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thermodynamics concepts. The IVLs did not force students to use a conceptual 

approach; however, students who did not use a conceptual approach were unable to 
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in a junior-level thermodynamics classroom of over 100 students. Student responses 

and feedback were examined. Of the students who responded, 58% were able to 

clearly show they understood the main conceptual question. In the third study, student 

perceptions on performance in the engineering classroom were examined. Almost 

70% of students involved in the study said that they felt rote learning was in some 

way rewarded in engineering, possibly explaining why some students chose to use 

rote learning exclusively while completing the IVL. 
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The Development and Implementation of Interactive Virtual 

Laboratories 
 

 

 

Chapter 1: Introduction 

 

 

 

This thesis contains three studies and is largely focused on the design and 

implementation of a series of interactive computer simulations called Interactive Virtual 

Laboratories (IVLs). The IVLs were designed specifically for students in undergraduate 

thermodynamics courses. They provide a visual representation of the molecular dynamics 

of ideal gas molecules in the form of two dimensional spheres together with 

corresponding graphs to show macroscopic properties. They allow students to experiment 

and engage with the molecular simulation while answering open-ended conceptual and 

reflection questions and procedural numeric questions. Through interaction and 

manipulation of these simulations, we believe students would better be able to construct 

knowledge about and gain understanding of difficult topics in thermodynamics courses. 

Specifically, we designed the IVLs to encourage conceptual learning rather than rote 

memorization. So far, seven IVLs have been developed covering a variety of 

thermodynamics concepts. Detailed descriptions of each IVL as well as information 

regarding the IVL development can be found in Appendix A.      

Chapter 2 presents a clinical study of eight students who were asked to complete 

one of two IVLs while being observed by a researcher. Following completion, the 

students were interviewed. This study was performed to determine the efficacy of the 

IVLs and to characterize student learning in this environment. We audio recorded the 

student as they were asked to “think aloud,” and also captured video of the computer 



2 
  

screen as each student completed the IVL. In this way, we were able to gather direct 

evidence of student engagement with the IVLs including any difficulties they 

encountered with the software or instructional design. As mentioned earlier, the IVLs 

were designed with conceptual learning in mind. We found that students who approached 

the IVLs from a conceptual perspective were able to succeed and performed well, while 

those who instead focused on rote memorization of equations were unable to come up 

with correct answers. We also found that students were able to understand and answer 

conceptual questions correctly more often in an IVL with a more guided design rather 

than a highly open-ended one. 

Chapter 3 contains the second study which contains a field study of the 

implementation of an IVL in a thermodynamics classroom. During a 50 minute 

classroom activity, students were asked to complete an IVL covering the difference 

between chemical reaction rate and chemical reaction equilibrium. After completing the 

simulation, students were asked complete a survey of their perceptions of the experience. 

We found that students appreciated the ability of the IVLs to provide visual and dynamic 

representations of molecular phenomena as opposed to their static depictions in 

textbooks.  

The third study, contained in Chapter 4, does not focus explicitly on the 

Interactive Virtual Laboratories. Rather it seeks to further characterize the juxtaposing 

approaches of conceptual learning and rote memorization seen in the clinical study 

(Chapter 2).  We found is that many students believe that rote memorization is necessary 

to perform well in engineering classes. Such an outlook is contrary to the goal of 

engineering classes: preparing students with the fundamental knowledge needed to 
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succeed as an engineer. This result has interesting implications for the development of 

IVLs and for how engineering educators approach instructional design in general.         

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



4 
  

Chapter 2: Development of Interactive Virtual Laboratories to Help Students Learn 

Difficult Concepts in Thermodynamics 

 

 

 

Introduction 

 

 

Virtual laboratories are receiving attention as an alternative way to engage 

students and promote learning as technology becomes more integrated into classroom 

instruction.
1
 Physics educators at the University of Colorado have developed a set of 

virtual laboratories they call PhETs that allow students to explore representations of 

physics phenomena, some of which are impossible to view in a laboratory environment.
2
 

The PhET simulations are designed to allow students to construct their own 

understanding of physics and are useful as a part of learning activities in class
3
. PhET 

simulations are open ended, so learning activities need to guide, but not constrain, 

students using them. Research on this type of virtual laboratory has shown that it 

significantly improves learning.
4, 5

 

We have designed the Interactive Virtual Laboratories (IVLs) to target important 

engineering concepts, similar to what PhETs provide for physics education. However, 

unlike PhETs, the Interactive Virtual Laboratories are explicitly scaffolded. They are not 

open-ended sandbox environments, although they do allow some level of 

experimentation. Instead, students are guided by prompts and must answer numerical and 

discussion questions to proceed. Students are expected to interact with the simulations in 

intentional ways to gain understanding and answer questions. The approach taken in 

designing them was to target a specific thermodynamics threshold concept in each 

simulation. 



5 
  

Meyer and Land
6
 introduced threshold concept theory as a way to view learning 

and curricular progression. They describe threshold concepts as concepts critical for 

understanding a topic. Without this understanding, a learner cannot progress. Their 

definition of threshold concepts differs from ‘core concepts’, or conceptual building 

blocks that progress understanding of a subject, by specifying four main features of 

threshold concepts: transformative, irreversible, integrative, and troublesome. Threshold 

concepts are transformative because they create a significant shift in how learners 

perceive subjects on a fundamental level, sometimes even leading to a transformation of 

personal identity. They are irreversible because learners are unlikely to forget their 

shifted perspectives after crossing a threshold. They are integrative because they expose 

the previously hidden interrelatedness of subject knowledge. Finally, they are 

troublesome in that they are conceptually difficult for students to learn, often yielding 

counterintuitive or unexpected results. In engineering, there is recent attention to 

curriculum development based on identifying threshold concepts,
7
 but we must also be 

aware that many instruction approaches do not fundamentally reform faulty student 

assumptions.
8
 We propose that threshold concept theory is a useful framework for 

identifying topics for Interactive Virtual Laboratories, and Interactive Virtual 

Laboratories are useful tools for enabling students to learn threshold concepts.  

We identified a broadly defined set of threshold concepts for the Interactive 

Virtual Laboratories that range from misconceptions of first principles to capabilities 

needed to solve problems. These threshold concepts include understanding hypothetical 

paths, the difference between reaction rate and equilibrium, the difference between 

constant pressure and constant volume heat capacities, the conditions necessary for a 
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reversible process, and the mechanism through which pressure-volume work adds energy 

to a system. The last two threshold concepts are the focus of the current study. We chose 

these threshold concepts based on information from three sources. First, we analyzed 

student written responses to conceptual questions using a database system, leading to an 

identification of common misunderstandings.
9, 10

 Second, we referenced the literature on 

misconceptions in chemical engineering and physics as a basis to confirm our 

identification of threshold concepts. Third, we used the last author’s domain knowledge 

and twenty years of experience teaching thermodynamics to identify threshold concepts.  

Elby
11

 examined reasons why physics students often study in unproductive ways, 

such as focusing on memorizing equations and solution algorithms, rather than gaining a 

deep understanding of physics. He surveyed 106 college physics students, asking how 

they study for class in order to do well in the course. Furthermore, he asked them to 

compare their study methods with how they would study if they were only interested in 

learning physics deeply, without grade pressure. He found that many students use rote-

based study methods because they believe it will help them on exams, even when they are 

aware that they are not learning the material in a way useful for real-life application. In 

developing the Interactive Virtual Laboratories, we took a highly conceptual approach. 

To correctly answer problems, specifically discussion questions, students must use 

conceptual understanding to synthesize data. A rote understanding leads to incorrect 

numerical answers and poor discussion answers. 

Two research questions are addressed in this study:  

(i) How does the way students engage with the simulations affect how they 

comprehend the targeted threshold concept: do they complete the simulations with 
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a singular focus on equations and variables, or do they use a more conceptual 

approach by solving problems using the information depicted in the simulation 

display and graphs 

(ii) How do students perceive the simulations: do they view them as useful learning 

tools, and what recommendations do they make for them? 

 

Interactive Virtual Laboratories 

 

 

The Interactive Virtual Laboratories are a series of two-dimensional simulations 

designed to address targeted threshold concepts. They are available for instructors to use 

through the AIChE Concept Warehouse website (http://cw.edudiv.org/). They were 

developed following design principles for educational multimedia. While developing the 

IVLs, we used Mayer’s
12

 approach involving cognitive load theory, which asserts that 

students have a maximum information processing capability. Excess information 

overloads the student’s learning channels and reduces information processing. We also 

incorporated the findings of Scalise et al.
13

 from a synthesis of the results of 79 studies of 

virtual laboratories to find best practices for virtual laboratory design, including an 

emphasis on focal points rather than step-by-step instructions, basing design to minimize 

cognitive load, and introducing scaffolding with fading. Finally, we kept in mind the 

design principles suggested by Mayer and Moreno
14

:  

 Multiple representation principle: Explanation in the form of a combination of words 

and pictures are more effective than words or pictures alone. 

 Contiguity principle: Simultaneous presentation of words and pictures works better 

than presentation in succession. 

http://cw.edudiv.org/
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 Spatial contiguity principle: Closer proximities of text and image enhance the 

learning outcome. 

 Personalization effect: Deeper learning can be achieved by conversational style text 

rather than formal style text. 

 

The IVLs are written in JavaScript and HTML for easy incorporation into student 

laptops and web browsers. They make use of the HTML5 Canvas element to draw two-

dimensional objects for simulating molecular behavior.  Each simulation depicts ideal gas 

molecules as perfectly elastic spheres. Individual labs consist of examining the effect of 

different processes on the molecules, such as compressing or heating them, while 

performing numerical computations and answering discussion questions. Each individual 

simulation targets a single threshold concept and adheres to a scaffolded design following 

the predict-observe-explain technique proposed by Gunstone and Champagne.
15

 Before 

interacting with the simulation, students are asked to predict what will happen if they 

make a change, such as raising the temperature or increasing pressure. Students then 

perform and observe the virtual experiment and, afterwards, explain if their prediction 

was accurate and what effects the change had using information present in the 

simulations. The goal of the simulations is to allow students to describe molecular and 

macroscopic thermodynamic phenomena in terms of the underlying physical behavior 

using conceptual knowledge. In real experiments, students cannot see molecular 

interactions, and their understanding often becomes abstract and removed, existing only 

in the form of equations. The Interactive Virtual Laboratories allow students to see how 

molecular interaction gives rise to the phenomena described by mathematical equations. 
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The IVLs can currently be accessed online via the AIChE Concept Warehouse 

(http://cw.edudiv.org). This paper focuses on how students use two IVLs, one based 

around the thermodynamics threshold concept of pressure-volume work and the other on 

that of reversibility. 

 

Pv Work 

 

 

Work is an abstract concept, and it is often difficult for students to understand 

how the act of doing work on a system adds energy. Intuitively, students may understand 

that compressing a gas causes it to undergo an increase in temperature, or a ‘heating up’. 

The purpose of the work simulation is to give students a physical model explaining why 

doing work on a gaseous system adds or removes energy from a physical and molecular 

perspective, ultimately showing students that work adds energy through an exchange of 

momentum and kinetic energy between a system and its surroundings. Students develop 

the understanding that a moving, perfectly elastic sphere colliding with a wall moving 

towards it rebounds with a speed greater than if the wall had been stationary. By using 

this simulation, students can apply their knowledge of elastic collisions to 

thermodynamic work. 

The simulation uses a progressive understanding approach to assist conceptual 

learning. It first introduces students to the idea of Pv work in the context of a single 

molecule. The molecule is represented by a single sphere in a closed container as shown 

in Figure 2.1. The molecular speed is shown every time the molecule collides with a wall. 

Students are allowed to move the upper wall of the container by clicking and dragging a 

slider. When students move the wall so that it is approaching the molecule when they 



10 
  

collide, the molecule speeds up through an exchange of momentum. Students are then 

asked to explain how the temperature relates to the molecular kinetic energy and why an 

increase in molecular speed leads to an increase in system temperature when many 

molecules are present. 

 

Figure 2.1. Screenshot of the single molecule in a closed container. The top wall can be 

moved by clicking and dragging the arrow to the right of the container. The molecule 

speed is displayed with every wall collision and changes when colliding with a moving 

wall. 
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The simulation then progresses to a more complicated system with more 

molecules, as seen in Figure 2.2. Students are asked to compress and expand the system 

while performing numerical computations to calculate values of work and temperature 

change. By applying knowledge gained from the single molecule section of the 

simulation, students can see how the molecular speed distribution changes as the system 

is compressed. Molecules that collide with the compressing wall speed up first before 

distributing their kinetic energy to the other molecules as the system reaches equilibrium. 

 

 

Figure 2.2. Screenshot of the compression process with temperature and work displayed. 

Pv and Tv graphs are to the right of the system. 
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Students can also see why expanding against a lower pressure leads to a much 

smaller temperature change than the preceding compression.   

 

Reversibility  

 

 

The purpose of the reversibility simulation is to give students a physical model to 

show the difference between reversible and irreversible processes. Often, students assume 

real processes can be approximated as reversible when such an assumption is 

inappropriate. The simulation goal is to show students the conditions necessary for a 

system to be reversible and help students see when assumptions of reversibility are 

appropriate. Similar to the Pv Work simulation, the Reversibility simulation takes a 

progressive understanding approach and primarily consists of a series of isothermal 

piston and cylinder assembly systems. Students are asked to compress and expand the 

system between two different states several times. Each time they perform the process, 

they do it in a greater number of steps. Ultimately, students are expected to see that a 

system must always be in equilibrium with its surroundings for a process to be reversible, 

meaning only differential changes in input are allowed. Another result is that a process 

approaches reversibility as it is performed in a greater number of steps with smaller step 

size. 

The simulation starts with a compression process in a single step, as shown in 

Figure 2.3. Students are asked to compress an ideal gas system by placing a single block 

on a piston and allow it to come to rest. Students then expand the piston by removing the 

block. Students are able to see that the process is irreversible, as the amount of work done 

on the system initially is not what is gotten out during expansion. 
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Figure 2.3.  A one-step compression process. Students place the block on the 

piston and calculate the work done, similar to the Pv Work simulation. 

 

Next, students compress the system using two steps instead of one, and the same 

is repeated for expansion. Students are expected to see that it requires less work to 

compress the system to the same final state in two steps than in a single step under 

constant pressure. They are also expected to see that more work is done by the system 

when it expands in multiple steps. 
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Students then perform one more compression and expansion. However, this time 

they are given very small grains of mass to place on the piston as shown in Figure 2.4. 

This process is supposed to be approximately reversible, as the amount of work required 

to compress the system is equal to the work done when the system expands. Students are 

expected to see that the process approaches reversibility as the number of steps increase 

and the changes in input become infinitesimal.  

 

 

Figure 2.4.  An approximately reversible compression using differential sand elements. 

Sand is placed on or removed from the piston using the buttons to the right of the piston.  

The Reversibility simulation shows that reversible processes must always be in a state of 

equilibrium and therefore require an infinite number of infinitesimally small steps to 

complete. 
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Methods 

 

 

Eight individuals took part in the study described in this paper: four third-year 

students and four fourth-year students. Seven of the eight students were undergraduates 

in chemical engineering while one was an undergraduate in mechanical engineering at the 

time of the study. All had taken at least one undergraduate course in engineering 

thermodynamics. The study was approved by the IRB and all students signed informed 

consent forms. 

Participants completed either the Work or Reversibility lab.  An interviewer 

observed participants while completing the simulation. Students had access to a chemical 

engineering thermodynamics textbook, Engineering and Chemical Thermodynamics
16

, 

and the internet while completing the simulations. We used video screen capture 

technology to record the screen and audiotape the students working on the simulation. 

We used a “think aloud” protocol where students verbally described their actions and 

thought processes while working. Interviewers did not answer any questions directly 

related to the topics covered in the simulations. However, they did answer general 

questions about the simulations and interview process as well as asking participants to 

explain their actions if unclear. Students who ran into difficulties with a question and 

were unable to answer it were told to make a guess and continue.   

After completing the simulation, students were asked a series of questions 

assessing how well they understood the material and asking for feedback on the 

simulation design. The interviewer first asked for general impressions and feedback for 

the simulation in addition to asking what the participant thought was the main point of 

the simulation. The interviewer asked the students questions about their thoughts on the 



16 
  

simulation: the usability, usefulness for learning, and ways they might be incorporated 

into classes. Interviewers also asked students to compare their performance and learning 

in two different chemical engineering thermodynamics classes, one that uses a traditional 

lecture-based format and one that incorporates technology-assisted active learning 

pedagogies. Finally, interviewers asked a conceptual question relating directly to the 

main purpose of the simulation. On Work, students were asked to describe the 

mechanism through which Pv work adds energy to a system. On Reversibility, students 

were asked what conditions are necessary for a process to be reversible. 

To answer the first research question about how students engage with the 

Interactive Virtual Laboratories, we examined the recordings of students completing the 

simulations as well as the transcribed post-simulation interviews. We looked specifically 

at the section of the simulation where the main conceptual idea was introduced to see if 

the student gained a conceptual understanding of the physical phenomenon. We also tried 

to see how the student went about making sense of the information. We compared these 

data to how the student answered the conceptual question at the end of the interview to 

see if the student retained the information if they understood it at first or if they managed 

to make sense of it later if they did not. 

To answer the second research question about student perceptions of Interactive 

Virtual Laboratories, we analyzed the transcribed post-simulation interviews. We looked 

specifically for statements where the participant indicated a feature of the simulations that 

was particularly useful or confusing. We also looked for suggestions made by the 

students to help improve the simulations. 
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Results 

 

 

The approach students took to complete the simulations can be generally divided 

into two distinct groups: equation-based and concept-based. The IVLs were designed to 

elicit a concept-based approach in students. The reasons some students used an equation-

based approach and its effect on their learning when using the simulations is of particular 

interest to us. In general, students who used a concept-based approach focused largely on 

the physical phenomena being modeled by the simulations and used the data generated by 

the simulation to formulate explanations during the discussion questions. On the other 

hand, students who used an equation-based approach focused on finding an equation that 

mathematically relates variables while answering the discussion questions, often without 

noticeably giving attention to the pertinent physical phenomena. Of course, none of the 

students used an approach that was solely concept-based or equation-based. Some 

participants switched approaches depending on the question being asked; others switched 

from equation-based to concept-based when they found that the former was not sufficient 

to complete the simulation satisfactorily.   

In the following explorations of simulation use, we use select quotations to 

illustrate student thinking and reasoning. Additional quotes can be found in the tables of 

Appendix B, which provide insight into how students engaged with the most conceptual 

portions of the simulation, along with additional feedback and suggestions for simulation 

improvements. 
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Pv Work 

 

 

Perhaps the most illustrative example of the contrasting equation-based and 

concept-based methods is the different ways Alfred, David, Beverly, and Carl completed 

the single molecule simulation on Pv Work. The single molecule simulation allows 

students to experiment with a single molecule in a closed container and shows them that 

work adds or removes energy from a system through an exchange of momentum and 

molecular kinetic energy. The purpose is to give students a way to figure out for 

themselves what causes the energy and temperature to change, instead of making them 

guess using abstract ideas about molecular kinetics.  

 

Alfred 

 

 

Alfred’s approach to the single molecule was highly concept-based. He noticed 

that the molecule speeds up when it collides with the wall, as shown in the following 

quotation: “Oh, it’s when it hits the moving wall. That’s what will cause it to speed up 

because when the wall’s moving, it smacks into it […] and when I don’t move the wall, 

the thing doesn’t change speed because all of the collisions are perfectly elastic. That 

makes sense.” 

From this statement, we can see that Alfred notices that the molecular speed only 

changes when the molecule collides with a moving wall. A stationary wall does not lead 

to a change. Alfred also explains how this information can be applied to the temperature 

change in a system of many molecules: “It causes a temperature change in many 
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molecules because it increases the average speed of all the molecules distributed inside 

the container when they all hit the slowly approaching wall.”  

Alfred also answered the final conceptual question during the interview correctly, 

indicating that he was able to use the simulation to understand the main threshold 

concept.  

 

David 

 

 

David, similar to Alfred, also used a concept-based approach when completing 

the single molecule simulation. He noticed how momentum was transferred during the 

collision with the moving wall. He responded to the final conceptual question as follows: 

“So when you change the volume, that's doing work. And so that is introducing 

momentum that is transferred to the molecules which adds kinetic energy which gives 

them a higher internal energy, which then changes the internal temperature.” 

This response indicates that David understood the threshold concept and related it 

to the simulation. 

 

Beverly 

 

 

In distinct contrast to Alfred and David, Beverly used a largely equation-based 

approach when completing the single molecule simulation. In this example, we can see 

that she focuses on the ideal gas law in a situation when its use is inappropriate: “Well it 

speeds up when you have a smaller space, so does the ideal gas law matter? Is that what 

they’re trying to talk about?” 
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She states that the molecule’s speed increases as the volume is decreased. 

However, this is not necessarily the case. She does not comment on the fact that the 

molecule only speeds up during a collision with the moving wall. If the volume decreases 

without the molecule making contact, then the molecular speed stays constant. Beverly 

did attempt to take a concept-based approach after she became aware that the ideal gas 

law could not provide a sufficient explanation: “When the molecule collides with the 

walls, the speed will increase, and when there is a smaller space, there are more 

collisions.” 

Unfortunately, she confused the temperature dependency on molecular kinetic 

energy with a dependency on “number of collisions.” During the final conceptual 

question, Beverly attempted to give an answer before withdrawing it, stating that she did 

not know. 

 

Carl 

 

 

Carl took a solely equation-based approach to the single molecule simulation, 

unlike Alfred and David who successfully took a concept-based approach, and Beverly 

who tried a concept-based approach unsuccessfully. He attempted to explain the 

phenomena using an open-system energy balance: “Energy of the system is delta U over 

dt plus delta of kinetic energy over t plus delta of potential energy over time, and that’s 

equal to heat plus work. And this is an adiabatic process, so heat is zero.” 

Carl does not take into account that he is not using an open system. He also 

confuses the macroscopic kinetic energy term in the balance with molecular kinetic 

energy. Similar to Beverly, Carl realizes that his reasoning is insufficient to explain what 
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causes a temperature change and says that he does not know the answer. He also provided 

an incorrect answer during the final conceptual question. 

We cannot determine what exactly causes students to take one of the two general 

approaches, but it appears to depend largely on the student’s predisposition. Student 

orientations are fairly robust; students who customarily take an equation-based approach 

will continue to do so when completing the IVLs unless something forces them to take a 

concept-based approach. However, Beverly and Carl show that students who take a 

largely equation-based approach are not rewarded. Instead, the IVLs force a conflict in 

these students. They try to generate an explanation but realize that they are incapable of 

understanding the threshold concept, as demonstrated by Beverly and Carl’s lack of 

confidence when answering conceptual questions. In addition, the IVLs do, as is seen 

with Alfred and David, reward students who take a concept-based approach by helping 

them understand difficult threshold concepts. This information shows that to be fully 

successful, the IVLs should better address those students who take equation-based 

methods. 

 

Reversibility 

 

 

Student approaches also differed in the reversibility simulation. However, three 

out of the four students were able to answer the final conceptual question correctly. The 

approaches taken by Elaine, Frank, George, and Henry during the Reversibility 

simulation were less distinct from one another than the students who completed the Work 

simulation, so closely examining each student is less helpful here. Instead, we will briefly 
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go over what type of approach each student took and then compare it to how they 

answered the final conceptual question.  

 

Elaine 

 

 

While doing the simulation, Elaine was the only person to use the differential 

definition for work without looking in the textbook. In this way, she was the only one to 

take a concept-based approach from the start of the simulation. However, she was also 

the only participant to incorrectly answer the final conceptual question. Her answer may 

have been due to some confusion, as instead of describing the conditions necessary for a 

reversible process to take place, she simply gave the definition of a reversible process. 

 

Frank, George, and Henry 

 

 

Frank, George, and Henry all initially used equation-based approaches. All three 

looked in the book to find an applicable equation for the single-step compression process. 

While Frank and George correctly used the equation to find work done under constant 

pressure, Henry used the equation for reversible work. However, after seeing the two-step 

process, Henry realized he had made a mistake and went back to use the correct equation. 

After completing the simulation, all three were able to correctly answer the final 

conceptual question. The fact that all three understood the threshold concept covered in 

the simulation shows that they were able to use a concept-based approach to synthesize 

the physical information, at least when answering discussion questions. 
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Discussion 

 

 

After seeing some of the ways students approached the simulations, we need to 

consider why the Reversibility simulation is more effective in explaining the threshold 

concepts than the Pv Work simulation. One explanation is based on the freedom granted 

by each of the simulations. The Work simulation uses minimal scaffolding during the 

single molecule simulation. Students are allowed to experiment with the container and 

molecule and are expected to answer a discussion question. However, they are only 

required to hit the molecule once before proceeding to the next question. Students are 

supposed to create their own understanding when this is happening. The prompt also does 

not thoroughly explain molecular kinetic theory, so students may not fully understand 

that the gaseous system temperature is a function of the average molecular kinetic energy. 

On the other hand, the Reversibility simulation is highly structured. The students cannot 

interact with the simulation more than was intended; they can only place or remove mass 

from the piston. The progressively more complicated processes also act as checks for 

students who have answered incorrectly. As was seen with Henry, someone who treats 

the single-step process as reversible will realize his mistake when he sees that the two-

step process must be different. 

This simulation data appears to show that the most effective simulations for 

teaching threshold concepts are those that are highly scaffolded and provide 

progressively more complex systems. These design elements keep students from straying 

too far from the desired threshold concept while also giving students a way to compare 

their answers from previous questions to new situations and see how they compare. 
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However, this assertion is based on limited data and is different than what other 

researchers have suggested.
17

 More investigation is warranted. 

 

Student Feedback 

 

 

Student feedback to the simulations was generally positive. One common element 

of feedback was that students found the dynamic representation of molecules and 

thermodynamic phenomena to be more useful than the static depiction found in books. In 

fact, Beverly was the only participant who did not state that she found the dynamic 

molecules and plots useful for helping visualize the system. For example, Alfred said: 

“Actually, you know what helps, is actually seeing it moving, I can see which way the 

path is moving so that kind of guides me along better. Because drawing the path is one 

thing, but seeing where it starts and ends is also another thing.”  

David also provided the following comment in response to being asked if he 

thought the simulations would help people do well in class: “It definitely wouldn't hold 

them back. It would, to have a simulation like that, it would have a lot of students 

including me just understand what's going on. And even if that doesn't help me get a 

better grade on a test or whatever, at least that tells me what I'm doing, like why am I 

even bothering with this equation.” 

Some students also made suggestions for improving the simulations. Frank 

suggested a button that would give students hints when they are stuck. Henry suggested 

adding more variety to the systems present in the Reversibility simulation such as 

including a non-ideal gas or adiabatic systems along with the isothermal ones.  
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Finally, George had some difficulty understanding what he was asked to do in the 

Reversibility simulation: “I guess I took the question as, I wasn't really aware that was a 

block in the beginning. And I thought it asked me to choose a value of blocks that work 

them, by a block, and put them on to the simulation. Other than that I think it's great.” 

Essentially, he did not understand that to place the block on the piston, he had to 

physically click and drag the block. George’s example reinforces the importance of using 

precise wording when providing instructions to prevent any confusion that may arise 

from differing interpretations.  

 

Summary 

 

 

This study examined student engagement and feedback from eight participants 

using two different Interactive Virtual Laboratories to learn threshold concepts. Student 

approaches to interacting with and completing the simulations can be roughly divided 

into two groups: concept-based and equation-based. Students who used a concept-based 

approach on the simulations were very successful at understanding and explaining the 

key threshold concept in both the Pv Work and Reversibility simulations. Students who 

instead used an equation-based approach were forced into a state of conflict during the 

conceptual simulation sections, as they realized that they could not successfully engage in 

the simulations using this approach. Participants who completed the Pv Work simulation 

with an equation-based approach became cognizant of their lack of conceptual 

understanding but did not change their approach. However, participants who completed 

the Reversibility simulation switched to a concept-based approach when presented with 

increasingly complicated thermodynamic systems. Comparisons between the Pv Work 
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and Reversibility simulations suggest that IVLs are most successful when using a highly 

scaffolded design along with a series of increasingly complex systems to ease the student 

into comprehension. Additionally, student feedback to the simulations was largely 

positive. Students particularly liked how the IVLs provide a visual and dynamic 

representation of the abstract thermodynamic systems. Some student suggestions for 

simulation improvements include adding buttons for additional hints and assistance as 

well as adding more complexity to the systems, such as including non-ideal gases or 

switching between adiabatic and isothermal systems. The IVLs are available for 

instructors to use through the AIChE Concept Warehouse website (http://cw.edudiv.org/). 
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Chapter 3: The Implementation of an Interactive Virtual Laboratory in a Chemical 

Engineering Thermodynamics Classroom 

 

 

 

Introduction 

 

 

As technology becomes more integrated into classroom instruction, virtual 

laboratories are receiving attention as an alternative way to engage students and promote 

learning.
1
 Physics educators at the University of Colorado have developed a set of virtual 

laboratories they call PhETs that allow students to explore representations of physics 

phenomena, some of which are impossible to view in a laboratory environment.
2
 The 

PhET simulations are designed to allow students to construct their own understanding of 

physics and are useful as a part of learning activities in class.
3
 PhET simulations are open 

ended, so learning activities need to guide, but not constrain, students using them. 

Research on this type of virtual laboratory has shown that it significantly improves 

learning.
4, 5

 

Connected Chemistry
6
 is amongst the set of virtual laboratories based on the 

multi-agent NetLogo model. These virtual laboratories are targeted for high school 

chemistry students and designed to assist them with understanding chemistry phenomena 

by displaying visual representations of molecular kinetics. They allow students to see 

how macroscopic behavior arises from microscopic interactions. The Connected 

Chemistry simulations can be used as a visualization tool for abstract concepts, a 

laboratory simulator to allow students to relate laboratory and classroom knowledge, and 

as a feedback tool for students working on individual assignments. Students who have 
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completed the Connected Chemistry simulations have been shown to demonstrate a better 

understanding of micro-level phenomena.
7,8

    

We have designed the Interactive Virtual Laboratories (IVLs) to target important 

engineering concepts, similar to what PhETs provide for physics education and 

Connected Chemistry provides for chemistry education. However, unlike PhETs and 

Connected Chemistry, the Interactive Virtual Laboratories are explicitly scaffolded. 

Although they do allow experimentation, they are not open-ended sandbox environments. 

Instead, students are guided by prompts and must answer a variety of different types of 

questions as they proceed. In this way, students are directed to interact with the IVLs in 

intentional ways to gain understanding. The approach taken in designing them was to 

target a specific thermodynamics concept in each IVL. Ideally, students who encounter a 

new concept while working with the IVLs will undergo some form of cognitive conflict. 

Posner et al.
9
 describe four conditions which must be fulfilled for a conceptual 

change to occur. There must be dissatisfaction with existing conditions, a new conception 

must be intelligible, a new conception must appear initially plausible, and a new concept 

should suggest the possibility of a fruitful resolution. Limόn
10

 describes the first step, the 

dissatisfaction, as a form of cognitive conflict wherein learners encounter anomalous and 

conflicting data, forcing them to reorganize their understanding. We propose that creating 

cognitive conflict is a useful way to promote a conceptual understanding in students. The 

IVLs are designed to present students with guided experiences that affirm correct 

conceptions while creating a cognitive conflict with students whose conceptions are 

incorrect or underdeveloped. We illustrate this idea with one of several IVLs we have 

developed, the Reaction Rate vs Equilibrium IVL. 
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The Reaction Rate vs Equilibrium IVL, focuses on the distinction between 

chemical reaction rate (i.e., kinetics or how fast) and chemical reaction equilibrium (i.e., 

thermodynamics or the extent). This misconception (being unable to appropriately 

distinguish rate vs. extent of chemical reaction) has been troublesome for chemistry 

students at all levels, as reported by several chemistry researchers. Wheeler and Kass
11

 

identified it as one of six misconceptions in equilibrium on their Misconception 

Identification Test, developed over 30 years ago. In three of the five items addressing this 

misconception, the majority of senior high school students chose a single attractive 

distractor (incorrect answer choice), and only for one question did the majority students 

answer correctly. In a study of Hungarian university students, researchers elaborated on 

the nature of this misconception. They found that one of the main sources of 

misunderstanding chemical reactions comes from mixing concepts of kinetics and 

thermodynamics. Specifically, they found that students believed that a higher equilibrium 

constant denotes a greater reaction rate.
12

 Similarly, a study of college-level physical 

chemistry students’ misconceptions identified “using kinetics concepts to explain 

thermodynamics concepts” as a recurring theme. This theme was present in 

misconceptions like believing the reason temperature affects equilibrium composition is 

because temperature affects the rate of reaction.
13

 Additionally, a study collecting expert 

observers’ selection of key student misconceptions in chemistry identified the belief that 

increasing temperature increases the reverse reaction rate but decreases the forward 

reaction rate as a common misconception.
14
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The Reaction Rate vs Equilibrium Interactive Virtual Laboratory 

 

 

 

Overview  

 

  

The Reaction Rate vs Equilibrium IVL was designed to address the common 

student misconception about the distinction between reaction rate (how fast a reaction 

occurs) and equilibrium (the distribution of species when there is no more tendency to 

change).  The IVL allows students to make meaning of the difference between reaction 

rate and amount by exploring their dependence on temperature. While students often 

predict correctly that reaction rates for a simple ideal gas reaction will become faster at 

higher temperatures, they also often mistakenly think that the reaction equilibrium will 

shift towards the products at higher temperatures as well.  

In the IVL, students observe an exothermic reaction at three different 

temperatures, allowing them to see how temperature affects equilibrium constant and 

reaction rate constant. The design is to create a cognitive conflict between their 

observations of how reaction rate and equilibrium depend on temperature. As temperature 

increases, the reaction rate also increases but the equilibrium constant decreases as the 

reactants become more favored over the products. We hope that this type of cognitive 

conflict will help students clarify and better differentiate between the reaction rate and 

reaction equilibrium. 
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IVL Design  

 

 

In the IVLs, students are guided through a set of frames where they are asked to 

respond to questions that ask them to predict, observe, or reflect on phenomena related to 

the specific concept. Figure 3.1 presents one of the frames of the Rate vs. Equilibrium 

IVL. The three main parts the IVL, include (i) a box containing the molecular simulation 

that students are tasked with manipulating in certain ways - in this IVL, students enable 

and disable reactions; (ii) a macroscopic, graphical representation of the simulated 

phenomena (located to the right of the molecular simulation); and (iii) a box to read 

instructions and provide answers to questions (below the molecular simulation).  

To complete the Rate vs. Equilibrium IVL, students provide answers to twenty 

questions while manipulating the molecular simulations at three different temperatures. 

The twenty questions have been classified into four categories: procedural, conceptual, 

reflection, and prediction.  Procedural questions require computation or graphical 

interpretation and the answers are typically numerical. Conceptual questions require 

students to interpret data or information in order to explain complex phenomena 

happening in the IVL. Reflection questions require students to think back to previous 

problems and compare the results differing due to changes. Prediction problems require 

students to anticipate what will happen if they make a change to the system. Table 3.1 

contains the number of each question category and an example of each of each type.  
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Figure 3.1.   Students explore the difference between reaction rate and equilibrium by 

performing the same reaction at three different temperatures. The reaction is exothermic, 

so as temperature increases, equilibrium shifts to favor the reactants but the rate 

increases. This reaction takes place at 300 K. The three text boxes point to the different 

components of the IVL. 

 

The Rate vs Equilibrium IVL is embedded within the AIChE Concept Warehouse 

(available at http://cw.edudiv.org/). The associated database is used to store student 

responses to all of the questions. Through the Concept Warehouse, instructors can access 

student responses to the questions as well as see how often students performed certain 

actions, such as refreshing the molecular simulation. This architecture provides a large 

amount of information about student thinking (e.g., approximately 2,000 responses for 

Molecular Simulation 

Question Prompt 

Macroscopic 

Representation 

http://cw.edudiv.org/
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the 50 min. implementation in this study). One of the long-term goals of the IVL project 

is to learn ways that instructors and education researchers can extract meaningful 

information from this type of data set and feed it back to improve student learning. 

Table 3.1. The number of different types of questions present in the Reaction Rate vs 

Equilibrium IVL.  

 

 

Question Type Number Example 

Procedural 5 “Next, we are going to conduct the reaction at 500 K. What 

will the equilibrium mole fraction of B be at this 

temperature?” 

Conceptual 6 “Why does reaction equilibrium behave this way? Does it 

behave this way for all reactions?” 

Reflection 7 “How does this value compare to the equilibrium mole 

fraction at 300 K?” 

Prediction 2 “How do you think this value will compare to the time 

required to reach equilibrium at 500 K?” 

 

Three research questions are examined in this study:  

 (i)  Do students understand the key concepts after completing the Interactive 

Virtual Lab? 

 (ii) How do students perceive the Interactive Virtual Lab with regard to learning 

gains, usability, engagement with the IVL, and the value of using the IVL? 

 (iii) What specific strengths, limitations, and technical problems do students 

identify? 

 

 

 

 

 



36 
  

Methods 

 

 

The Chemical Reaction Rate vs Equilibrium IVL was implemented in a junior-

level chemical engineering thermodynamics studio. During a normal studio session, the 

approximately 100 students in the class are divided into sections of 25, and students 

complete a paper worksheet covering conceptual thermodynamics topics. Students are 

asked to work in groups of about 3 and can ask for help from a teaching assistant while 

completing the worksheet. Studios have been shown to be a well-received strategy in 

response to the effects of increased enrollment.
15

 On the day the IVL was implemented, 

students were asked to bring a laptop to class to access the Reaction Rate vs Equilibrium 

IVL and directed to work through the entire IVL individually in the 50 minutes allotted 

for class. However, they were also encouraged to discuss the IVL with their group at any 

time they were confused or stumped on how to answer. Students answered all discussion 

questions directly through the IVL prompt, but were also given a worksheet to work 

through any problems that required extensive calculations. A teaching assistant was 

available for any students who had difficulty accessing the IVL or questions relating to 

the IVL topics. 

The day after the IVL activity, students were asked to score a series of twelve 

statements on a Likert scale ranging between 1 (complete disagreement) and 5 (complete 

agreement) using the AIChE Concept Warehouse. Each statement was designed for 

students to assess one of four aspects of the IVL: student engagement with the IVL, 

learning gains from IVL use, the usability of the IVL, and the value of using the IVL. 

Students were also asked two free response questions (i) to describe any technical 

difficulties they experienced and (ii) indicate strengths or limitations of the IVL. While 
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data was collected from all students, only data from students who agreed to participate in 

the study and signed an IRB informed consent form are used in this study (n=82).  

To answer the first research question, we analyzed student responses to several 

procedural questions. We examined three similar questions asking students to calculate 

equilibrium product mole fraction at 300 K, 500 K, and 100 K, in that order. Students 

were given the enthalpy and entropy of reaction, but were not given access to a molecular 

representation. We checked to see how many of the students correctly calculated the 

equilibrium product mole fraction for each of the three questions to see if there was a 

tendency for students to improve over time. The IVLs allow students to go back and 

change previous answers. In the case of multiple responses, only the first response from 

the student was scored. In this way, we can be certain that students did not get the answer 

from the graphs on the following frame. We also examined the question shown in Figure 

3.1 and its corresponding question at 500 K. In these questions, students were asked to 

enable a reaction, and then observe the reaction until it reached equilibrium. Students 

were provided with a graph showing product mole fraction as a function of time. The 

time axis begins recording data as soon as students enter the page, not when they enable 

the reaction. By looking at this response, we wished to find whether students were able to 

interpret the graphs correctly.  

Additionally, we examined two key discussion questions at the end of the Rate vs 

Equilibrium IVL, shown below. Each set of questions was formatted in a similar way and 

was designed to assess if students were able to understand the main concept being 

addressed by the IVL. Unlike for the procedural questions, only the last response was 

scored in the case of multiple answer submissions.   
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Questions 1: “Describe how the reaction equilibrium changed with temperature for the 

exothermic reaction A→B. Why does reaction equilibrium behave this way? Does it 

behave this way for all reactions?” 

 

Questions 2: “Describe how the reaction rate changed with temperature for the 

exothermic reaction A→B. Why does reaction rate behave this way? Does it behave this 

way for all reactions?” 

 

We chose these two sets of questions to analyze because they prompt students to 

examine the differences between reaction rate and equilibrium in order to answer fully. 

To answer the second research question about student perception, we examined 

the results of the Likert scale statements by averaging the student responses to each 

statement. To answer the third research question, we analyzed student responses to the 

free response questions asking for strengths and limitations and technical difficulties. We 

were particularly interested in finding and looking at recurring themes such as common 

technical difficulties or features frequently perceived as strengths. 

 

Results  

 

 

 

Do students understand the key concept after completing the Interactive Virtual Lab? 

 

 

The three computational procedural questions were intended to provide students 

with an opportunity to calculate equilibrium product mole fractions and compare to the 
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answer given by the IVL. The reaction shown in the IVL was exothermic, so the product 

mole fraction decreases as temperature increases. Students who were within 0.05 of the 

correct answer were marked as correct within one significant figure. Eighty two students 

provided an answer for the calculation at 300 K, while eighty one provided an answer for 

the calculations at 500 K and 100 K. Of the students who responded, 70 (85.4%) 

answered correctly for 300 K, 72 (88.9%) answered correctly at 500 K, and 67 (82.7%) 

answered correctly at 100 K. These results indicate that a similar number of students 

initially answered the problem correctly when answering the three questions. The three 

calculations were very similar. In fact, the second and third calculation could be solved 

by changing only a single number from the first. It is likely that students who used the 

wrong method of calculating the first answer continued to use an incorrect method on the 

second and third even though the answer did not agree with the simulated experiment. 

The other procedural questions asked students to interpret graphs from the 

experiment (see Figure 3.1) and determine the time it takes for equilibrium to be 

established. Any student who was within 15 seconds of the correct answer was marked as 

correct. Of the eighty two students who responded to the question at 300 K, only 39 

(47.6%) answered correctly, while 8 (9.76%) gave a value at least 15 seconds below and 

35 (42.7%) gave a value at least 15 seconds above. Of the eighty one students who 

responded at 500 K, 60 (74.1%) answered correctly while 21 (25.9%) answered at least 

15 seconds above the correct answer. While the low values likely indicate that the student 

was unable to properly read the axes of the graph, the high values indicate something 

else. As mentioned earlier, the graph of product mole fraction as a function of time starts 

taking data as soon as the student enters the page. The graph is flat until the student 
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enables the reaction, at which point it approaches the equilibrium value. We intended for 

students to take the time interval between when they enabled the reaction and when it 

reached equilibrium. Students who gave values that were too high may have taken the 

entire time interval before the reaction reached equilibrium, including the time before 

they enabled the reaction. This result indicates an unexpected difficulty. In future 

versions of the Rate vs Equilibrium IVL, we will include an additional discussion 

question asking students to explain how they determined the amount of time it took to 

reach equilibrium. This type of discussion question would require students to examine 

their thinking and hopefully create a form of cognitive conflict, reducing the number of 

students who give an incorrect response. 

When examining the IVL responses to the key discussion questions, we looked 

for clear indications that the students could distinguish between effects of temperature on 

reaction rate and equilibrium. We did not look for an explicit comparative statement 

because the two questions were asked separately. Instead, we looked at how the students 

answered the two questions to see if they described the two effects differently. Any 

student who could clearly distinguish between effects of temperature on reaction rate and 

equilibrium was given a score of “correct.” Below is an example of a student who 

received a score of “correct” based on the two responses. 

 

“Correct” Response to Question 1: “This processes behaves this way because it is an 

exothermic reaction and follows Le Chatelier's Principle.  Not all reactions behave this 

way, although they do follow Le Chatelier's Principle.  An endothermic reaction would 

behave in the opposite way.” 
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“Correct” Response to Question 2: “Reaction rate always behaves this way because a 

higher temperature increases the number of collisions due to an increase in kinetic energy 

and increases the energy of the molecules such that they can more easily overcome the 

activation barrier.” 

 

In the answer to Question 1, the student indicates that not all reactions favor the 

reactants more when temperature increases by using the counterexample of endothermic 

reactions and invoking Le Chatelier’s Principle. While the second answer is not entirely 

correct—some complex reaction rates actually do decrease when temperature is 

increased—explaining the rate effects with activation energy instead of reaction enthalpy 

was sufficient to show that the student was able to decouple the concepts of reaction rate 

and equilibrium. In contrast, the following is an example of a student who was scored as 

“incorrect” based on the two responses.  

 

“Incorrect” Response to Question 1: “No, because we have a positive dH (exothermic 

reaction).” 

 

“Incorrect” Response to Question 2: “by increasing the temperature we are lowering the 

mole fraction of B and K is decreasing lowering the reaction rate.” 

 

The first response does not correctly answer Question 1. The reaction is 

exothermic; however, the change in enthalpy is negative rather than positive. The student 

also says the reaction rate and equilibrium constant are both lowered with increasing 
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temperature, which shows that the student has not been able to distinguish between the 

distinct concepts of reaction rate and equilibrium. In addition to “correct” and 

“incorrect,” a number of students were scored as “incomplete” because their responses 

were too fragmented to give a clear indication of their thinking. The following is an 

example of a student scored as “incomplete.” 

 

“Incomplete” Response to Question 1: “Because the system is exothermic.” 

 

“Incomplete” Response to Question 2: “because it is exothermic.” 

 

The two responses do not fully answer either of the questions. Presumably, the 

student means that the reaction favors the products less as temperature increases because 

it is exothermic. However, nowhere in the two responses does the student say anything 

about rate and its dependence on temperature. There is not enough information present in 

the responses to show whether the student did or did not understand the main concept.  

In total, 77 students answered this conceptual question. We gave 44 (57.1%) 

students a score of “correct,” 14 (18.2%) a score of “incorrect,” and 19 (24.7%) a score of 

“incomplete.” Most students were able to understand the main purpose of the Interactive 

Virtual Laboratory. Unfortunately, a sizeable portion of students were unclear in whether 

they understood the concept or not. Students were not graded based on correct answers. 

Their grade on the assignment was based on completing all the questions. It is possible 

that many students did not answer the questions fully because there was no grade 

pressure. At this point, we cannot determine if the students who did not answer correctly 
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did so because they did not understand the concept or because they lacked motivation. A 

summary of results to the procedural questions and main conceptual question is shown in 

Table 3.2. 

Table 3.2. The results from the computational procedural questions. Numbers are for 

students who calculated a value correctly or received a score of “correct” on the 

discussion questions. 

 

 

 Question 

Temperature 
Equilibrium 

Calculation 

Time (rate) 

estimation 
Conceptual 

300 K 85.4% 47.6% 57.1% 

(18.2 % incorrect; 

24.7 % incomplete) 

500 K 88.9% 74.1% 

100 K 82.7% N/A 

 

 

 

How do students perceive the Interactive Virtual Lab with regard to learning gains, 

usability, engagement with the IVL, and the value of using the IVL? 

 

  

Student responses to the Likert scale statements were examined to find student 

perceptions. The responses for each of the twelve statements were averaged and are 

presented in Table 3.3. Each statement was created with the intent to assess a particular 

aspect of IVL use. Two statements assessed how engaged students were while using the 

IVL, four assessed how well students learned while using the IVLs, three assessed the 

usability of the IVLs, and three assessed the value of using the IVLs in class. The results 

provide indication for how students view the IVLs, as well as show areas to improve.   
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Table 3.3. Post-IVL perception questions. A score of 5 represents complete agreement 

with the statement, while a score of 1 represents complete disagreement. The average 

score for each statement is presented along with which construct the statement was 

designed to assess. Statements which were negative towards the IVLs have average 

scores reversed for convenience.  
 

 

Statement Average St Dev 5 4 3 2 1 Construct 

Time passed quickly during the 

Interactive Computer Simulation 

3.69 0.927 17 37 25 8 1 engagement 

The Interactive Computer 

Simulation was a fun activity 

3.61 0.768 7 47 25 8 0 engagement 

It was useful to discuss aspects of 

the Interactive Computer Simulation 

with students in my group 

4.11 0.722 25 50 9 3 0 learning 

The Interactive Computer 

Simulation helped me understand 

the principle(s) that the instructor 

wanted me to learn 

3.91 0.560 9 63 15 1 0 learning 

Observing the molecules' behavior 

helped me learn 

3.69 0.858 9 53 13 10 1 learning 

I could successfully complete the 

activity without really understanding 

the material (reverse) 

3.57 0.888 2 7 27 40 10 learning 

The Interactive Computer 

Simulation was easy to use 

4.04 0.794 23 47 10 5 0 usability 

I understood the  questions that I 

was asked to answer during the 

activity 

3.98 0.632 15 55 15 1 0 usability 

I had technical difficulties with the 

Interactive Computer 

Simulation  (reverse) 

3.75 1.213 6 11 8 36 26 usability 

The Interactive Computer 

Simulation was worth doing 

3.84 0.697 10 58 14 5 0 value 

I would like to see Interactive 

Computer Simulations for other 

topics in the curriculum 

3.82 0.771 14 48 20 5 0 value 

I would have preferred a regular 

studio activity instead of the 

Interactive Computer 

Simulation  (reverse) 

3.28 0.911 4 12 30 38 3 value 

 

 



45 
  

Student responses to all Likert scale statements were positive. The first two 

statements were designed to assess student engagement with the IVLs. Average responses 

to both statements show that students generally believe that the IVLs are an engaging 

activity, in that they are fun and absorbing. The IVLs were designed specifically to be 

highly interactive and to be more engaging than regular paper worksheets to help 

motivate students to learn. In this respect, student views towards IVL engagement are 

encouraging.  

The third, fourth, fifth, and sixth statements were all designed to assess how 

students perceived learning gains while using the IVL. Of particular interest is the first of 

these statements, which declares that working in groups is useful for completing the IVL. 

This statement achieved the highest agreement out of all the statements. The Interactive 

Virtual Laboratories were designed with group discussion in mind. The response to this 

statement possibly indicates that they help students learn best when they are able to work 

in groups rather than individually. Another highly rated statement in this category 

assessed whether the IVL helped students learn the main principle. The high rating for 

this statement contrasts with the relatively low number of students who scored correct for 

the main conceptual question, possibly indicating an over-confident bias on the part of 

the students.  

All three statements assessing student perception of IVL usability were scored 

highly by students. IVL ease of use and question quality were scored particularly highly. 

This result is encouraging because it shows that the transition into using Interactive 

Virtual Laboratories is relatively easy for students. Another statement assessing student 
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technical difficulties received a slightly lower score. Specific technical difficulties that 

students encountered are explored further in the discussion of the third research question.  

The final three statements assessed how students perceived the value of using the 

IVLs in the classroom. The first two were used to determine whether students found the 

IVL and future IVLs worth doing. Both were rated fairly highly. However, the final 

statement received the lowest score out of all twelve statements. It assessed if students 

would have preferred to do a regular paper worksheet rather than the Interactive Virtual 

Laboratories. Students may possibly see the IVLs as interchangeable with regular 

worksheets in class.  

 

 

What specific strengths and limitations did students find with the IVL, and did students 

have any technical problems? 

 

 

We looked specifically for recurring responses while analyzing the two follow-up 

questions. A recurring strength that students noted about the Interactive Virtual 

Laboratory was its capacity to facilitate visual learners through the display of dynamic 

molecular behavior. One student said, “… it guides students better than a normal 

worksheet would. Because we can see the molecular interactions, it helps us see what the 

answer could be rather than making us guess or ask the TA for help.” The student 

indicates that by providing a dynamic visualization of molecular kinetics and equilibrium, 

the IVLs provide students with an intuitive sense of what is occurring, something not 

present in normal worksheets. Another student added, “A strength is actually seeing how 

the molecules interact with each other which is missed in live experiments.” A second 

strength that students noted was its value for teamwork, reinforcing its high rating on the 
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Likert scale questions. For example, one student said, “It really get you involved with 

your group and think as a team.” The Interactive Virtual Laboratories were not designed 

to be specifically completed as a team. However, it may be beneficial to add team 

discussion sections in some of the IVLs to better facilitate group interaction.    

A common limitation students noted was that the Interactive Virtual Laboratories 

do not immediately tell students whether their answers are right or wrong. One student 

said, “The limitation that I see is that no one can tell me whether I answered those 

questions correct or not.” Another student said, “It would be nice to see the answers after 

you submitted your answer, in order to know if you were on the right track or not, it’s 

hard to know if you understand the concept fully when you don't know what the correct 

answer really is.” Immediate answer feedback was intentionally avoided during the 

development of the Interactive Virtual Laboratories. Our fear was that if students were 

presented with the correct answer, they would no longer try to develop their own 

understanding of the concept, but rather replace any old answers with the correct 

response. However, students do have ways to check their numerical answers with the 

IVL. For example, the systems show the product mole fraction when the reaction reaches 

equilibrium, allowing students to check if their previous calculations were correct. The 

Interactive Virtual Laboratories to not provide checks for the discussion questions. Our 

goal was for students to piece together the main conceptual idea by doing repeated 

experiments in the IVL, which at least 57% of students were able to do.  

Most students who reported technical difficulties were related to the IVL 

resetting. For example, if a student lost connection with the AIChE Concept Warehouse 

due to computer or internet connection failure, they were forced to start over from the 
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beginning. One student said, ”when I reached the middle of the simulation and had to do 

the rest of it after class, I closed my laptop and when I was back home and open the 

laptop again and log in, all the data I submit was gone and I had to do it again.” The IVLs 

currently rely on student web browsers to keep track of and retain information, including 

student responses. The IVL data is lost when a student refreshes the web page. One 

student also noted that a complete reset puts pressure on students to complete the IVL 

quickly: “My main complaint was that I had to rush to finish it when time was up, 

because I knew it would otherwise completely reset.” We acknowledge that it is 

inconvenient for students to restart the IVL from the beginning when the page is 

refreshed. We are currently working on a way to make the Interactive Virtual 

Laboratories open up to the page of the last response submitted to the AIChE Concept 

Warehouse. Other students also said they would like the reactions in the IVL to proceed 

more rapidly. The Rate vs Equilibrium IVL has two reactions that require waiting, and 

the longest reaction takes two minutes. While we take the students’ recommendations 

into accounts, we intentionally designed this reaction to take two minutes to contrast with 

the second, shorter reaction that takes less than twenty seconds.  

In total, 83 students participated in this study, submitting 2,103 responses. The 

IVLs and AIChE Concept Warehouse provide a way to gather large amounts of data. 

There are many opportunities to learn information on how students learn, engage, and 

construct knowledge but we still need to determine the ways to best interpret the data. 

Particularly, we require feedback from institutions to help improve both the IVLs and our 

data collection methods. 
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Summary 

 

 

This study examined the implementation of an Interactive Virtual Laboratory 

(IVL) in a third-year undergraduate chemical engineering thermodynamics course. 

Students were asked to complete a guided computer IVL covering the difference between 

reaction rate and equilibrium during a normal classroom session. Students were asked to 

answer questions and perform calculations throughout the IVL. We examined student 

responses to the main conceptual question near the end of the IVL to determine whether 

students understood the main concept. We found that 57.1% clearly understood the 

concept, 18.2% clearly did not understand the concept, and 24.7% of responses were too 

incomplete to indicate understanding. Additionally, students were asked to rate a set of 

12 statements regarding the IVL on a Likert scale. Responses to all statements were 

positive towards the Interactive Virtual Laboratory. In particular, students indicated that 

they found group work beneficial when using the IVLs, something which will be 

considered in further development. Finally, students were also asked for feedback 

regarding strengths and limitations of the IVL and any technical difficulties. The main 

strength that students noted was that the IVL provided a visual and dynamic 

representation of molecular phenomena, something not seen in books. The main 

limitation was that students were not explicitly given the correct answer after completing 

the IVL. Almost all technical difficulties students encountered were related to the loss of 

data upon refreshing the web page while using the IVL. We are currently working on a 

way to start students at the last answered question upon re-entering the IVL. The IVLs 

are available for instructors to use through the AIChE Concept Warehouse website 

(http://cw.edudiv.org/). 

http://cw.edudiv.org/
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Chapter 4: Identification of Students’ Epistemological Frames in Engineering 

 

 

 

Introduction 

 

 

Understanding how a student frames or interprets a learning experience gives 

insight into how students approach learning and why they employ certain study habits. If 

a student’s personal epistemology, or how she/he views learning and knowing, does not 

align with an instructor’s pedagogy, it could undermine efforts to engage students in 

active learning environments. By characterizing students’ personal epistemologies along 

a spectrum and understanding the differing views, we can address their views of learning 

and improve student learning.   

We adopt the view suggested by Hammer and Elby that personal epistemologies 

are manifold constructs that consist of fine-grained elements called resources. When 

networks of resources are activated and reinforce one another, they can become stable 

and form belief-like structures called frames. This approach to personal epistemology 

therefore makes strong links between students’ epistemologies and the courses they are 

engaged in because those courses provide the background contexts in which resources 

and frames are activated. Hammer and Elby argue that this framework of resources 

“shows generativity and explanatory power, especially for understanding variability in a 

student’s behavior”
1(p409)

 because it leads to more “nuanced judgments about the 

epistemological productivity of that behavior.” 
1(p422)

 In a learning environment, a 

student’s epistemological frame influences how she/he interprets and approaches learning 

activities and it plays a critical role in how the student experiences that context. By 
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identifying frames and subsequently resources, educators can identify strategies to help 

students build more productive approaches to learning.
1(p416)

 

There have been several studies on student personal epistemologies conducted 

within the Science, Technology, Engineering and Mathematics (STEM) fields, with the 

bulk of the work done in physics and mathematics.
2–4

 Although there have been studies 

conducted in the realm of engineering,
5–7

 there is a need for a more in-depth analysis of 

student epistemologies that consider the vital role of context. This study addresses that 

need by using qualitative analysis, combined with Hammer and Elby’s framework of 

frames and resources, to explore how undergraduate chemical engineering students frame 

their experience in the context of a junior level thermodynamics course that uses concept 

based instruction. As a context for investigating student epistemologies this course is 

particularly rich because students are explicitly encouraged to examine how their study 

habits support or obstruct success in the course.   

This study analyzes students’ open-ended written responses to an assignment 

asking them to reflect on learning and performance in their engineering courses. We 

posed the following research question: Within the context of this assignment, how do 

students explain what it means to (i) gain understanding and (ii) perform well in 

engineering?  

 

Background 

 

 

Personal epistemology has been defined as “the set of beliefs that individuals hold 

about the nature of knowledge and its production”.
8
 Hofer and Pintrich

9
 agree with this 

definition, which does not include the nature of learning; however Hofer also recognizes 
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that personal epistemology has a “powerful influence on learning”.
10

 In response to this 

influence, Elby argued that personal epistemology should not be so exclusive in its 

definition and should also include views on learning if the data suggests that it is 

“inseparably entangled with views about learning”.
11(p139)

 We approach our analysis open 

to this possibility and, within the context of this study, seek to characterize the degree to 

which views of the nature of knowing and learning might be intertwined. 

There have been a wide variety of studies conducted on how students approach 

knowledge and learning. These studies can be divided into three general categories 

modeled by how each one approached epistemology. One group investigated how 

individuals interpret their experiences,
12–14

 another how epistemology influences 

reasoning and thinking processes,
15,16

 and more recently that epistemology is a system of 

beliefs or independent cognitive structures that can form belief like structures.
17,18

 In each 

of these studies, researchers indicate that there is a growth in epistemology from a more 

naïve epistemology to one that is more sophisticated. Hofer and Pintrich
9
 present a more 

extensive review of each of these models. 

These models come from the fields of educational psychology, mathematics, and 

physics, and more recently an interest has emerged in the field of engineering education. 

Douglas, Koro-Ljungberg and Borrego investigated the role of epistemology and 

methodology in engineering education and found that “the present authors [had] not been 

able to identify any discussions of the role of epistemology in engineering 

education”
19(p248)

 expressing a need for a better understanding of engineering 

epistemologies. In a special report conducted by the Steering Committee of National 

Engineering Education Research Colloquies, engineering epistemologies is one of five 
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research areas for the new discipline of engineering education.
20

 This decision also 

suggests that a better understanding of student approaches to knowing and learning is 

important to prepare future engineers. To address these concerns, Yu and Strobel 

developed an instrument assessing epistemological as well as epistemic and ontological 

beliefs.
6,7

 Carberry, Ohland, and Swan
5
 developed the Epistemological Beliefs 

Assessment for Engineering (EBAE) aimed at quantitatively measuring students’ 

engineering epistemological beliefs. From the standpoint of frames and resources, any 

discussion of ‘predictors’ would have to include descriptions of the common and 

pervasive educational contexts that repeatedly activate specific frames and resources. 

Eventually, once the link between context and epistemology is better understood, 

students’ personal epistemologies could be ‘predicted’ based on the educational contexts 

they find themselves in.  

Overall there is very little work investigating personal epistemology in 

engineering education, with the majority of that work using surveys as the primary source 

of data. We argue that personal epistemologies develop within complex social systems 

and are subject to individual’s experiences and perceptions and that surveys do not allow 

an in-depth look into these complexities. This study attempts to fill this gap by 

investigating students’ personal epistemologies in a specific and rich context: their views 

of learning in a particular course. The study was done using a qualitative approach by 

analyzing written student short-answer responses to a writing prompt, capturing a large 

group of students that might not otherwise be possible with most in-depth interview 

methodologies.  
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Theoretical Framework 

 

 

In this paper we adopt the framework put forth by Hammer and Elby
17

 and treat 

personal epistemologies as manifold constructs that individuals apply subconsciously in 

response to particular social contexts and circumstances, and therefore are highly context 

dependent. Within this framework, Hammer and Elby
17

 suggest that instead of 

individuals holding epistemological beliefs, which are solidified and declarative 

knowledge constructs that can be consciously accessed, they instead hold epistemological 

frames made up of epistemological resources. These resources are fine-grained 

knowledge elements representing primitive forms of epistemological stances that become 

activated under certain contexts and conditions. When a set of resources is activated, 

reinforced by one another, and stabilized, they form belief-like structures called frames. 

Frames are belief-like in that they can be perceived as a distinct epistemological stance. 

However, unlike epistemological beliefs, these frames are stable in part because of the 

context. A change in context could have a dramatic effect on the frame because a 

different set of resources could be activated. For example, a student who exhibits a 

sophisticated epistemological frame towards gaining knowledge in a history class may 

exhibit a naive one in a biology class. One challenge that the resources framework 

presents is that resources are difficult to identify because more than one are typically 

activated and therefore the “main observable grain-size...corresponds to an 

epistemological frame.”
1(p409)

 For this reason, we focused on identifying epistemological 

frames from the student responses.  
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Methodology 

 

 

This study was a qualitative study investigating open-ended written responses to a 

prompt that asked students about rote learning in their engineering courses.  

 

Participants and Setting 

 

 

Students for this study came from two cohorts of a junior level thermodynamics 

course at a large land grant university. All students who had signed an IRB informed 

consent form were selected to be participants (n=330). Active learning and concept-based 

instruction are emphasized in this course. Immediately following the first midterm, 

students were given a homework assignment asking them to read Another reason that 

physics students learn by rote by Andrew Elby.
21

 In this article, Elby used a two-part 

questionnaire to survey 106 introductory college physics students asking them about their 

study habits. The first part asked students how they distributed their time between 

formulas, concepts, practice problems and real-life examples, followed by questions 

about their study habits and preferences. In the second part, students were then asked the 

same questions about a hypothetical student, Diana, whose grade did not matter in the 

course she was taking. Students were asked how she should spend her study time 

between formulas, concepts, practice problems and real-life examples, and to explain 

why she should study this way. The focus of Elby’s study was to investigate distortion, or 

the difference between what students indicated were their personal study habits compared 

to how they would tell a student who cares only about understanding to study, reflecting 

on their epistemological beliefs. Elby found that most students study differently, focusing 
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on formulas and practice problems rather than on concepts and real-life examples, than 

how they would tell someone else who is trying to acquire a “deep understanding.”
21(pS56)

 

He concludes that “[s]tudents perceive ‘trying to understand physics deeply’ to be a 

different activity from ‘pursuing good grades’...” as one result of students believing rote 

learning is sufficient enough to obtain high grades.
21(pS56)

 

 

Data Sources and Collection 

 

 

Responses to the Elby assignment were collected through an online instructional 

tool.
22

 Students were asked the following questions in this assignment: 

1. What does the author mean by epistemological beliefs? (1-2 sentences) 

2. In the context of this study, what is the author’s definition of distortion? (1-2 

sentences) 

3. How does the author measure distortion? (1-2 sentences) 

4. What is the main point of this paper? (1 paragraph) 

5. In section IV, the author contends students are rewarded by rote learning. In what 

ways are physics students rewarded? Do you believe your engineering classes reward 

rote learning in a similar way? Support your position. (2 paragraphs) 

 

Responses from question 5 were analyzed for this study because it asked students 

to reflect on and interpret their own experiences. These responses naturally provide a 

window into student epistemological resources and frames. The intent for the first four 

questions is to provide a common basis for such a reflection. Furthermore, question 5 was 

broken up into two parts, which generally allowed us to differentiate between when the 



59 
  

student expressed their ideas on physics and engineering. Responses to the first part were 

generally summary statements, often including the student’s definition or interpretation 

of rote and conceptual learning. In addition, student answers to this part provided 

information about what students understood learning to mean. This information was 

taken into consideration while analyzing the second part focused on engineering, which 

allowed us to compare and contrast views of how students learn and perform in 

engineering classes. The majority of the responses indicated that the students were aware 

of the different learning environments of physics and engineering.  

 

Data Analysis 

 

 

Applying the Hammer and Elby framework of epistemological resources and 

frames,
17

 we used emergent coding and thematic analysis
23

 to identify themes and 

possible resources and frames within an initial 158 student responses. Initially, we used 

resources that Hammer and Elby identified to guide our development of themes for our 

coding process, such as ‘knowledge as propagated stuff’ or ‘knowledge as 

constructed.’
17(p178)

 We then investigated possible frames students had about learning in 

engineering as well as what learning methods they perceived as effective. Of the 158 

initial responses analyzed, 148 were coded based on the themes determined from this 

process. These responses were then coded using a qualitative coding program. Two 

researchers coded the responses independently and through an iterative process, used 

Cohen’s Kappa to determine the reliability of the coding process. The remaining 10 

responses did not contain enough information to apply the themes and codes.  
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Themes that were identified while coding included the type of learning (rote, 

conceptual, or both) the student viewed as best suited for: (i) gaining understanding 

(Learning), (ii) grade performance (Performance), (iii) and which they chose to employ 

(I Choose). Each response was coded for all three theme types. These themes were put 

into a Learning, Performance, I Choose (LPIC) combination based on the student 

responses. For example, a combination could include: I believe the best way to gain an 

understanding is through conceptual learning, but rote memorization is rewarded so I 

choose to do rote. Definitions for each theme of Learning, Performance, and I Choose 

were used by both coders with a description of each below. The majority of responses 

were explicit in what the student thought about each theme, however we did look for 

keywords such as “most” or “majority” to indicate a preference of a student. When a 

student used the word “some” followed by an explanation, we coded that response as 

“both.” Of the 148 responses coded, 124 of them had an agreed upon LPIC combination 

by two researchers.  

 

Learning (L) 

 

 

We looked for general and specific descriptions of what the student believed it 

meant to learn. These descriptions typically appeared in response to the first part of 

question 5, in which students explained how physics students are rewarded by rote 

learning.  
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Performance (P) 

 

 

In addition to learning, we also examined which learning method students thought 

was best for classroom performance. In the prompt, students were asked if they believed 

their engineering courses rewarded rote learning in a similar way to physics. Student 

answers to this question gave us information on what they see as effective learning 

methods in the classroom based on how it was being rewarded. 

 

I Choose (IC) 

 

 

Students who explicitly stated the learning method they chose to employ in 

engineering classes were coded under the I Choose theme. To be given a code, a student 

had to make it clear that she/he was talking about her/himself and not about students in 

general. Students who did not clearly state what learning method they use in engineering 

classes, or only referred to students in general without explicitly stating that they were 

speaking of themselves, were given a code of no strong indication. We did this to focus 

on student’s personal epistemology instead of a perception of what that student thought 

her/his peers’ epistemologies were. 

After coding the initial 158 responses and determining through Cohen’s Kappa 

that the coding process was reliable, one researcher coded an additional 172 responses for 

LPIC combinations. In total, 330 responses were coded for LPIC. 
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Results and Discussion 

 

 

Research Question: Within the context of this assignment, how do students explain 

what it means to (i) gain understanding and (ii) perform well in engineering?  

 

 

Examples of the LPIC combination coding process are given below with full 

response examples given in Table 4.1. The coding of the initial 158 responses resulted in 

a Cohen’s Kappa of 0.78 through an iterative coding process. 

 

Learning (L) 

 

 

These explanations were usually accompanied by an implicit definition of rote 

learning as memorization, which was then contrasted with learning as understanding. 

These responses were coded as “learning is conceptual,” such as: “In engineering classes 

conceptual learning is the best way to learn the material, understanding the concepts will 

help you derive the correct equation for the unique problem you are faced with.” 

Only three students indicated that rote memorization was a good way to 

learn. In both cases, it was accompanied with a statement about how rote learning 

should be used in conjunction with conceptual learning and was coded as ‘both.’  

 

Performance (P) 

 

 

Most students were explicit in answering this question because it was asked for 

specifically in the prompt, for example: “I believe engineering classes reward rote 

learning because after reading this article, I see myself as someone who doesn't always 
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strive to grasp a deep conceptual understanding, however I am still able to obtain high 

grades.” 

These students referenced grades, homework, or class structure as rewards and 

influences for the different types of learning.  

 

I Choose (IC) 

Approximately 40% of students explicitly stated the learning method they choose 

to employ. An example of a student who chose to learn by rote stated: “most of the time I 

spend for example is trying to do the homework rather to take time to study learn my 

material in a more deeper way (sic),” and a student who chose to learn conceptually: “I 

personally have to spend a lot of time on reading and try to understand deeply the concept, and 

then come up with many different questions of ‘how it is about this or why it is like that.’” 

 

Table 4.1. Full response examples for different Learning, Performance, I Choose (LPIC) 

combinations  
*C= conceptual, R= rote, B= both 

 

 

L P IC Example 

C* R  “While rote learning may sometimes achieve the reward of better 

grades, it rarely rewards the students of a better understanding of the 

material. However, I believe that the way the school system is 

currently set up, rote learning is rewarded favorably over conceptual 

learning. While a conceptual learning style would be favorable on 

exams if the concepts were allowed to be solidified in students' minds, 

10-week terms packed to the brim with engineering work does not 

allow time for some conceptual learners to attain confidence with the 

concepts. These students are then quickly overwhelmed and forced to 

conform to a rote style of learning, which is both frustrating and 

difficult.” 

C R R “I believe that engineering courses reward rote learning in a similar 

way because I usually spend my time on studying for exams by 

reviewing homework problems since I believe that exam problems 

mirror the homework problems. I also study recitation problems as 

well as example problems presented in lecture. As far as concepts go, 
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I always try my best to look at the conceptual side of a subject but 

when it comes to studying for exams, I focus my efforts on looking at 

formulas and working on problems. This means that my study habits 

are distorted so that I can earn a good grade in the class. If I didn’t 

feel to pressure to be successful in a course, I would want to develop a 

deeper understanding of the subject of the course by applying the 

concepts to real-life situations.” 

C C C “Rote learning is not rewarded from my experiences in engineering 

courses.  I feel, professors are always emphasizing us to have a deeper 

intuition.  However, quite a bit of the homework can be completed 

using rote learning.  The best I have done in an engineering class is 

when I have had a deep conceptual understanding of the 

concepts.  The reason being, I struggled less during tests. (sic)” 

C B  “I believe that my engineering classes, along with many others, 

sometimes reward rote learning in a similar way, but not 

always.  Usually exams are a mixture of quantitative and qualitative 

questions; the rote learner will usually only understand quantitative 

questions.  It is the nature of the beast, as exams are of course going 

to have quantitative problems, and students are usually loaded with 

many classes at once and do not have the time to develop truly deep 

understanding of all classes given the fast pace and large load of 

homework, studying, and exams of complex material.  I believe that 

all students, even those who develop a deep understanding, use rote 

learning to some extent. (sic)” 

C B R “As I started this year I made it a goal for myself that I would try and 

learn the actual concepts because I have made it into pro-school and I 

dont aspire to go to grad school. So far I have realized that if I would 

have learned concepts better the previous 3 years, I would have more 

time to learn new concepts now. Instead, just recently I have had to 

switch back to efficiency of my time. While I still believe our 

program allows rote learning, they seem to try harder than any other 

professors Ive had elsewhere to have us learn concepts. I see a lot 

more conceptual and out-of-the ordinary test/hw questions from 

CBEE than in other courses. (sic)” 

 

 

Results of coding the responses into LPIC combinations indicated that there is a 

discrepancy between how students believe they develop understanding and what they see 

as being rewarded in class. As Figure 4.1 shows, 99% of the student responses indicate 

they believe that conceptual learning is the best way to learn; however, a majority also 

believe that rote learning (40%) or both conceptual and rote learning (29%) is rewarded 

in their classes. Of those who responded on how they chose to learn, most (78%) said that 
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they chose to learn conceptually. However, this result may be due to our assumption that 

if a student expressed that they believed both Learning and Performance were 

conceptual, they chose to learn conceptually. There was not a similar assumption for 

students choosing rote. 

This evidence shows that students are aware that a conceptual approach to 

learning is a better way to understand the material in class, however they see that rote 

learning is rewarded and therefore many choose rote learning. Students approach learning 

how they see it being rewarded. An example of this view is shown as follows: 

“I believe that the majority of my engineering classes reward rote learning 

in a similar way. A lot of the work done in my engineering courses utilizes 

equations to find a wanted value. I know what each variable of an equation 

represent and this allows me to just “plug-and-chug” until I get an answer. 

I can follow how an equation is derived, but I do not fully comprehend 

what the equations are usually telling me. At the end of the course, I feel 

as though I have a remote idea of the material, but not really a clear 

understanding. However, the next term comes around and I do not feel I 

have the time to try and learn it on my own. (sic)”  

 

In this statement, the student comments on the use of equations as a vehicle to 

find a right numerical answer. However, she/he also recognizes that equations are more 

than just variables and that there is a level of understanding the student doesn’t have time 

to learn on her/his own. The time component may be an indication that the student views 

learning as happening individually, but the recognition that equations are more than just 

variables suggests a slightly more sophisticated epistemological frame. This response 

conveys that for this student, learning conceptually is not an option because they don’t 

have the time to do it. These were themes that were present in many student responses. 
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Figure 4.1. Plot of how students view learning type, rote, conceptual and both, as best for 

Learning and Performance, and what some students chose (I Choose) 

 

Another student expressed: 

“Most of my engineering classes thus far have awarded rote learning. 

Many of the quizzes are reflections of questions on homework rather than 

purely new material and many lectures are 50 minutes of recording 

equations that all exist in the book… I would prefer to have a more 

complete understanding of the material I am learning, but the time 

constraints I face cause me to try and get assignments done quickly rather 

than fully absorb the material. These time constraints are the main reason 

that I believe rote learning is as popular as it is.” 

 

This student explicitly believes that time is the reason that students employ rote 

learning. Time was a very prominent theme present in many of student responses that 

believed Performance was rewarded by rote. This student also sees rote learning being 

rewarded through the assessment and structure of the class, which are activities that 

students engage in frequently. She/he does not appear to find value in the lectures 
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because what is presented in class is available in her/his book. This is an interesting 

epistemological view because it places knowledge coming from a source, or an 

authority.
12,14

 There is a conflict with epistemological views and practice, made apparent 

in the “I would prefer…” statement. These themes also occurred in several responses.    

In contrast, an example of a student who believed that conceptual learning was 

rewarded stated:  

“I am sure that engineering classes reward a rote learning of the material 

to some extent, but I think it is to less of a degree as other courses. Most 

engineering tests I have had (so far) have been open note or open 

textbook. This means I don't need to memorize the "formulas" (if there is 

such a thing) to solve a problem. For the most part, the hurdle is 

conceptualizing the situation and formulating a solution path. Once that is 

done, the formulas and derivations follow. (You can still memorize 

"solution paths" for problem types, though I don't know if this is really 

rote-learning or just good practice.)...” 

 

Again, the role of equations or formulas is important to how this student 

approaches learning. Instead of worrying about finding equations and solutions, this 

student understands that her/his goal is to find a solution path. This results in her/him 

then able to develop the formulas. This approach to learning is very different than the 

students who expressed there is an expected right or wrong answer to every problem: a 

solution path versus a solution.  

Another student who viewed conceptual learning was rewarded stated: 

“My friends and I often joke about our ‘learn during the test’ technique. 

Not that we just didn’t study at all and expected to go into the test and 

‘figure it out’, but that every time we take an engineering test we are faced 

with a new problem or situation we haven’t solved yet and during the test 

we learn how to solve it. Some tests may have parts of a question that have 

to do with homework or practice problems which is where rote learning 

plays an important role, but it is the part that you have never seen before 

that sets an engineering test apart from a physics test. And that is also 

where understanding and knowledge of a subject steps in.” 
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This student specifically separates engineering tests from those of other courses 

by stating that they require a level of adaptability. She/he says that students in 

engineering must be able to encounter new problems and formulate new solution paths to 

solve them.  

The following response incorporates two different views on what is expected to 

know and do in engineering based on her/his year in school, comparing this difference 

between solution and solution path:  

“Most of the engineering classes do reward students for this kind [rote] of 

learning. The problem most of the credit and focus is around tests. Most of 

engineering is the ability to provide a number, weather it is the size of a 

reactor or how much product can be produced. Because of this need for a 

number the easiest way to get a number is to plug and chug with a known 

equation. Easy becomes very necessary when you start getting into harder 

classes and you get more of them. As time becomes limited understanding 

priority is quickly exceeded by just get it done and getting a good grade on 

it… (sic)” 

 

The student continues: 

 

“This is less true in my senior, mostly because there is not a "right" 

answer. Some answers are better than others and this is mostly determined 

based on thing that you would never see if you just plugged through 

questions. One of the biggest changes is that assumptions are no longer 

given to use and we need to understand in order to know what we can 

assume. In prior classes, especially those before pro school, your 

assumptions were give to you, so you could go straight to an equations and 

go. Without those assumptions there is no equation or at least not one you 

can reasonably solve. Rote learning comes from the concept that there is a 

right answer and easy way to get it…(sic)” 

 

This is an interesting response, because the student starts by stating that “most” of 

engineering requires a number as a final solution, which would be viewed as a naive 

epistemological frame. However, she/he continues to state that as she/he has progressed 

through school, there is more than one answer with some proving to be better than others. 

The difference between pre-engineering courses (freshman and sophomore) and “pro-
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engineering” courses (junior and senior) was a theme found in many student responses 

and also indicates that a student’s personal epistemological frame is context dependent. 

This was also a main indicator that the student believed that performance was rewarded 

by both a rote and conceptual approach. What is interesting is that students recognize a 

difference between lower and upper division courses. The students for this study were in 

a junior level thermodynamics course and many expressed they wished they had learned 

material using a conceptual approach prior to this course. This indicates that bringing 

attention to students’ personal epistemologies earlier on their undergraduate career may 

prove beneficial in helping them to develop more productive epistemologies.  

Along this theme, the following two examples also show cases where students 

believe that learning is conceptual and performance is rewarded by both, but one chose to 

learn by a conceptual approach and the other resorted to rote learning. 

The student who chose a conceptual approach stated:     

“Students are rewarded by grades. GPA is the currency of academia (other 

than my tuition that is) and rote learning can often be the best way to get 

high marks on exams. 

 

I think that some lower division engineering courses reward rote learning, 

particularly when exams are based on formulaic answers. If you have 

memorized what numbers go where, you can solve the problems without a 

deeper understanding. This does not help with all exams, however, and 

even less so in upper division. I feel that upper division courses do not 

reward rote learning because engineering is all about reasonable 

assumptions and approximations. Making those reasonable assumptions 

requires knowledge of what the equations represent, and that knowledge is 

very difficult to develop without a deeper understanding of the mechanics 

behind the numbers. With my learning style in particular, I have a very 

hard time using an equation unless I understand why I am using it, so I 

don't employ rote learning very often.” 

 

There is a strong frame present that assessment is the driving factor for rote 

learning. This student also interprets the difference between rote and conceptual learning 
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through the different use of equations in lower and upper division courses. How students 

use and view equations is a frame that gives us insight into how a student values 

conceptual knowledge and how they believe knowledge is constructed. Students who see 

equations and formulas as a series of variables given to produce a solution may view 

knowledge as disconnected and discrete, a naive epistemological frame. If a student 

recognizes that an equation is an embodiment of a scientific principle, they also 

understand that knowledge is interconnected and builds on other knowledge.  

In the following example, the student realizes much later in her/his academic 

carrier that learning the concepts would lower the activation energy for learning related 

concepts. This view is in part because she/he believed that the academic environment was 

more conducive to this mode of studying. This excerpt is also reminiscent of other 

responses where students state that they had approached learning through rote 

memorization since elementary to high school, and that it is hard to get out of the habit.   

“...I spent the first couple years of college getting by using the rote 

learning style because I thought everything I was taking was only a way to 

weed students out of pro-school.  

 

As I started this year I made it a goal for myself that I would try and learn 

the actual concepts because I have made it into pro-school and I don’t 

aspire to go to grad school. So far I have realized that if I would have 

learned concepts better the previous 3 years, I would have more time to 

learn new concepts now. Instead, just recently I have had to switch back to 

efficiency of my time… (sic)” 

 

 

 

Conclusions and Implications 

 

 

Student personal epistemologies are complex. They are the result of their 

cumulative experiences and vary with each student and context. This study aimed to 
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provide more detail into how students view what it meant to learn and perform in 

engineering through analyzing student written responses. We identified that students 

understand that learning conceptually is better than rote memorization, but have mixed 

views on how classes reward different types of learning. Understanding resources is 

important because once instructors are aware of what resources students are activating, 

they will be able to provide guidance for their students to more productive 

epistemological frames through different pedagogical practices and through interpersonal 

interactions. 
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Chapter 5: Conclusion 

 

 

 

 As mentioned in the introduction, we created the Interactive Virtual Laboratories 

to promote conceptual learning in thermodynamics. We performed three studies to help 

us understand how students use and learn with the IVLs. The clinical study (Chapter 2) 

was a detailed examination of eight engineering students completing an Interactive 

Virtual Laboratory. We found that students had a tendency to lean toward two general 

approaches when completing the IVLs: equation-based and conceptual-based. Students 

who completed the IVL with an equation-based approach were unable to connect the IVL 

discussion questions with the molecular simulation. Instead, they relied almost 

exclusively on equations learned in class. While equations helped them complete some 

computational procedural questions, they were unable to help them on conceptual 

discussion questions as well as the more complex procedural questions. Students who 

took a conceptual-based approach were much more successful when completing the 

IVLs. They were able to interpret the molecular simulation presented on screen in order 

to answer complex discussion questions. We found that the IVLs did not force students to 

take a conceptual approach to reach the end, as we had hoped. Instead, student 

orientations are more robust than we expected; students who typically take an equation-

based approach continue to do so when completing the IVL. However, we also found that 

the IVLs do not reward students who are unwilling to take a conceptual approach, as they 

are consistently unable to produce a correct coherent answer.  

 The implementation study (Chapter 3) examined IVL use on a much larger scale 

than the clinical study. Over eighty students participated in the study. We examined a 
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diverse range of question types to see how students improve or change while completing 

an IVL. Unfortunately, only 58% of students showed clear understanding of the main 

concept after completing the IVL. Most students who did not show clear understanding 

provided responses that were incomplete or unclear rather than clearly incorrect, 

indicating that perhaps students lack the motivation to provide a full and complete 

response. Additionally, we received student feedback on the IVLs. Most students 

responded positively toward the IVLs, frequently citing the IVL’s ability to provide a 

visual representation as a positive aspect. These students favorably compared the 

molecular simulation aspect of the IVLs to the traditional static representations depicted 

in textbooks. Students also reported some limitations regarding the IVLs, the most 

frequently mentioned was that the IVLs do not save student progress when students exit 

the IVLs and then log back on. We are currently working on adding a save feature to the 

IVLs. 

 The epistemology study (Chapter 4) was a deeper examination of the 

equation/rote-based versus conceptual-based learning phenomenon first addressed in the 

clinical study. We examined a number of student responses to the question of whether 

they believe rote learning is rewarded in the engineering classroom. Only 30% of the 

students questioned said they believe that conceptual learning is rewarded over rote 

learning in the classroom. This result could help explain why some students took an 

equation-based approach in the clinical study. Some students view rote memorization of 

equations as rewarded in the classroom, likely because they use and are rewarded for this 

technique. These students then believe they can use the same technique while using the 

IVLs. These students continue using this rote-based method even when they become 
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confused by the IVLs and are unable to produce coherent answers to the questions. 

Student perceptions of learning in the engineering classroom could help explain why 

student orientations to learning and acquiring knowledge are so robust. 

 The results of these studies indicate that the IVLs do help students who already 

practice a conceptual-based approach to learning. The two main problems we 

encountered were with students who take an equation-based or rote-based approach to 

learning and students who lack the motivation to learn from the IVLs. The goal of the 

IVLs is to assist students in learning conceptually, both those who already learn 

conceptually and those who do not. One possible solution would be to add more 

conceptual questions to the IVLs to help guide students toward the correct answer 

without explicitly giving the answer away. More research is warranted to find if this 

solution would help.      
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APPENDICES 

 

 

 

Appendix A: Interactive Virtual Laboratory Development 

 

 

 

Interactive Virtual Laboratory Design 

 

 

The IVLs are written primarily in JavaScript. JavaScript is a client-side scripting 

language frequently found on internet web pages. It allows dynamic content to be 

displayed by utilizing a user’s computer to perform calculations and display content. By 

using JavaScript, the IVLs do not require communication with a web server to function 

properly. However, they do use a web server to transfer and store student response data. 

JavaScript is an interpreted language, meaning it is converted to machine code only at 

runtime. Unfortunately, interpreted languages are typically slower than compiled 

languages such as C, which convert to machine code before running. In spite of being 

slower than other languages, JavaScript was chosen for the IVLs because it allows for 

easy incorporation into student laptops and can be run directly by a web browser such as 

Google Chrome or Mozilla Firefox. 

HTML is used for web page display. The web browsers read HTML as a basis for 

composing the web page. JavaScript is embedded and referenced within the HTML to 

display dynamic simulation content on the user’s computer. The IVLs rely on the 

HTML5 Canvas element to draw the two-dimensional objects used to simulate molecular 

behavior. CSS is used to control the web page style by changing visual designs such as 

color and text style. Additionally, the simulations also use two freely available tool kits: 

JQuery and MathJax, both of which are written in JavaScript. JQuery provides some of 
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the objects used in the simulations, such as the sliders used to control temperature and the 

buttons used to proceed in the simulation. MathJax provides a simple way to display 

LaTeX math equations in the simulations.  

The IVLs can currently be found in the AIChE Concept Warehouse 

(http://cw.edudiv.org/) where they are available for instructor use. The IVLs are capable 

of interacting with the Concept Warehouse server. Any student responses to discussion or 

multiple choice questions in the simulations are recorded in the Concept Warehouse 

database, where instructors may review them along with the student ID and time stamp. 

Certain events, such as refreshing a simulation screen or experimenting with a simulation 

beyond what is required to proceed are also recorded.  

 

The Simulation Layout 

 

 

The main focus of the simulations is the representation of molecules as two-

dimensional spheres, usually in the form of an ideal gas. Each sphere has a given position 

and velocity vector as well as an assigned mass value. The position is determined by 

horizontal and vertical coordinates on a grid. Each coordinate represents distance in units 

of pixels, so only integer values are used. Velocity vectors are in units of pixels per turn. 

An arbitrary conversion factor was chosen to convert these velocities to meters per 

second. Every time the simulation renders, the sphere locations are updated by advancing 

them in the direction of their velocity vector. These spheres were designed to be perfectly 

elastic. When they run into a stationary wall, they rebound with the same speed but a 

reflected direction. In addition, when one sphere collides with another sphere, it rebounds 

in a way that conserves momentum and total kinetic energy. Simulations with many of 

http://cw.edudiv.org/
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these spheres are capable of representing macroscopic systems, where the value of 1000 

spheres was chosen arbitrarily to represent one mole of molecules. This value can be used 

in the simulations to represent macroscopic molecular phenomena. Four values are 

always recorded for any system: time, volume, temperature, and pressure. System 

temperature is calculated by averaging the sphere kinetic energies; system pressure is 

calculated by averaging the momentum supplied by molecules striking the walls; and 

volume is calculated through the number of pixels the molecules occupy. Figure A.1 

presents a simple depiction of some of these ideal gas molecules in a chamber, as well as 

how data is presented. 

 
 

 

Figure A.1. The Interactive Virtual Laboratories represent ideal gas molecules as two-

dimensional spheres. In the above simulation, the white dots represent molecules in a 

closed chamber. Temperature and volume data can be found above the simulation. 

Students are able to refresh the simulation without refreshing the rest of the page by 

clicking the button in the bottom right.  
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We have also developed several “objects” which are useful for interacting with 

the molecular simulations. Perhaps the most used of these objects are the piston and 

heater. The piston is essentially a moveable wall which is given a set mass to represent an 

external pressure. When a moving sphere hits the piston, momentum and kinetic energy 

changes are calculated based on the piston mass. In this way, the piston allows the IVLs 

to create constant pressure systems and students to perform calculations involving 

expanding and compressing systems. The simulation automatically records work done 

using external pressure and volume data whenever a piston is placed in a simulation.  

The heater is a coil-shaped object that can be placed at the bottom of the simulation 

chamber and can be used to both heat and cool the system. The user controls the heater 

through the use of a slider. When a sphere comes into contact with the heater, its 

direction vector is reflected as if it came into contact with a stationary wall. However, its 

speed is adjusted. The heater increases the speed of molecules it comes into contact with 

when a user drags the slider to the right but decreases the speed of molecules when the 

user drags the slider to the left. Through this method, the user is able to add or remove 

heat to the system. The simulation automatically records heat data when a heater is 

added. The piston and heater can be used in conjunction to represent piston-cylinder 

assembly systems, providing a useful way for students to experiment with heat and work. 

Figure A.2 presents an example of a constant pressure system with a heater. 
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Figure A.2. An example of how a piston and heater might be used in an Interactive 

Virtual Lab. The piston allows for constant pressure systems. The heater can be 

controlled with the slider at the bottom to impart or remove heat from the system.  

 

 

The labs themselves consist of examining the effect of different processes on the 

molecules while using tools like the piston and heater, performing numerical 

computations, and answering discussion questions. Each individual simulation targets a 

single threshold concept and adheres to a scaffolded design. Before interacting with the 

simulation, students are asked to predict what will happen if they make a change, such as 

raising the temperature or increasing pressure. Students then perform and observe the 

virtual experiment and, afterwards, explain if their prediction was accurate and what 

effects the change had using information present in the simulations. Students enter their 

responses into boxes directly below the simulation, giving them the opportunity to 

formulate and write answers while interacting with the simulation. The goal of the 
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simulations is to allow students to describe molecular and macroscopic thermodynamic 

phenomena in terms of the underlying physical behavior using conceptual knowledge. In 

real experiments, students cannot see molecular interactions, and their understanding 

often becomes abstract and removed, existing only in the form of equations. The 

Interactive Virtual Laboratories allow students to see how molecular interaction gives 

rise to the phenomena described by mathematical equations. Below is a list of completed 

IVLs with descriptions of the key concepts addressed. 

 

Interactive Virtual Laboratory Descriptions 

 

 

 

Pv Work  

 

Work is an abstract concept, and it is often difficult for students to understand 

how the act of doing work on a system adds energy. Intuitively, students may understand 

that compressing a gas causes it to undergo an increase in temperature, or a ‘heating up’. 

The purpose of the work simulation is to give students a physical model explaining why 

doing work on a gaseous system adds or removes energy from a physical and molecular 

perspective, ultimately showing students that work adds energy through an exchange of 

momentum and kinetic energy between a system and its surroundings. Students develop 

the understanding that a moving, perfectly elastic sphere colliding with a wall moving 

towards it rebounds with a speed greater than if the wall had been stationary. By using 

this simulation, students can apply their knowledge of elastic collisions to 

thermodynamic work. 
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The simulation uses a progressive understanding approach to assist conceptual 

learning. It first introduces students to the idea of Pv work in the context of a single 

molecule. The molecule is represented by a single sphere in a closed container as shown 

in Figure A.3. The molecular speed is shown every time the molecule collides with a 

wall. Students are allowed to move the upper wall of the container by clicking and 

dragging a slider. When students move the wall so that it is approaching the molecule 

when they collide, the molecule speeds up through an exchange of momentum. Students 

are then asked to explain how the temperature relates to the molecular kinetic energy and 

why an increase in molecular speed leads to an increase in system temperature when 

many molecules are present. The simulation then progresses to a more complicated 

system with more molecules, as seen in Figure A.4. Students are asked to compress and 

expand the system while performing numerical computations to calculate values of work 

and temperature change. By applying knowledge gained from the single molecule section 

of the simulation, students can see how the molecular speed distribution changes as the 

system is compressed. Molecules that collide with the compressing wall speed up first 

before distributing their kinetic energy to the other molecules as the system reaches 

equilibrium. Students can also see why expanding against a lower pressure leads to a 

much smaller temperature change than the preceding compression.   
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Figure A.3. Screenshot of the single molecule in a closed container. The top wall can be 

moved by clicking and dragging the arrow to the right of the container. The molecule 

speed is displayed with every wall collision and changes when colliding with a moving 

wall. 
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Figure A.4. Screenshot of the compression process with temperature and work displayed. 

Pv and Tv graphs are to the right of the system. 

 

 

Reversibility  

 

  

The purpose of the reversibility simulation is to give students a physical model to 

show the difference between reversible and irreversible processes. Often, students assume 

real processes can be approximated as reversible when such an assumption is 

inappropriate. The simulation goal is to show students the conditions necessary for a 

system to be reversible and help students see when assumptions of reversibility are 

appropriate. Similar to the Pv Work simulation, the Reversibility simulation takes a 
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progressive understanding approach and primarily consists of a series of isothermal 

piston and cylinder assembly systems. Students are asked to compress and expand the 

system between two different states several times. Each time they perform the process, 

they do it in a greater number of steps. Ultimately, students are expected to see that a 

system must always be in equilibrium with its surroundings for a process to be reversible, 

meaning only differential changes in input are allowed. Another result is that a process 

approaches reversibility as it is performed in a greater number of steps with smaller step 

size. 

The simulation starts with a compression process in a single step, as shown in 

Figure A.5. Students are asked to compress an ideal gas system by placing a single block 

on a piston and allow it to come to rest. Students then expand the piston by removing the 

block. Students are able to see that the process is irreversible, as the amount of work done 

on the system initially is not what is gotten out during expansion. 

Next, students compress the system using two steps instead of one, and the same 

is repeated for expansion. Students are expected to see that it requires less work to 

compress the system to the same final state in two steps than in a single step under 

constant pressure. They are also expected to see that more work is done by the system 

when it expands in multiple steps. 

Students then perform one more compression and expansion. However, this time 

they are given very small grains of mass to place on the piston as shown in Figure A.6. 

This process is supposed to be approximately reversible, as the amount of work required 

to compress the system is equal to the work done when the system expands.  
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Figure A.5.  A one-step compression process. 

 

Students are expected to see that the process approaches reversibility as the 

number of steps increase and the changes in input become infinitesimal. The 

Reversibility simulation shows that reversible processes must always be in a state of 

equilibrium and therefore require an infinite number of infinitesimally small steps to 

complete. 
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Figure A.6. An approximately reversible compression using differential sand elements. 

Sand is placed on or removed from the piston using the buttons to the right of the piston.  

 

 

 

Cv/Cp  
 

 

The purpose of the Cv/Cp simulation is to give students a visual representation of 

the difference between constant volume and constant pressure heat capacities by showing 

the different heating requirements to increase the temperature of a constant pressure and 

constant volume system by 100 K. Students are asked to heat the two different systems 

one at a time before going into depth on why Cp is greater than Cv. By the end of the 

simulation, students should be able to see that constant pressure systems require more 

energy to increase in temperature than constant volume systems because some of that 
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energy is lost in the form of work as the system expands to keep pressure constant. 

Constant volume systems do not expand, so all energy put into the ideal gas system can 

go towards increasing the system temperature.  

The simulation begins by asking students to heat a constant volume system by 

100 K. The individual ideal gas molecules speed up as they contact the heater and 

increase the system temperature. Students are asked to record the amount of heat required 

to raise the temperature by 100 K. Next, students are asked to increase the temperature of 

a constant pressure system while the constant volume system is displayed for reference, 

as shown in Figure A.7. Students find that heating this system by the same temperature 

change requires more time and energy. They are also expected to notice that the system 

expands to keep the pressure constant.  

The simulation then goes into greater depth on why more energy was required to 

heat the constant pressure system by asking students to heat the constant pressure system 

again, but this time with the work done by the piston shown. Students are expected to see 

that by doing work on the surroundings, the constant pressure system is losing some of 

the energy it gains through heating. Students can also use knowledge gained from the Pv 

Work simulation by noticing that the molecules lose energy when colliding with a wall 

that is moving away from them. 
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Figure A.7.   A prompt asking students to heat the constant pressure system, displayed on 

the right, by clicking and dragging the heating bar. Students are also asked to compare 

the heating of the constant pressure system to that of the constant volume system, 

displayed on the left. 
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      Hypothetical Paths 

 

 

The use of hypothetical paths in determining how properties such as enthalpy of 

vaporization of enthalpy of reaction change with temperature is often difficult for 

students to intuitively understand. We developed two hypothetical path simulations, one 

for enthalpy of vaporization and one for enthalpy of reaction, to give students a visual aid 

in showing how these two properties depend on temperature based on heat capacities.  

In both simulations, students are given data for the enthalpy change of vaporization or 

reaction at a certain temperature and asked to develop a hypothetical path to find the 

enthalpy change of vaporization or reaction at a different temperature. Students start at 

the unknown temperature and are expected to change the system to the temperature at 

which data is given. The process can then be completed at the temperature with data 

given and then changed back to the unknown temperature. At each step, energy inputs are 

recorded. Students are able to keep the system isothermal or adiabatic. Additionally, 

students are able to toggle phase change on and off in the enthalpy of vaporization 

simulation and toggle the reaction on and off in the enthalpy of reaction simulation. 

Figure A.8 displays the second step (vaporization) in the hypothetical path of the 

enthalpy of vaporization simulation. 
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Figure A.8.  The second step of the enthalpy of vaporization hypothetical path 

simulation. Students are able to hold the temperature constant while vaporizing a liquid at 

a temperature at which the enthalpy of vaporization is known. Enthalpy and temperature 

data from previous and current steps are recorded in the graphs to the right.  

 

 

Additionally, Figure A.9 displays the second step of the hypothetical path in the 

enthalpy of reaction simulation. The two hypothetical path simulations allow students to 

design and then put into place a hypothetical path. Students are required to sum the 

energy requirements for each step of the hypothetical path to determine the value of the 

enthalpy of vaporization or reaction at the unknown temperature. Students are then asked 

to perform the process at the temperature where data is not given to see if their 

hypothetical path experiment and calculations were correct.  
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                  Figure A.9.  The second step of the enthalpy of reaction hypothetical path simulation. 

Students are able to hold temperature constant and choose when to enable the reaction. 

Enthalpy and temperature data from previous and current steps are recorded on the 

graphs to the right.  

 

 

 

Reaction Rate vs Equilibrium  
 

 

An often confusing topic for students is the different effects temperature has on 

reaction kinetics and equilibrium. For example, it makes intuitive sense to students for 

reaction rate to become faster at higher temperatures. However, a mistake students often 

make is that reaction equilibrium shifts towards the products at higher temperatures as 

well. The purpose of the Reaction Rate vs Equilibrium simulation is to show students that 

reaction rate and equilibrium dependence on temperature are not necessarily the same.  
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This simulation comes in two forms: a short and long form. The short form exclusively 

covers the difference between reaction rate and equilibrium. It begins by presenting 

students with enthalpy and entropy of reaction data. Students can use this information to 

determine the equilibrium product mole fraction for the reaction at 300 K. Students are 

then given the opportunity to perform the reaction themselves and see if their calculations 

were correct, as shown in Figure A.10. 

 

 
                   

 

Figure A.10.   Students explore the difference between reaction rate and equilibrium by 

performing the same reaction at three different temperatures. The reaction is exothermic, 

so as temperature increases, equilibrium shifts to favor the reactants but the rate 

increases. This reaction takes place at 300 K. 

 

 Students are shown a graph of product mole fraction vs time so they can see when 

the reaction has reached equilibrium. Once students have confirmed their answers, they 

are asked to calculate and repeat the reaction again at 500 K and 100 K. Students are 
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expected to see that because the reaction is exothermic (the enthalpy of reaction is 

negative), the product mole fraction decreases with temperature as the equilibrium shifts 

toward the reactants. However, reaction rate is independent of the reaction type and 

increases regardless of whether the reaction is exothermic or endothermic.  

 In addition to covering the different temperature dependencies of reaction kinetics 

and equilibrium, the long form of the simulation also includes a simulation on activation 

energy to help elucidate why reaction rate increases with temperature. Students are 

shown a reaction chamber with blue ideal gas molecules and are given control of a heater. 

As students heat the molecules, some become excited and turn white, indicating that they 

are capable of reacting, as shown in Figure A.11. Students are able to see that as 

temperature increases, the fraction of excited molecules increases exponentially, in a 

similar form to how the reaction rate constant depends on temperature as described by the 

Arrhenius equation 
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Figure A.11.   Students heat ideal gas molecules to see how the fraction of “excited” 

molecules changes with temperature. The white dots represent excited molecules. 

 

 

      Phase Equilibrium  

 

 

The purpose of the Phase Equilibrium simulation is to show students that for a 

single component system, there is exactly one temperature for each pressure, and exactly 

one pressure for each temperature where two phases can coexist as well as explore the 

definition of “saturated.” The simulation presents this information by first asking students 

to condense water vapor at 6.5 bar, as shown in Figure A.12. Students may use Antoine 

coefficients to find the correct condensation point.    
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Figure A.12. Students are asked to condense water vapor at 6.5 bar. They are provided a 

Pressure – Temperature phase diagram at the top right corner of the screen. 

 
 

After condensing the liquid, students are asked to lower the temperature to 388 K. 

Students then decrease pressure while keeping the temperature constant by removing 

differential mass elements similar to those used in the Reversibility simulation to 

determine the pressure at which liquid and gas coexist at 388 K, as shown in Figure A.13.  
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Figure A.13. Students vaporize liquid water at constant temperature by decreasing the 

pressure, shown here as removing differential mass elements. 

 

 

Students find that by decreasing the system pressure, they have changed the 

boiling point of water. By keeping temperature constant at 388 K, they are able to boil the 

water by only changing pressure. This process helps solidify the threshold concept that 

there is exactly one temperature for every pressure that phases in a single component 

system can coexist. Additionally, throughout the simulation, students are asked to 

comment on when a system is or is not saturated. Students are expected to realize that 

systems are only saturated when they are at these temperatures and pressures where two 

phases can coexist.  
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Appendix B: Clinical Study Example Quotations 

 

 

The following tables, Tables B1-B6, contain example quotations from each of the 

eight participants in the Interactive Virtual Laboratory clinical study described in Chapter 

2. Each table comes with a description of what the student was doing while speaking. 

 

Table B1. All quotes were taken from the single molecule simulation where students 

were asked to explain how doing work increases the temperature and molecular kinetic 

energy of a system. Students moved the slider to see how doing work adds energy to a 

system. 

 

 

Student Quote Notes 

Alfred “Oh, it’s when it hits the moving wall. That’s 

what will cause it to speed up because when 

the wall’s moving, it smacks into it […] and 

when I don’t move the wall, the thing 

doesn’t change speed because all of the 

collisions are perfectly elastic. That makes 

sense.” 

“It causes a temperature change in many 

molecules because it increases the average 

speed of all the molecules distributed inside 

the container when they all hit the slowly 

approaching wall.”  

 

Beverly “I guess, um, when I think about the ideal 

gas law because […] so perfectly elastic 

means that no energy is lost when it collides, 

so if there are more collisions, I feel like the 

collisions are what cause there to be pressure 

in the system, so it would make sense that 

there are more collisions because if it is a 

smaller space, then your pressure will 

increase, but I guess they’re asking you more 

about why the speed changes.” 

“Well it speeds up when you have a smaller 

space, so does the ideal gas law matter? Is 

that what they’re trying to talk about?” 

Beverly notices 

the molecules 

speed up when 

colliding with the 

moving wall at 

the end, but 

describes 

temperature as a 

result of 

“collisions.” 



105 
  

“When the molecule collides with the walls, 

the speed will increase, and when there is a 

smaller space, there are more collisions.” 

Carl “Energy of the system is delta U over dt plus 

delta of kinetic energy over t plus delta of 

potential energy over time, and that’s equal 

to heat plus work. And this is an adiabatic 

process, so heat is zero.” 

“I’m trying to find out how the temperature 

or, uh, changing the volume is relevant with 

changing the speed of a molecule because 

that is what I need to answer. Since the 

equation is n times Cv times delta T is equal 

to negative external pressure times change in 

volume. Well, uh, as the volume decreases, 

that means the change in volume gets larger 

and larger as the closed system gets 

compressed, and the change in volume 

compared to the initial pressure gets bigger, 

and the negative external pressure is constant 

and n and Cv are constant, so temperature 

must be changed to apply the equation, so 

that’s why temperature increases as the 

closed system gets compressed more and 

more.” 

“Since n, Cv, and negative external pressure 

are constant, delta T must be increasing as 

the closed system gets compressed more 

(delta V increases).” 

“Since energy is conservative, so if the 

kinetic energy gets larger, potential energy 

must be lowered to maintain that balance of 

energy, so as the closed system gets more 

compressed by external pressure, so volume 

decreases. That means the height of the 

closed system goes down, therefore the 

potential energy goes down, and the energy 

balance must be applied, so kinetic energy 

has to go up. Therefore speed of molecules 

must go up as the closed system gets more 

compressed. However, each molecule is 

super tiny, so I don’t think this matters. I’m 

not sure about this.” 

The balance Carl 

uses is for an 

open system. The 

kinetic energy he 

refers to is the 

macroscopic 

kinetic energy of 

the system, not 

the molecular 

kinetic energy. 

 

Carl does not talk 

about the effects 

of the wall 

collision. Instead, 

he focuses 

exclusively on 

equations. 
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David “I want to see something. So it’s just a 

transfer of momentum from the piston head 

that’s coming down.” 

“Momentum is transferred from piston head 

to molecule.” 

 

 

 

 

Before 

commenting on 

momentum 

transfer, David 

experiments with 

the slider and 

finds that the 

molecule does not 

speed up when 

the volume 

changes, only 

when the 

molecule hits the 

wall.  

 

 

Table B2.  Student responses to the final conceptual question: “Describe the 

mechanism for how work adds energy to a system.”  

 

Student Quote Notes 

Alfred “Yeah basically, on a molecular level. As you 

push a wall, for example, you’re, the wall is 

moving, so it has a kinetic energy which 

transfers elastically to the molecules. So as 

those hit back, they speed up when you're 

compressing them, because they're going in 

the opposite direction. That causes the 

temperature to go up” 

 

Beverly “I guess, if adding energy in the form of 

work, um, and it’s an adiabatic system, then 

maybe the temperature can’t dissipate, so it is 

higher in the end. I don’t know.” 

 

Carl “Uh. Yeah. So. Well. Energy is always 

conserved. However what I noticed was... 

wait. What am I doing? OK. So once you put 

some work to the system and when you trying 

to do some work to the surrounding, they get 

different values. But energy is always 

conservative, just the work.” 

 

David “So when you change the volume, that's 

doing work. And so that is introducing 
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momentum that is transferred to the 

molecules which adds kinetic energy which 

gives them a higher internal energy, which 

then changes the internal temperature.” 

 

 

Table B3. Illustrative quotes of students completing the single-step compression in the 

reversibility simulation.  

 

 

Student Quote Notes 

Elaine “I’m thinking about how I would calculate 

the work. I’m thinking work equals P dV, 

integral P dV” 

“And you went from, this little graph, I can 

tell we went from twelve liters to six liters, 

so V one equals twelve and V two equals 

six. And the pressure should be, it’s a 

constant pressure applied, um, at three 

point, oh, four bars.” 

“So now I’m going to take the integral. So 

P is constant, so it comes out, and we have 

the integral of dV from V one to V two. 

Which would be, that would be…” 

The only person 

who uses the 

differential 

definition of 

work. 

Frank “Estimate the value of work, well, work, 

I’m just going to look in the book real 

quick for that work equation, pretty sure 

it’s like P delta V.” 

“Alright, we’ve got work, we’ve got all 

kinds of work, so I’m going to rock the P 

equals, no, work is equal to P times delta 

V. So it says external pressure is equal to 

four bar, and the volume change was […] 

eleven minus six times four is twenty.” 

Frank looks up 

the correct 

equation in the 

book. 

George “It looks like the work is negative integral 

of P dV, P being the external pressure. And 

in this case, the external pressure consists 

of contribution from both the block and the 

George looks up 

the correct 

equation in the 

book. 
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atmosphere.” 

“P external would actually be four bar, and 

then change in volume, that is about eleven 

point six to five point nine” 

Henry “We have heat leaving. And we have a 

change of two, uh, bar.” 

“Are students supposed to guess if this is 

ideal or non-ideal? Or, um, reversible or 

non-reversible, that is what I mean.” 

“And this is isothermic (sic)? OK. Work is 

right here. We started at two bar. We had a 

q leave.” 

Henry initially 

uses the equation 

for reversible 

work. 

 

 

Table B4.  Student responses to the final conceptual question: “What conditions are 

necessary for a process to be reversible?” 

 

Student Quote Notes 

Elaine “Um. A reversible process. Yeah. Oh yeah. 

It would be if the same amount of work is 

added, put onto the system, and the system 

does the same amount of work.” 

Unclear if she did 

not fully 

understand the 

question. 

Frank “I mean just adding infinitesimally small 

amounts of pressure or mass to a system 

can make it reversible, because you can 

take little bits off. And yeah.” 

“To be reversible means you can go back 

to its original state, whereas say you have 

a, like the one block putting it on and then 

putting it back, or taking it off. You lose 

some energy compared to a reversible 

process where you can get back to your 

state that you were originally from.” 

 

George “Uh. I think um. That your, you are taking, 

you are adding and taking away the mass, 

um. By a little amount at a time, so that the 

system is releasing the heat. Same amount 

as work, like they reach that equilibrium 
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pretty quickly. As you take that 

incremental amount of work, and that's 

why that makes a reversible process. 

Otherwise if you were adding a block and 

removing a block, that's a big change at a 

time, I think the system don't have time to 

reach that equilibrium state.” 

Henry “Yeah. That was a final question on there, 

too. Well you can't have a reversible one, 

but incremental increases in pressure were 

worked onto the system in infinitely small 

amounts, would be the only way to get it 

reversible. But you would need an infinite 

amount of time to do that.” 

 

 

 

Table B5. General feedback on the Pv work simulation. 

 

Student Quote Notes 

Alfred “My general impressions. The simulation, I 

thought it was pretty neat to see in real 

time. I feel like in some ways though, you 

can just illustrate the printers. But unless 

it's the second time seeing it. Because I 

first learned it by looking at pictures in the 

book. When I see it moving, all I think 

back is to that picture I had seen in the 

book earlier, you know, where it draws the 

path. Or unless you're like, Dr Chang 

draws out the, in our notes. But I've seen 

the path.” 

“Actually, you know what helps, is 

actually seeing it moving, I can see which 

way the path is moving so that kind of 

guides me along better. Because drawing 

the path is one thing, but seeing where it 

starts and ends is also another thing. So 

that was helpful, yeah.” 

“Were there any features that I particularly 

liked. I'm trying to think back. Just like 

things moving, you get to play with it a 
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little bit, that was pretty cool.” 

“The layout is nice. I mean you've got the, 

all your choices. I think it might be 

beneficial to your team to match what the 

person is doing with their auto-responses, 

to put a number on each page, or a number 

on each question, and then, or like a letter 

designation on each answer, since it's kind 

of unclear. So I don't have to say, oh yeah 

I'm choosing choice, and CP delta T equals 

minus P external delta V, I would just be 

like choice C. or the third choice.” 

Carl “Uh, it wasn't really understandable. Like, 

thermodynamic concept is really hard to 

understand for the whole thing, because, 

well. One because it's hard to express on 

the picture or video, but this simulation 

helped me out, helped me out a lot to 

understand by making the concept 

visualize, like a movie things. So actually, 

I took thermodynamic before, but this 

simulation helped me understand how the 

thermodynamic concept works, really well. 

So this is a really great tool for teaching the 

people who don't know anything about 

thermodynamics. And in the future this 

will be a lot helpful for the other concept of 

thermodynamics such as fugacity, Gibbs 

energy, entropy, some other concepts, too.” 

“Features? Uh because, especially the 

[attend?] of simulation, I had to drag the 

mouse to move, to put the blocks on the 

piston. So by, I actually tried to, by, by I 

used the mouse to drag the mouse and to 

see the behavior of how the piston, I don't 

know, how the temperature changes, 

pressure changes, work, the amount of 

work, energy, it helped me out to 

understand more, because I actually did it 

by myself by dragging the mouse along. 

And I think it would be helpful for the 

other concepts, fugacity, Raoult’s Law?, 

Gibbs energy, entropy, something like that. 

I actually liked the dragging the mouse and 
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moving around, because you actually 

experiencing something, not just listening, 

looking in the video or something.” 

“By reading the book, and listening to the 

lecture in the professor's course, a lot of, 

OK some people might listen, but some 

people might get bored, not get interested 

as much as before. So this I think, this 

simulation tool is also useful for making 

people pay attention, make them interested 

about the real fundamentals of 

thermodynamic. So yeah. Definitely this is 

a good tool for people who will be taking 

the course.” 

David “Well, one thing, the charts had bars and 

liters. But then on the simulation itself, the 

diagram with the piston and the molecules, 

the diagram was in kilojoules, not bar 

liters. So there's the mismatch of units kind 

of threw me off a little bit. Which I should 

be on top of, but nonetheless, it was a little 

bit, it added some confusion.” 

“I liked how simple it was, because you 

had the simulation, the plot to the right, 

and then the text to the bottom. That was a 

good setup. I thought it was clean, and it 

was nice that you don't have to scroll down 

a whole bunch, or scroll to the right or the 

left to see everything, like you do on some 

simulations.” 

“It was easy to use just because there's a 

one way track and it didn't stop you if your 

input values didn't line up exactly with 

what theirs where. Or the simulation 

wanted you to put in.” 

“Um. One part was when I had to read the 

area under the pressure volume graph and 

it asked me for a number and I wasn't sure 

if my number had to be, I guess I knew it 

didn't have to be that close, but I didn't 

want it to be way off what the computer 

had. But it was kind of difficult to read the 

chart, because I knew it looked about like it 
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was 15 bar, but it would have been 16, 

maybe 14 and a half.” 

“It definitely wouldn't hold them back. It 

would, to have a simulation like that, it 

would have a lot of students including me 

just understand what's going on. And even 

if that doesn't help me get a better grade on 

a test or whatever, at least that tells me 

what I'm doing, like why am I even 

bothering with this equation. ” 

 

 

Table B6. General feedback on the reversibility simulation. 

 

 

Student Quote Notes 

Elaine “General impression. I liked... let's see. 

Overall I think I enjoyed the simulation 

because it does put an image in your mind 

about like... the concept, or like mostly 

your, mostly you're just exposed to 

equations. In classrooms. And so it helps to 

put an image to an equation. Like what 

does actually putting a constant pressure on 

something look like, and how does that, 

look. And so... I like the simulations 

because they help put that image to 

concepts.” 

“I really liked the graph to the side. That, I 

mean you can see the little dots moving 

around, but you can't really tell the 

pressure buildup, so having that graph to 

the side is helpful.” 

“Um. It's easy to use. There... I think it's 

easy because it's simple. Like there's no 

other, oh like what's this button, what's this 

button? It's like what you need is presented 

on the page.” 

“I would say the simulation definitely 

improved my understanding. Did you ask 

about understanding or learning? ... Yeah. 
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Just again like seeing that image, what are 

these variables look like, how do they 

behave with each other? It's important for 

me to connect the ideas.” 

Frank “I thought it was really awesome. The PV 

diagram... the PV diagram paired with the 

actual simulation really helps you visualize 

what's actually going on in the system. So 

that really helped me figure out what I 

needed to do. It kind of helped me 

remember some things from thermo.” 

“I like the questions, actually. I like how 

it's not throwing it all on you at once. It's 

kind of a step process where they ask you 

to you know, put the weight on, what do 

you think, put the weight off, what do you 

think. It's not just question after question. It 

makes you go through the entire thing and 

actually think about what, what is going on 

in the system.” 

“Um. Maybe like a help button or 

something. If you get stuck, it kind of hurts 

when you're just stuck and then you just 

want to quit. Whereas if there was maybe 

hints or something. I mean maybe 

something to help you along the way, and 

that would definitely make the experience 

much more enjoyable. Make it last longer, 

you know. Instead of getting frustrated and 

just quitting. So other than that, everything 

was pretty good.” 

“Um. I remember one problem that I had 

was trying to take the block off. You can't 

really take the block off, you have to push 

the back button. But in the other 

simulation, you could definitely take the 

block off. I don't know if I just mis-clicked 

or something, but yeah. In the first one, 

you couldn't take a block off, but when 

there was 2 blocks you could take both the 

blocks off. “ 

 

“It was definitely easy to use. It's pretty 
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straightforward though. Put a block on, put 

a block off. I mean, maybe confusion of 

where the block goes, but I mean, 

anywhere you drop the block, it'll go to 

where it needs to go, basically. So there's 

no real like, gimmicky, you don't run into 

problems or anything. Again with the sand, 

adding that to get the specified 4 bar, I 

could maybe see a problem with that, but I 

mean it, the pressure does change slowly 

enough to where you can catch it and find 

it at 4 bar, or 2 bar, or whatever it asks you 

to get it at. so. Other than that, the 

simulation ran pretty well.” 

 

George “Um. I was uh. I thought it's pretty cool. 

Like the way that, the way that piston 

moves, and the way that the plot was 

showing how the system is behaving. That 

gives students an understanding of what 

kind of process is going on. I was kind of 

nervous. But like I really thought it was 

exciting for student to learn this way 

because I think running through the 

simulation like this for different concepts 

would be really helpful for them, at least as 

I was going through, like this is one of the 

easier concepts in thermodynamics. But 

like I mean, not being able to use them 

over the year, so I don't really remember 

exactly how it works, so able to look at this 

process, I thought gave me a chance to, if 

not learn from scratch, but to pick up what 

I learned before.” 

“Um. I... uh. Like I sort of mentioned, like 

the pressure versus volume graph on the 

side was pretty neat. And I also liked how 

the, you can see the molecules are 

molecules are moving, it's like I think the 

microscopic level that's really hard for 

students to understand visually. And yeah.” 

“I don't know if it was me not being careful 

enough, at the beginning, or the 

simulations warning. But I was really 

 



115 
  

confused in the beginning. I guess I took 

the question as, I wasn't really aware that 

was a block in the beginning. And I 

thought it asked me to choose a value of 

blocks that work them, by a block, and put 

them on to the simulation. Other than that I 

think it's great.” 

Henry “It seemed straightforward, I knew what it 

was asking for. I didn't seem too rushed, 

not that there was a time limit on anything, 

so. Most of the information or the 

questions I would have about the system 

were answered. All the relevant 

information.” 

“It was simple. I mean there wasn't too 

much that could go wrong. It didn't seem 

like there was any way to mess the system 

up.” 

“You got your point across, but there might 

be additional stuff. In this case, you had 

only a isothermic, but you could have one 

where it's not isothermic, where it's 

adiabatic. Or one with non ideal gases, 

which would be also beneficial.” 

 

“It seemed straightforward and easy to 

use.” 

 

 

 

 

  

 

 

 

 

  

 



  

 


