entropy 

and the third law of 

thermodynamics 

High element 

interactivity 

11 20 minutes 1.82 

Sixth 

session 

The total entropy change High element 

interactivity 

12 25 minutes 2.08 

Seventh 

session 

The Gibbs free energy, standard 

reaction energy and phase shifts 

High element 

interactivity 

15 37 minutes 2.47 

Eighth 

session 

The free energy change and 

equilibrium, and zeroth law of 

thermodynamics 

Very high 

element 

interactivity 

14 43 minutes 3.07 
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Findings 

 

Findings Related to the First Research Question 
 

Regarding the first research question, firstly, the equivalence of the groups in terms of various 

variables was tested. The TAT pre-test score of the students in the control group ( =4.53, Sd=2.04) is 

higher than that of the experimental group ( =3.88, Sd=2.17), though this difference is not 

significant [t(35)= .35, p= .36, p> .05]. In addition, there is no significant difference [t(35)= .54, p= .59, p> 

.05] in terms of their DSMT scores between the students of the experimental ( =10.38, Sd=2.12) and 

the control groups( =9.95, Sd=2.76). It is evident, therefore, that both groups are statistically 

equivalent. 

 Since RT, TT and CLS were applied in all eight sessions, the arithmetic mean of these data 

collection tools was taken to perform statistical operations. The mean score and standard deviation for 

both groups in terms of the RTs, TTs, TAT and CLSs are shown in Table 3. 

 

Table 3 

The Descriptive Analysis of the Mean Scores of the RT, TT, and CLS for Both Groups 

 

Data Collection Instruments* Group N  Sd 

RT 

 

Experimental 18 77.07 11.15 

Control 19 38.48 13.55 

TT  Experimental 18 62.96 12.39 

Control 19 29.67 9.44 

TAT Post-test Experimental 18 10.39 3.20 

Control 19 8.16 3.96 

 CLS Experimental 18 3.34 1.07 

Control 19 2.70 .94 
 Note. Max score of the RT and TT are 100. Max score of the CLS is 9. Max score of the TAT is 23. 

  

 As captured in Table 3, there was a difference of approximately 40 points between the mean 

scores of the students in the experimental group for the RT ( = 77.07) and those of the control group 

( = 38.48). Similarly, the mean scores of the students in the experimental group in the TT and TAT 

post-tests and the CLS are higher than those in the control group.  

Since covariance equality was provided at the beginning of this study (according to Box's M 

test, F(10–5813.61)=0.92, p=0.51, p>0.05) for MANOVA, the Wilks' Lambda test was used to interpret 

the effect of the instructional design variable over the RT, TT, CLS and TAT post-test application. 

According to this test result, the memory control variables had a significant relationship with the 

dependent variables at the moderate level *(λ)= .87, F(4-30)=1.08, ηp2= .13, p= .39, p> .05] and the TAT 

pre-test control variable had a significant relationship with the dependent variables at the high level 

*(λ)= .94, F(4-30)= .46, ηp2= .06, p= .77, p> .05]. In addition, the independent variable had a significant 

effect on the dependent variables *(λ)= .18, F(4-30)= 33.43, ηp2= .82, p= .00, p< .05]. A calculated multi-

factor variance analysis (MANOVA) of these findings suggested that there was a significant difference 

between the RT [F(1-33)= 83.74, ηp2= .72, p= .00, p< .05] and TT [F(1-33)= 78.91, ηp2 = .71, p= .00, p< .05] 

scores of the students in both groups, though there was no significant difference between the TAT 

post-test [F(1-33)= 3.42, ηp2 = .09, p= .07, p> .05] and CLS scores of groups [F(1-33)= 3.14, ηp2 = .09, p= 

.09, p> .05].   

The calculation of the effective learning scores is significant because it has an influence over 

determining the contribution to the learning of the design prepared according to CLT. The 

performance Z scores were calculated according to the TAT post-test, RTs, TTs, and CLSs and the 
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effective learning scores were calculated in these three standards of the students who learn the subject 

of thermodynamics through different designs in the experimental and control groups. The results are 

shown in Table 4.  

 

Table 4 

Performance Z Scores, Cognitive Load Z Scores and Effective Learning Scores of the Students in the 

Experimental and Control Groups 

 

Data Collection 

Instruments 

Group N Performance 

Z Score 

Cognitive 

Load Z Score 

Effective 

Learning Score 

(E) 

RTs Experimental 18 .86 .31 .39 

Control 19 - .81 - .30 - .37 

TTs Experimental 18 .85 .31 .38 

Control 19 - .81 - .30 - .36 

TAT Post-test Experimental 18 .31 .31 - .01 

Control 19 - .29 - .30 .01 

 

As shown in Table 4, all performance Z scores (RT, TT, and TAT post-test) and cognitive load 

Z scores of the experimental group are higher than that of the control group. According to the 

retention and transfer effective learning scores calculated on the basis of these scores, it was detected 

that the score of the experimental group is higher than that of the control group. Even though the TAT 

post-test Z score of the experimental group was higher than the control group, the thermodynamic 

academic achievement effective learning scores (E= - .01) were almost equal to the control group (E= 

.01) since their mental effort scores are also higher.  

 

Findings Related to the Second Research Question 

 
The distribution of RT, TT, and CLS's according to the sessions was examined in order to 

determine what changed in the different element interactivity levels. The distribution of the RT scores 

over each session is shown in Figure 3. 

 

Figure 3  

Retention Score Distribution of the Students in the Experimental and Control Groups  

 
Note. Sessions 1 and 4 include low element interactive subjects; Sessions 2, 5, 6 and 7 include high; and sessions 3 and 8 include 

very high.  
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 As seen in Figure 3, students in both groups got lower scores in Sessions 3, 5, and 8 compared to 

the other sessions. The sessions in which the groups differed are Sessions 2 and 4. The experimental 

group got low scores in Session 2 and the control group got low scores in Session 4. 

 

Figure 4  

Transfer Score Distribution of the Students in the Experimental and Control Groups  

 
Note. Sessions 1 and 4 include low element interactive subjects; Sessions 2, 5, 6 and 7 include high; and sessions 3 and 8 include 

very high.  

  

 At the transfer level, it is seen in Figure 4 that all students scored lower in Sessions 3, 7, and 8 

compared to the other sessions. The students in the experimental group got low scores in Session 4, 

while the students in the control group got low scores in Sessions 5 and 6. In addition, the transfer 

scores of the students in both groups were significantly lower in comparison to those of the first two 

sessions.  

 

Figure 5 

Cognitive Load Score Distribution of the Students in the Experimental and the Control Groups  

 
Note. Sessions 1 and 4 include low element interactive subjects; Sessions 2, 5, 6 and 7 include high; and sessions 3 and 8 include 

very high. 

 

 While there were substantial differences in the cognitive load values between the students in 

experimental and control groups during Sessions 1, 2, 3, and 8, Figure 5 suggests that the cognitive 

load values in the other four sessions are very close. While the students in the experimental group 

dedicated a minimum amount of mental effort to learn the subjects that were covered in Session 4, 

they made the most mental effort in Sessions 3 and 8. Also, the cognitive load of the students in the 

control group was lower in the first three sessions compared to the final five.  
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Discussion and Implications 

 
The present research is aimed to develop an instructional design that can provide effective 

learning in accordance with the indicators of element interaction. When the results of the eight 

sessions were analysed statistically, we found a significant difference between the mean scores of the 

RTs and TTs in favour of the experimental group. However, there is no such relevant difference 

between the mean scores of the TAT and the CLS. The difference between the scores of the students in 

the experimental group between the pre-and post-test of the TAT is 6.51, while the difference in the 

control group is 3.63. Although this difference is not statistically significant, it is noteworthy when 

considering that there are a total of 23 questions in the TAT. Moreover, the lack of difference in TAT 

can be explained by the fact that the lecturer taught extra 4-course hours to the control group before 

the TAT. As the application process of the experimental group had been 33% shorter than that of the 

control group, it could be inferred that CLT is effective in achieving substantial success over a short 

period of time. 

When the memory and TAT pre-test scores of both groups are controlled, a relevant difference 

between the scores of the RTs, TTs, CLSs and TAT post-test is detected according to the MANOVA 

test. This observed difference in the students of the experimental group originates from the 

instructional design, which was developed according to CLT. Indeed, previous literature suggests that 

instructional designs that are created in accordance with CLT principles succeed in similar difficult-to-

learn subjects (Cierniak et al., 2009; Chang & Yang, 2010; Leahy et al., 2003; Moreno & Mayer, 1999; 

Sweller & Chandler, 1994; Tindall-Ford et al., 1997; Weng et al., 2018). In addition, even though there 

is a slight difference in the students' cognitive load levels in favour of the control group, the 

experimental group's students achieved effective learning both at the transfer level and the retention 

level. In the study by Chen et al. (2021) comparing the Example-Problem and Problem-Example 

groups, they found that the groups differed statistically in the high element interactivity transfer test, 

not in the low element interactivity retention test. This finding shows that the real impact of an 

instructional design emerges in transfer-level learning. While researchers asked only close transfer 

questions in the transfer test, in the current study, apart from near transfer questions, far transfer 

questions with much more element interactivity were also asked. This result shows that the 

instructional design that was created for the experimental group satisfied the study's goal of 

increasing the germane cognitive loads by reducing the students' extraneous cognitive loads, 

regardless of the high element interaction of thermodynamics.   

In this study, the students in the control group demonstrated low performance and a low 

cognitive load, while the students in the experimental group demonstrated high performance and a 

partially high cognitive load. According to the cognitive load classification of Paas and van 

Merriënboer (1993), the CLS scores of the students in both groups are around 3 over a maximum of 9, 

meaning that they are in the low category of the scale. In the current study, the students learned 

concepts in the thermodynamics unit, where there is an excessive amount of element interactivity that 

is quite difficult to learn. According to CLT, it is inevitable for an individual's intrinsic cognitive load 

to be high if he or she is learning something that has excessive amounts of element interaction (as is 

the case here). Also, if the individual has established schemata, performed schema automation, or 

expanded their existing schemata through adaptation, their germane cognitive load would be high. If 

the subject of thermodynamics is as difficult as the literature demonstrates (Carson & Watson, 2002; 

O'Connel, 2019; Sreenivasulu & Subramaniam, 2013), then why did the students in the control group 

load so little while learning these topics? If the underload in the control group is due to good 

instructional design (meaning the extraneous cognitive load is low), then why is the success so low?  

An analysis of the current Turkish Education System can help inform these queries. Even though the 

Turkish Ministry of National Education has adopted a constructivist approach for the last two 

decades, teaching is still mostly teacher-directed. This format gives the students a greater sense of 

confidence during the lectures and the responsibility of teaching is entirely on the lecturer. With this 

in mind, even though the students in the control group demonstrated low performance in the 
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retention and transfer levels, it is assumed that the students are loaded less since the learning 

responsibility has been transferred to the lecturer. In other words, it is worth considering that the 

students in the control group did not try to learn the subject because they trusted the lecturer and 

therefore did not concern themselves with the difficulty of the topic. Conversely, we can assume that 

the students who learned the topic via educational software felt responsible for their own learning and 

their own self-awareness. Consequently, the low cognitive load may result from good instructional 

design or when the learning does not take place.  

It is understood from the finding that while the students in the experimental group got the 

highest scores from Sessions 1 and 4 in terms of RTs, they got the lowest scores from Sessions 5 and 8 

(Figure 3). At the retention level, the students in the control group got the highest scores from Sessions 

1 and 7, and the lowest scores from Sessions 3, 4, 5, and 8 (Figure 3). When these findings were 

compared with the element interactivity classifications of the experts (Table 2), it was determined that 

all students in Session 5 and students in the control group in Session 4 scored lower than expected. In 

addition, the control group students getting the highest score from Session 7 does not match the 

element interactivity level determined by the experts. According to the TTs, the students in the 

experimental group got the highest points from Sessions 1 and 2, and the lowest from Sessions 3, 4, 

and 8 (Figure 4). In the TTs, the students in the control group got the highest scores from Sessions 1 

and 2, and the lowest scores from Sessions 3, 5, and 6 (Figure 4). When RTs 4, 5, and 6 and TTs 4, 5, 

and 6 were examined to interpret these findings, it was seen that these tests included conceptual 

rather than procedural questions. Contrary to this situation, RTs 2 and 7 and TTs 2 and 7 mostly 

contain procedural questions. Multiple choice questions are used in university entrance exams in 

Turkey, which is known to be procedural rather than conceptual (Bekdemir et al., 2010; Birgin & 

Gürbüz, 2009; Kaya & Keşan, 2012). In addition, during the application process of the control group, it 

was observed that almost all of the questions used by the lecturer to teach the concepts were 

procedural. From this point of view, it is thought that especially the students in the control group have 

difficulty in solving conceptual questions, both because of the influence of the university entrance 

exam because they are freshmen, and because of the teaching style of the lecturer. As a result, 

although learning is affected by other variables such as teaching style, it is directly affected by the 

element interactivity (Figures 3 and 4). In other words, it was determined that as the element 

interactivity level of the topics learned in the study increased, learning became more difficult and 

scores decreased. 

In the current study, how mental effort changes according to element interactivity was also 

examined. As can be seen in Figure 5, although the students in the control group had a slightly higher 

load in the first three sessions, there was not much difference between the sessions in terms of loading. 

This may be due to the fact that the learning control is in the lecturer and the students cannot focus on 

their own cognitive processes enough. Unlike the control group, the students in the experimental 

group spent the most mental effort in Sessions 3 and 8, and the least mental effort in Sessions 1 and 4.  

In this respect, the loading situation in the experimental group is fully compatible with the element 

interactivity classifications of the experts. Although there is no study in the literature that empirically 

examines the relationship between element interactivity and loading, in terms of CLT, cognitive load 

is expected to be high when an individual is learning complex subjects (Leahy & Sweller, 2016; 

Blayney et al., 2016; Darejeh et al., 2021). In this study, it is important in terms of the literature to reach 

the conclusion that more mental effort is spent while learning topics with high element interaction by 

comprehensive study.  

It is possible, as well, that another indicator of element interactivity is the study time of the 

subject. Since the learning time of each session in the control group was under the control of the 

lecturer, this variable could only be examined in terms of the experimental group. The studying time 

per slide of the students in the experimental group is listed from most to least as Session 3, 8, 2, 7, 6, 5, 

1, 4 (Table 2). The mental effort of the same group according to the sessions is listed from most to least 

as Session 8, 3, 2, 7, 6, 5, 1, 4 (Figure 5). From this, it is seen that the order of loading and studying time 

of the students in the experimental group according to the sessions is almost exactly the same. The 
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first two sessions of these two rankings (Sessions 3, 8) contain very high-item interactive topics, while 

the last two sessions (Sessions 1, 4) contain low-item interactive topics. In other words, these two 

rankings completely coincide with the element interactivity level of the experts. Though there are no 

studies available in the literature that directly examine the relationship between study time, loading, 

and element interactivity, certain studies have indirectly assessed the relationship between study time 

and loading (Cierniak et al., 2009; Mousavi et al., 1995). Darejeh et al. (2021), in their research 

examining learning according to different narrative types, measured test-solving time, not learning 

time, according to element interactivity level. This research supports the current research because the 

researchers found that in all narrative types, students loaded less on the low element interactivity 

subject than the high element interactivity subject and answered the relevant test in a shorter time. 

Unlike the literature, this research revealed with a broad perspective (eight sessions) that if a topic's 

element interactivity is high, then the students will dedicate more time and mental effort to learning it. 

Therefore, the research contains important results in terms of literature.   

 

Conclusion 

 
The present research has two important conclusions. The study showed that the cognitive load 

in the learning process, the study time, and the learning at the retention and transfer level are the 

indicators of element interactivity. This research also concludes that instructional design that is 

developed according to CLT can provide effective learning at both the retention and transfer levels of 

subjects with high element interactivity. Teachers are responsible for determining a topic's level of 

element interactivity and developing an appropriate instructional design. The chemistry curriculum 

for high schools in Turkey contains many topics that have very high element interaction, including 

thermodynamics. The students there also participate in a university admittance examination that 

references the entirety of this curriculum at the end of high school (lycee). Based on the fact that the 

instruction design that was created for the experimental group facilitated effective learning over a 

shorter period of time when compared to the control group, it is evident that structuring the chemistry 

curriculum in accordance with CLT will facilitate a higher degree of knowledge over a short period of 

time. 

 

Limitations of the Study 

 
In quantitative research, sample size is a significant consideration. The main limitation of this 

study is that it was only able to account for a small sample size (37 volunteer students in total). One of 

the reasons for this limitation is that the software for thermodynamics was developed according to the 

General Chemistry-II course in the chemistry department. Since the software was developed for a 

specific target audience, the sample was limited to first-year students in the chemistry department. 

Also, some students in the first year did not volunteer to participate in the study because the research 

would take about a month, including the application of the pre- and post-tests. These students were 

excluded from the study because volunteering was essential in the study and the study was 

conducted with 44 students. Those students who did not attend all of the sessions were also excluded 

from the sample, thereby culminating in a small sample size.  

In addition, the indicators of element interactivity are limited to the concepts of achievement 

at the levels of retention and transfer as they relate to mental effort and study time. Though we were 

only able to examine general achievement, different levels of learning were also included in order to 

procure more decisive results. In addition, since the students in the control group learned the topic 

from a single source (the lecturer), the effect that changes in study time had on element interactivity 

could not be examined in the control group. Therefore, the indicator was limited by the findings that 

were obtained from the experimental group. In fact, the research could only determine the indicators 

of element interactivity based on one group, although a second teaching design was integrated into 

the study to determine whether different designs could render similar findings.  
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