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The goal of this thesis project was to create a portable Science Suitcase on cellular 

respiration intended to supplement the current high school biology curriculum in the Dallas 

Independent School District. The Science Suitcase includes a narrated animation, a magnetic 

board game and printable student handouts.  The Science Suitcase will help high school 

students understand the broad concepts of cellular respiration and help them improve 

performance on the Texas Assessment of Knowledge and Skills (TAKS) exam.   
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CHAPTER ONE 
Introduction 

 
THESIS QUESTION 

Can a learning tool be developed that helps high school Dallas Independent 
School District students understand the broad concepts of cellular respiration? 

 
BACKGROUND INFORMATION 

 

The goal of this thesis was to design and develop a portable learning module that 

will improve high school science students’ understanding of cellular respiration. 

This module includes an animation, printed handouts and a magnetic board 

game to be incorporated in a Science Suitcase as a component of the STARS 

Science Triathlon Program at the University of Texas Southwestern Medical 

Center at Dallas.  The Science Triathlon is a Howard Hughes Medical Institute 

research initiative instituted in Dallas to provide training for biology teachers, 

interested in learning for secondary school students and enthusiasm in the 

community.  The initiative includes a 12-day summer workshop for teachers, a 

series of symposia, and an 8-week summer research program for students.  To 

enrich the resources available to science teachers, Science Suitcases (portable 

learning modules on various science topics) will be provided.   

The Science Teachers Access to Resources at Southwestern (STARS) program 

was established in 1991 to improve North Texas science education. The program 

gives high school and middle school science student’s access to the vast educational 
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resources at the University of Texas Southwestern Medical Center.   The goals of the 

STARS program are as follows: 

-increase science awareness 

-stimulate an appreciation of health-related careers 

-provide ongoing support for science teachers and students 

-improve science education by broadening the knowledge base of teachers 

-assist science education by providing instructional aids  

With funding from the Howard Hughes Medical Institute, STARS provides several 

learning opportunities including Basic Science Symposia in which topics in biomedical 

research are presented, Student Tours of UT Southwestern, Summer Research 

Opportunities at UT Southwestern, Teacher In-service Training, and Science Outreach 

Programs in which teachers and students can utilize some of the educational resources at 

UT Southwestern.   

STARS Science Suitcases are portable learning modules that can include animations, 

laboratories, models and games on a particular science topic.  These modules are targeted 

at 13 DISD schools with ineffective science classes.  These schools performed poorly on 

their TAKS exams: “Only 29.5% and 56.0% of students from these schools ‘met 

standards’ on the 10th and 11th grade Science exams respectfully, in 2006 and only 1% 

were scored ‘commendable’ on these exams.” 

Cellular Respiration was as a topic for a Science Suitcase.  DISD students' poor marks on 

their TAKS exams are not an isolated example of difficulty with this topic.  The abstract 

nature of the process and the multitude of biochemical details make cellular respiration a 

difficult topic for students and teachers alike (Songer & Mitzes, 2004; Patro, 2010).   
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GOALS AND OBJECTIVES 

The goal of this thesis project was to produce a Science Suitcase that would improve high 

school students' understanding of cellular respiration.  The objectives of the project were 

as follows: 

-Obtain information from teachers about their current methods for teaching 

cellular respiration, challenges they have in teaching the subject and what they 

would like to see in an animation. 

-Develop a visually stimulating, interactive animated flowchart for a ninth grade 

audience. 

-Develop a game board activity that allows students to apply the information 

learned in the animation, using similar graphics to reinforce concepts. 

-Conduct a peer review of the animation. 

The learning goals for this project were derived from the Texas Essential Knowledge and 

Skills (TAKS) guidelines: 

-Investigate and identify cellular processes including energy production, transportation of 

molecules, function of mitochondria, and synthesis of ATP. 

-Analyze the flow of energy from the physical environment to the cellular level. 

-Relate the concentration of ions in a solution to energy production in a cell. 

 

SIGNIFICANCE 

A solid understanding of cellular respiration is a cornerstone of biological study.  

Unfortunately, students have difficulties comprehending the concept of cellular 
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respiration and in turn have difficulty comprehending other scientific concepts they 

encounter further into their education (Alparsian et al., 2003).  My thesis project intended 

to increase student understanding of cellular respiration and build a solid base for their 

further scientific education.  

 

In order to teach these concepts I employed the use of analogies within an animated, 

interactive flowchart.  A flowchart allows the student to visualize every step of the 

process and visually link it to the overall equation of cellular respiration.  As the 

animation progresses though the chart, details and the more technical components of 

cellular respiration are depicted through simple, graphic animations embedded within the 

chart.  The nesting of the animations addresses the learning objectives of the project: to 

teach the broad concepts of cell respiration through the detail within the process.  Simple 

analogies, such as comparing the proton gradient in the electron transport chain to a dam, 

provide a route for students to gain some understanding of the nature of science (Coll et 

al., 2005). 

 

The significance of this project lies in the unique format of the animation.  In the 

animation, students are able to visualize the whole concept and overall equation, working 

through the details after the concepts have been established.  As they work through the 

details, the visual organization of the flowchart communicates where and when the 

biological pathways occur in the overall process.  While there are many animations on 

cellular respiration in varying scope and detail, I have not seen one that uses the format of 

an interactive flow chart. 
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Research shows that increased interactivity increases comprehension and understanding 

in the sciences and beyond.  The game portion of the project allows students to interact 

with the information taught in the animation portion, despite the fact that digital 

interactivity is out of this projects scope due to the fact that each student does not have 

their own computer. 

 

LIMITATIONS 

Evaluation of student test scores will not be included in this project due to time 

constraints.  Evaluation will be limited to a peer review.   A comparison of TAKS exam 

scores before and after implementation of the project is an area for future research.  

Students do not have individual access to computers, so the pace and interactivity of the 

animation will be dictated by the teacher in a classroom setting. 

 

 

 



 

CHAPTER TWO 
Review of the Literature 

 
PURPOSE 

The purpose of the literature review was to determine the educational requirements as set 

forth by Texas Essential Knowledge and Skills (TEKS) guidelines, investigate current 

educational methodologies pertaining to cellular respiration, research learning styles and 

teaching techniques, to evaluate successful educational animation techniques in science 

education  and finally, to determine the value of hands-on activity in the science 

classroom.  In this effort I hoped to gain insight in creating an effective, dynamic 

education module for cellular respiration. 

 

TEKS GUIDELINES 

The TEKS guidelines are the overarching educational requirements in the state of Texas, 

indicating the knowledge and skills expected of students throughout their primary and 

secondary education, in every subject.  They also prepare students for the Texas 

Assessment of Knowledge and Skills (TAKS) exams which asses Texas students' mastery 

of their curriculum. 

Cellular respiration falls under TEKS guidelines Bio 4B, Bio 9D,  IPC 8A and IPC 9B: 

Bio 4B:  Investigate and identify cellular processes including homeostasis, permeability, 

energy production, transportation of molecules, disposal of wastes, function of cellular 

parts, and synthesis of new molecules 

Bio 9D: Analyze the flow of matter and energy through different trophic levels and 

between organisms and the physical environment 
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IPC 8A:  Distinguish between physical and chemical changes in matter such as oxidation, 

digestion, changes in states, and stages in the rock cycle 

IPC 9B:  Relate the concentration of ions in a solution to physical and chemical 

properties such as pH, electrolytic behavior, and reactivity. 

Holt Biology is the textbook used to teach these guidelines.  The instruction is organized 

in a stepwise fashion that suited the flow of the animation component of this project.  In 

addition, this is the text that is taught in the classrooms that will be using the Science 

Suitcases. 

The portion of the text that addresses cellular respiration begins with the concept of 

oxidation-reduction reactions and the concept of energy transfer through electrons.  The 

text then focuses on the various cycles of cellular respiration in the order that they occur; 

glycolysis followed by the Krebs cycle followed by the electron transport chain, then 

finally introducing the anaerobic process of fermentation.  Interestingly, in this text, the 

electron transport chain is referred to as the electron transport chain of aerobic 

respiration, emphasizing the fact that this process occurs in the presence of oxygen. 

The text is straightforward and easy to read.  The metabolic pathways are described and 

visually depicted in a way that allows for full explanation of the processes by showing 

the details of each reaction.  The text does effectively convey the importance of oxygen 

in the electron transport chain.  It emphasized that oxygen was necessary for this pathway 

to occur, and that oxygen acted as the final electron acceptor, but why there needs to be 

an electron acceptor and why it has to be oxygen was not explained.   
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MISCONCEPTIONS 

 

The concept of cell respiration is a topic that is commonly poorly understood by students.  

In addition, teachers find this concept difficult to teach as well (Songer and Mitzes, 

1994).   The many abstract processes, as well as the detailed biochemical reactions and 

the introduction of a new vocabulary all contribute to the difficulty of this topic (Patro, 

2010).    The role of oxygen in cellular respiration is especially misunderstood (Songer 

and Mintzes, 1994).  According to this study, multiple misconceptions about the role of 

oxygen were reported, including:   

 

 -Students thought that oxygen was used in all stages of glucose reduction reactions 

- Students believed glucose to be the only substrate used in cellular respiration 

 -Yeast was not believed to be a living organism 

 

These and other misconceptions about the process of cellular respiration are a significant 

challenge in effective teaching and comprehension (Ross, et al 2008). In their study on 

the efficacy of conceptual change oriented animation, Cakirt, Geban and Yurik  describe 

a method that addresses and eliminates misconceptions textually before teaching the 

material.  Their results showed that students who were taught using their conceptual 

change method performed better on examination (Cakirt, et al 2002).   

Similarly, Ross, Tronson and Ritchie propose that students develop their own 

understanding  through role play by having students construct their own conceptions of 

energy transfer.  By having students participate in a choreographed demonstration they  
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were able to create new mental images through the exercise that they will refer to during 

study.  Students reported that the images constructed in this introductory exercise aided 

them in future private study.  (Ross, et al, 2008).  Conceptual change and role play both 

proved to be effective educational strategies that addressed the issue of preconceived 

misconceptions of students.   

 

5E MODEL 

The 5E method uses 5 steps to complete a constructivist education model; engagement, 

exploration, explanation, elaboration, and evaluation.  (Trowbridge, Bybee & Carlson 

Powell, 2004).  This model has been successful for biology teachers in the past for a wide 

range of topics (Lord, 1997).  Of particular interest is the fact that the 5E method has also 

engendered a more positive attitude towards biology among students (Allard, 1994). 

Edward Patro writes on the success of the 5E method in teaching cell respiration 

specifically.  His study indicates similar results; improved test scores and improved 

classroom engagement among his students (Patro, 2010).   

The first phase, engagement, is meant to elicit interest among the students, as well as 

introduce the topic and determine what the students already know or think about the 

phenomenon (Patro, 2010).  Patro does this by having students help him determine the 

amount of energy released by burning a potato chip.  He reports success in eliciting 

attention from his students while introducing the concept of energy transfer.   

A hands-on approach is taken for the next phase, exploration.  Students are given atomic 

models of glucose to touch and manipulate in an effort to make tangible the abstract 

processes of cellular respiration.   
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Patro takes a more teacher-based approach for the explanation phase, using the 

chalkboard to teach the reactions and cycles of cellular respiration.  This phase is 

intended to teach the   bulk of the material; the reactions, pathways, substrates and 

products of the various cycles.   

This information is solidified and expanded upon in the elaboration phase.  Patro uses a 

peer study method here, following the old adage “the best way to learn something is to 

teach it.”  A small group activity that elaborates upon the material presented in the 

animation would work for this phase.   

 Finally, students are given personal responsibility for the material in the evaluation 

phase.  According to the 5E model this phase can be any activity where students show 

what they have learned; in Patro's study the students were instructed to make a poster 

detailing the reactions and pathways of cellular respiration.     

Patro reported significant improvement in test scores using the 5E model to teach cellular 

respiration; mean scores went from 80.8% to 86% (Patro, 2008). 

 

TECHNOLOGY IN SCIENCE EDUCATION 

Technology has and will continue to play a role in education; animation, gaming and 

interactive media are becoming more accessible, and as long-term studies are coming out, 

there is more reliable data on efficacy and technique of educational media.   

Learning research has shown that visual perception is the most developed of the senses, 

thus is an important way by which humans learn (Sekular and Blake, 1985).  In 

particular, scientific concepts lend themselves particularly well to visual learning, as 

spatial and conceptual relationships are crucial in understanding scientific systems.  For 
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these reasons, animations are a particularly interesting realm of technology in science 

education.  Animation is described by Schnotz and Lowe (2008) as a “dynamic visual 

representation where the information about temporal change is contained in the 

difference of object properties between successive frames”   With animation, the dynamic 

nature of biological processes and systems can be visualized. Animations provide a 

valuable way to communicate dynamic, complex sequences of biological events more 

effectively than text or a static graphic (McCleanet al., 2005, Stith, 2004).   Animation 

has the ability to illustrate the transitional stages of a biological sequence (McLean, et. 

al., 2005).  In addition, animation leads to greater long-term retention of scientific 

material (O'Day, 2004).   

There are, however critics of this use of technology in education: 

 An important critique is that many animations and interactive programs are simply 

digitized drill exercises, which do not address different learning styles and environments 

(Kearsley, 1998).  “The goal of providing individualized experience is only met in the 

temporal sense; a student moves forward at his or her own pace, but that students’ 

individual learning style, the way that student organizes information as well as their 

background knowledge and interests are not addressed at all.” (Kearsley, 1998).   

The goal of an animation is to elucidate the dynamic properties of biological processes.  

In their study on molecular animations, Mclean et al state: “The most effective 

visualizations reveal the complexity of the objects involved in the process, illustrate how 

and where the objects interact, provide a spatial representation of the molecules during 

the process, and smoothly represent the transitional states the objects undergo during the 

length of the process.”    

 

http://www.ncbi.nlm.nih.gov/pubmed/15917875
http://www.ncbi.nlm.nih.gov/pubmed/15526065
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Other considerations for animation technique are described by de Koning, et. al. in their 

study of effective cuing in animations.  Three functions of cuing are described:  1-

selection, in which cues indicate a specific location in the animation, 2-organization, in 

which cues emphasize structure and 3-integration, in which cues draw attention to 

relationships between elements within the animation (de Koning, et. al., 2010).  This 

study provides a useful framework for creating effective animations. 

Another interesting consideration comes from the 2008 International Conference on 

Diagrammatic Representation and Inference:  “Current approaches to the design of 

educational animations too often appear to be largely founded upon intuition rather than 

research-based principles. Animated diagrams designed to be behaviourally realistic run 

the risk of learners overlooking vital high relevance information that has low intrinsic 

perceptual salience. The information that learners extract from such representations is a 

poor basis upon which to build high quality dynamic mental models. For animated 

diagrams to be effective as tools for learning, their design should be based upon explicit 

and principled modeling of the way learners process such depictions.” (Lowe, Bouchiex, 

2008)     

 

LEARNING STYLES 

It is important to take into consideration the ways in which students learn, and to address 

different learning styles in order to create an effective teaching model.   Bloom's 

Taxonomy explains three types of learning- cognitive, effective and psychomotor 

(Bloom, 1956.)   Cognitive learning addresses knowledge-based development, operating 

in a sequential fashion; i.e. one skill must be mastered before the next one can be learned.  
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Remembrance is the goal of cognitive learning, and in order for it to be achieved, a 

student must master 6 other skills as follows:  Creating, evaluating, analyzing, applying 

and understanding.  This taxonomy aligns with the aforementioned 5E method; Bloom's 

is a goal oriented taxonomy whereas 5E is more technique based. Both depict a system in 

which a student creates, elucidates and ultimately comprehends a concept through self 

discovery and experimentation.   

Blooms effective domain deals with the emotions involved in learning-appreciation, 

enthusiasm, motivation and attitude.  Again there is a hierarchy in play, this time with 

cognitive behaviors, with the ultimate goal being internalizing values; taking personal 

responsibility in work, using objective approaches when problem solving and displaying 

ethical and professional practices.   

Finally, the psychomotor domain addresses the use of motor skills in learning.  Concrete 

skills are learned here including speed, precision and proper technique.  Again the 

ultimate goal of origination is achieved in a step-wise fashion.  

 

USE OF MODELS IN SCIENCE EDUCATION 

Research has shown that multi-modality learning, including the use of hands-on models, 

is useful in engaging student interest as long as the model activity is closely linked to the 

understanding of the biological process (Waldron, et. al. 2010).   The use of models in the 

classroom can improve student engagement and deepen understanding.   

In 1990, Tobin reports that a constructive, hands-on approach to learning science is true 

to the very definition of learning; "Learning is defined as the construction of knowledge 

as sensory data are given meaning in terms of prior knowledge. Learning always is an 
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interpretive process and always involves construction of knowledge.... Constructivism 

implies that students require opportunities to experience what they are to learn in a direct 

way and time to think and make sense of what they are learning. Laboratory activities 

appeal as a way of allowing students to learn with understanding and, at the same time, 

engage in a process of constructing knowledge by doing science" (Tobin, 1990.) 

A study by the Karen Worth Education Development Center supports this idea as well, 

and bolsters the argument by stating that direct experiences with science allows students 

to become independent learners (Karen Worth Educational Center, 2008.) 

In a study by Lynn Goff in 2010, it was shown that matching games in particular are 

shown to promote memorization, while adding diversity to classroom activities. 

Review of the preceding literature has provided the following considerations to take in 

creating a successful STARS suitcase: 

1) Addressing students' different learning styles and preconceived notions about 

cellular respiration is crucial in developing an educational model that will be 

effective. 

2) While animation is the best way to describe and visualize the complex processes 

of cellular respiration, it must be executed in a way that does indeed explain the 

transitory nature of the processes. 

3) The 5E model is an effective and engaging technique for teaching cellular 

respiration. 

4) Multi-modality learning, including the use of physical models and games, is an 

effective and engaging way for students to construct knowledge of scientific 

phenomena.  Specifically, matching games help to promote lasting memories.



 

CHAPTER THREE 
Methodology 

 
DEVELOPING THE CONCEPT 

The goal of this project was to create a portable suitcase containing a learning module on 

cellular respiration for high school biology students in the Dallas Independent School 

District.  In order to teach these concepts I wanted to employ the use of analogies within 

an animated, interactive flowchart.  A flowchart allows the student to visualize every step 

of the process and visually link it to the overall equation of cellular respiration.  As the 

animation progresses though the chart, details and the more technical components of 

cellular respiration are depicted through simple, graphic animations embedded within the 

chart.  The nesting of the animations will reinforce the overall goal of the project; to 

teach the broad concepts of cell respiration through the detail within the process.  Simple 

analogies, such as comparing the proton gradient in the electron transport chain to a 

hydroelectric dam, provide a route for students to gain lasting understanding of scientific 

concepts.    

In an effort to reinforce the information presented in the video, I decided to add 

interactive quiz questions at the end of each chapter derived from the material in that 

chapter.  The questions would be multiple choice and able to be navigated using a DVD 

menu format. 

 

MATCHING GAME 

As proven in the review of literature, hands-on activities increase interest in the topic 

being taught and can also deepen understanding.  Furthermore, matching style games 

15 
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reinforce memorization.  The game I developed for the suitcase utilizes both of these 

concepts as well as adhering to the main goal of the flowchart concept; each board 

activity is visually congruent with the animation.  This will solidify the graphic 

representations introduced in the animation and hopefully encourage memorization of the 

biochemical processes, a main concern of teachers. 

The game consists of 4 boards.  Each board represents a different cellular respiration 

process seen in the animation; glycolysis, the Krebs cycle, the electron transport chain 

and fermentation.  Printed on each board is an image of that process with several 

questions in place of key reactants or structures (Fig. 3-6).  Students work in groups of 5-

6 to match game pieces printed with images of molecules or structures to the correct 

question box.  Each group races to be the first to finish.  Once a team has completed their 

board they bring it to the teacher for approval.  The teacher holds an answer key and if 

the group is correct, that group is the winner of the game.  If the group is incorrect, they 

are instructed to go back and work again until the board is completed accurately. 

 

INITIAL SURVEY 

Before I began working, I conducted a survey among 9 DISD science teachers in an 

effort to understand what they wanted to see in the project and address the main problems 

that they encountered in teaching cellular respiration. 

Overall, the results indicated the biggest challenge in teaching/learning cellular 

respiration was the memorization of pathways and that the animation portion of other 

science suitcases was the most important/helpful.  One response indicated that the 

function of ATP synthase was the most challenging topic to teach.  In an effort to address 
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the concerns of the teachers as well as stick to the main goal of the project which is to 

teach the broader concepts of cellular respiration, I decided to include printed handouts of 

the cellular processes so that students can study them using the same visuals used in the 

animation.   

 

AUDIENCE 

The animation is intended for a high school audience.  I wanted the animation to be 

simple but at the same time not child-like.  To appeal to a teenage age group, I decided 

that a casual, conversational narration style would be best.  The artwork should be fresh 

and current but not overly trendy as this project is designed to be used for an extended 

period of time. 

 

SCRIPT 

My approach to writing the script was inspired by Sal Khan of the Khan Academy 

(www.khanacademy.org).  Through a casual, conversational style he keeps the listener 

engaged and not intimidated.  This aesthetic appealed to my desire for a casual, age-

appropriate animation.  Character narration was considered, however I wanted the 

animation to be engaging as possible, I wanted the content to reach the students in the 

most direct way, not through the voice of a made-up character.   

The content of the animation was derived from Holt Biology with emphasis on covering 

the TEKS objectives that fall under cellular respiration.  The main topics and biochemical 

pathways in this text are what students will be tested on and what teachers are teaching 

to.  However, I also developed several analogies in an effort to elicit understanding of the 
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broad-topic, more conceptual aspects of cellular respiration.  This effort is at the crux of 

the project.  Memorization of pathways is important for testing purposes, but conceptual 

understanding of cellular respiration is crucial to a solid foundation of scientific 

knowledge- it is proven that students who do not conceptually understand cellular 

respiration have trouble later in their scientific education.  

 

Analogies 

The analogies and mnemonics I developed are as follows: 

1) Cells are like an ATM machine:  In order to reinforce the concept of ATP being 

energy 'currency', I took the concept one step further and compared the cell to an ATM 

machine- where currency comes from. 

2) OIL RIG:  This is a classic mnemonic used to explain oxidation-reduction 

reactions.  The concept of electron loss and gain can be very confusing, this mnemonic 

combined with a repeated graphic representation of an oil rig is intended to solidify the 

fact that oxidation is electron loss and reduction is electron gain. 

3) Hydroelectric Dam:  This analogy is used to describe the process of oxidative 

phosphorylation.  The concept of potential energy driving this process is difficult to 

grasp.  By equating the proton gradient to an easily understandable concept (a river with a 

dam), I hope to encourage understanding of potential energy which is at the crux of this 

process. 

In between each chapter is a break where questions are asked.  This allows for breaks in 

the animation as well as a way for the teacher to ask the class questions about what they 

just saw.  The questions are multiple choice in nature and can be navigated by the DVD 
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remote by the teacher.  This gives the teacher control of the pace, s/he is able to re-play 

areas that the class has trouble with and to take as long as s/he needs to discuss the 

questions with the class. 

In general, much of the complex biochemical content was removed per the expert advice 

of my committee.  The overall flow was formalized a bit, contractions and superfluous 

language was reduced and the overall tone became more encouraging.  

 

Recording the Script 

The script was narrated by Richard Lankes and recorded by the Medical Television 

department at UT Southwestern.  The final recording was exported as a .wav file.  No 

editing was done during the recording process; the file included pauses, re-takes and 

spaces where I was communicating with the voice talent and vice versa so it needed to be 

edited and saved as separate chapters. 

I used Adobe Soundbooth to edit the recording.  Most of the editing involved cutting out 

bad takes and dead space as well as adjusting levels to reduce background noise.  I 

exported the script recording as 6 separate .wav files, one for each chapter of the 

animation.   
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STORYBOARD 

Figure 3-1.  Storyboards 

I developed the storyboard simultaneously with the script and the art assets of the 

animation.  Because of this, the storyboard went through several iterations.  I used the 

actual artwork in the storyboards as I developed them, and the evolution of the artwork 

can be seen across the several versions of storyboards.  With the help of my committee I 

decided to divide the animation into six chapters:  Introduction, Introduction to Redox 

Reactions, Glycolysis, The Krebs Cycle, The Electron Transport Chain and Fermentation 

(Anaerobic Respiration).  

 

ANIMATION  

Developing the Assets 

My first steps in this effort were to choose a color pallet, establish an overall graphic 

style and select fonts. 
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Color Palette 

 palette that was bright, fresh and energetic.  I based my choices on classic 

 

raphic Styles 

tic style of the animation is graphic and bold but also loose-handed and 

 

I chose a color

primary color combinations but adjusted hues and saturation levels to make the 

combinations more visually pleasing and less jarring.  

Figure 3-2.  Color Palette  

 

G

The overall artis

casual.  I achieved this by using bright, solid fills for my artwork and applying ragged, 

sketchy strokes to the assets.  Some elements, such as arrows, are hand drawn to achieve

a casual, chalkboard-like look to the work.  
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Figure 3-3. 

onts 

oice of fonts was crucial since there is much text involved in the animation.  To 

r 

 

 

Graphic Styles 

 

F

The ch

compliment the casual, chalkboard sketch style I had established, I chose Sketchblock fo

the main titles and larger blocks of text.  However, this font is difficult to read at small 

sizes and over-use could easily cause visual confusion.  For this reason I desired second

font for smaller text, text that appears and fades quickly, and names of molecules.  Apple

Casual was selected for this purpose.  Its casual, handwritten style lends itself well to the 

parts in the animation where words appear by 'writing themselves' and it is also very easy 

to read even at smaller sizes. 
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 Figure 3-4. Fonts 

 

Illustrator vs. Flash artwork 

Once the basic look and feel was established, I compiled a list of assets from the script 

that I needed to develop.  I initially drew all of my assets in Adobe Illustrator and saved 

each developed asset as a Symbol.  By using symbols, the artwork can be imported into 

the animation software, Adobe Flash with great ease.  Each symbol defined in Illustrator 

is imported as a Movie Clip in Flash.  Unfortunately, the custom stroke style that I used 

in Illustrator was not well supported in Flash.  Although all of the assets were drawn as 

vector art in Illustrator, the sketchy strokes were interpreted as bitmaps in Flash which 

looked blurry and would become difficult to animate.  Additionally, I realized that 

modifying the assets would be quite burdensome in Flash because of how I developed 

them in Illustrator.  After several hours attempting to address these issues I decided to 

redraw my assets in Flash.  This decision was overwhelming due to the amount of work I 

had already done up to this point but it was also the most time-efficient.  However, Flash 
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turned out to be the perfect tool for the type of artwork I was doing.  Once I became 

comfortable with Flash drawing, recreating the assets went by quickly.  The finished 

assets, saved as Movie Clip symbols in Flash, were much easier to work with and were 

more graphically engaging. 

Figure 3-5.  Illustrator vs. Flash artwork 

 

Character development 
 

I developed the character in a similarly graphic, simple style.   Each part was saved as a 

different movie clip that can be isolated and animated depending on the motion desired.  
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 Figure 3-6.  Character components 

 

3D Assets 

In the Electron Transport Chain portion of the animation, I wanted to very clearly 

establish that the membrane proteins acted as channels between the intermembrane space 

and the matrix.  I chose to make these assets more 3 dimensional in order to make their 

structure very clear.  For the static channel proteins, I utilized the 3D feature in 

Illustrator.  Specifically, I used the 3D Revolve function.  When this function is applied 

to basic shapes, it creates a 'hole' in the middle of the rendered final shape.  This look was 

perfect for establishing a dimensional, channeled appearance to the membrane proteins. 
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 Figure 3-7. Channel Proteins 

 

The spinning of ATP synthase is a crucial part of understanding oxidative 

phosphorylation.  In order to achieve a realistic spinning effect of this protein I chose to 

create this asset using 3D software (Maya).  In Maya I created the protein using polygon-

modeling techniques and animated its rotation as a loop.  I chose a simple Lambert 

shader with strong directional lights to mimic the look of the Illustrator-developed 3D 

assets and to fit in visually with the overall animation.  I rendered a 24-frame rotation in 

.png format to preserve transparency.  Once the renders were complete, I translated each 

of the 24 images into a keyframe in Flash and made this into a movie clip. 
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 Figure 3-7. Channel Proteins 

 

 

Figure 3-8.  ATP Synthase in Maya 
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ANIMATING 

 

Once all of the assets were developed and defined, the real work of animation began.  I 

wanted the animation style to match the graphic style so I chose quick, eye-catching 

'pops' to introduce new assets and applied a hand-written effect to many of the text 

elements.  I achieved this effect by breaking down each text clip into vector components 

and using the Eraser tool to erase the words frame-by-frame.  Then, I reversed these 

frames to give the effect of the text writing itself. 

  

 

 

Figure 3-9.  Written text effects in Flash  

 

Most of the graphics are animated using Classic Tweens, as most components have very 

simple motion that is not along a path.  Classic Tweens are used whenever an element 

'pops' up onto the screen, or when its role in the animation is to move in one direction or 
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change color/transparency.  However, when a molecule needed to follow a more complex

motion path (such as pyruvate moving along a circle in the Krebs cycle), I applied a 

Motion Path tween to achieve this.   

 

 

 

Figure 3-10.  Example of a Motion Tween 

ompositing the Animation 

before the final script was recorded and some of the 

 

r 

program does a much better job exporting sound than Flash.    

  

 

 

 

C

Some of the animation was done 

animation was done post-recording.  In the latter situation, the script was imported into

the original Flash file and I timed the animation in Flash.  For the chapters animated prio

to the script recording, I exported them as .mov files and used Adobe Premiere to edit the 

timing.  The final videos in both situations were composited in Premiere because this 
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Figure 3-11.

he final product was assembled in Adobe Encore.  In this program, I assigned each 

hapter to a DVD menu item and burned the animation as a DVD. 

BOARD GAME 

 white box with a 

uestion on it and a pink question mark icon in the background.  My original intention 

was to make a very large game boa n addition to the small 

art 

image would have to be grossly enlarged in order to place 2 of the small boards on top of 

  Compositing animation with sound in Premiere  

 

T

c

 

I used the same artwork an assets in the animations to create the visuals for the board 

game.  In places where answers were intended to be placed, I used a

q

rd with an image of a cell on it i

ones.  On this board, each group would have to place their small board on the correct p

of the cell, i.e. the Krebs cycle group would have to place their board in the 

mitochondrial matrix.  However there were technical issues involved with creating the 

large game board so I decided not to include it.  Spatially, the mitochondria on the cell 
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gh 

rinting 

e 

ed on a PVC 

 

  

Figure 3-12.

this area.  Furthermore, the Electron Transport Chain and Krebs cycle must go 

specifically in the matrix of the mitochondria.  In order to create a large enou

mitochondrion to enable this, the board would have had to be enormous.  This is not 

conducive to a portable suitcase nor is it practical for classroom use. 

The first step in developing the game was meeting with Bill Smith and Jorge Escobar at 

the Dallas Museum of Nature and Science.  In this meeting we decided upon a p

strategy and discussed ideas for materials.  I wanted a magnetic surface so that th

matching pieces could smoothly attach to their answers and not shift around.  I also 

wanted the boards to be solid yet lightweight and portable.  We decid

material with a thin metal layer underneath the printed board image.  The smaller pieces 

we decided would have a magnetic backing on them so that they would stick to the game

boards. 

The boards and game pieces were designed in Illustrator and exported as a .pdf. 

  Game Boards 



 

CHAPTER FOUR 
Results 

 
SURVEY DEVELOPMENT 

The animation was peer reviewed by ten biomedical communications graduate students.    

These students were chosen as the test group because they are peers in scientific visual 

communication and they are also current science students.   The test group was first 

informed of the purpose and audience of the animation and then instructed to play the 

program and answer the prompted questions as a group.  A survey was developed to 

assess feedback about content, organization, style and efficacy of the animation.  6 

statements were designed to address these issues.  Under each statement was a 5-point 

Likert scale assessment with responses ranging from Strongly Agree (5) to Strongly 

Disagree (1).   Students were instructed to circle the response that best corresponded to 

their thoughts on the above statement.  Additional space was also given for comments. 

 

SURVEY DISTRIBUTION 

The survey was handed out after a group viewing of the DVD.   Ten surveys were handed 

out and  ten were returned to me after viewing of the DVD. 

 

SURVEY RESULTS 

 

The results were then collected and evaluated: 

Question 1:  After watching this video, I feel like I understand the broad concepts of 

cellular respiration. 

32 
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6 strongly agree, 4 agree 

This question was intended to address the overall goal of the animation and of the 

suitcase itself.   

Question 2:  Everything in the video made sense to me, there were no areas of 

confusion. 

3 strongly agree, 5 agree, 1 neutral, 1 disagree 

This statement was designed to assess the clarity of the information presented in the 

video. 

Question 3:  I found the artwork and style of the animation visually pleasing 

5 strongly agree, 5 agree 

This statement was designed to see if the students found the style, colors, font choices 

and overall design harmonious and not distracting to the overall content. 

Question 4:  The material was presented in a well-organized manner 

4 strongly agree, 6 agree 

This statement was made to assess the effectiveness of the flow-chart style organization 

of information. 

Question 5:   I found it easy to pay attention 

4 strongly agree, 3 agree, 3 neutral 

This question addressed the overall attention span of the test group and whether or not the 

video was effective in keeping the audiences attention 

Question 6:  I would use this video outside of class for studying if it were provided 

online 

5 strongly agree, 5 agree 
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This statement aims to see whether or not the students would find the animation useful 

ation 

on Question 3: I found the artwork and style of the animation visually 

the whiteboard-writing effect of the terms” 

too 

ry focus of conveying the information.” 

ver the place” 

l but the breaks were well timed” 

ntion” 

use this video outside of class for studying, if it 

ments 

for their own study purposes, and whether or not it would be useful to put the anim

on the web. 

 

Comments 

pleasing 

“Awesome...for real” 

“I like 

“The style of the animation was very uniform overall and the color palette wasn't 

distracting from the prima

Comments on Question 4: The material was presented in an organized manner 

“Very.  That's one of the things I hate about these animations they're all o

Comments on Question 5: I found it easy to pay attention 

“Its hard with this materia

“I think having a part of the animation that was emphasized would have helped to 

retrigger my atte

 

Comments on Question 6: I would 

were provided online 

“Depends on how in depth the test was (if you need to know structures of compounds 

maybe not)” 

 

Additional General Com
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“The river and dam looks weird but I like the analogy.  I thought it was chocolate.” 

 

“I like your script, did you write? So clever! I cant believe how much info they put in 

these.  For real!  It took me forever to learn Krebs.  This animation was like 2 months of 

essed with how you turned a complicated concept into something 

aging.  Nice artwork 

k biochem.” 

wing where carbon atoms are gong to oxygen atoms to form 

O2 in the Krebs cycle would clarify the diagram a little.  Printable diagrams might be 

The part where the 'high energy' is lost to pump hydrogen could be visualized (ie bright 

ncept” 

Bio 101 in college.” 

 

“Well done!  Very impr

easily understood.” 

 

“I like the energy of the narration0it made the video even more eng

and animations!  I think this would be a very effective study tool for home for the 

classroom.” 

 

“Very easy to follow.  Would love to have had this when I too

 

“A few more arrows sho

C

helpful to study.” 

 

“Mouseover on answers for questions behaved a little funny” 

 

“

to dim) since it is an important co
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“Narrator abbreviates certain terms, without a clear visual connection between 

des that had remnants of a previous animation that could do with a 

leaning touch-up.  I liked the addition of the oil rig mnemonic, but not so often that it 

cs this was displayed very well.” 

molecules mentioned did not have a good explanation but I think in the 

lassroom where this would be used, students would be familiar with these already.” 

iscussion 

ents except for one were 

nswered with Agree or Strongly Agree.  Specifically, the positive responses to the first 

abbreviation and term.  (ETC for electron transport chain is an example)” 

 

“There were some sli

c

became somewhat distracting.  The visuals and font were very good styles that engaged 

the audience, and for the hard topi

 

“Good job overall!”   

 

“Some of the 

c

“The explanation of spinning ATPase was really good” 

 

“Everything was explained well, could add an outline with the video for an easy and 

quick study reference” 

 

D

The results of the survey were overall very positive.  All statem

a

statement show that the test group understood the broad concepts of cellular respiration 

after viewing the video.   
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The only negative and neutral comments came in response to question 2, “Everything in 

ts 

roup.  For 

stance one comment said that some of the terms were not well explained before they 

 

he responses to question three were very positive.  The artwork and animation style 

visually pleasing and did not distract from the content.  Several 

omments bolster this approval, stating that the written0out text effect was interesting, 

 to 

nt 

uestion four, which asked if the content was presented in a well-organized manner also 

rt 

he result of a great deal of research and conceptualization.  This 

rganization method is what makes this particular animation innovative and different, so 

eedback was very rewarding.  One comment in particular encapsulates this 

 

There were, however, three neutral responses.  A couple 

the video made sense to me, there were no areas of confusion.”  Certain commen

provide some explanation to the confusion experienced by some of the test g

in

appeared on screen.  Another comment noted that there should have been more arrows 

visible in the Krebs cycle.  These comments indicate that although the goal of the 

animation was to teach broader concepts, perhaps more detail would have actually helped

this cause. 

T

proved to be effective, 

c

that the color palette was nice and not distracting and that the visuals were a good way

engage the audience.  This feedback provides solid validation of the color, style and fo

choices of the animation. 

Q

received very positive feedback.  This was particularly important because the flow-cha

style organization was t

o

the positive f

by saying that other such animations seemed 'all over the place' and that this one was 

'very' well organized. 

Question five, which asked if the viewer found it easy to pay attention to the video again

received positive results.  
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comments noted the difficulty of the material, so that might explain some viewers 

becoming overwhelmed. Another interesting comment stated that the narration migh

more effective with some jokes included.  The overwhelmingly positive responses to 

question three rule out any viewer issues with the style and design of the animation, so 

perhaps the neutral responses were caused by the casually-written script or by the 

conversational style of the narration.   

Question six asks if the student would find the animation useful as a study tool if 

available on

t be 

line.  It received very positive feedback.  This indicates that the video should 

ly 

pecially validating. 

 

 

 
 
 

 

indeed be put on the web and also that it is an effective study tool.   

Overall, the feedback was very positive.   Of particular importance is the positive 

response to the video's organization as this was a key innovation, as well as the extreme

positive feedback on the art and style.  I spent a great deal of time drawing assets and 

developing a style that would be harmonious with the organization of the content so the 

positive response to it is es
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CHAPTER FIVE 

 
Conclusions and Recommendations 

PROJECT SUMMARY 

The thesis question I intended to answer was whether a learning tool could be developed 

that assists DISD high school students in understanding the broad concepts of cellular 

respiration.  The goal of the project was to create a portable learning module intended to 

supplement the current high school biology curriculum in the Dallas Independent School 

District.  The learning module consisted of an animation, magnetic board game and 

student study sheets.   

In order to meet this goal several objectives were met.  First, I conducted a survey among 

current DISD science teachers to find out what parts of cellular respiration they found 

most difficult to teach and what they would like to see included in a science suitcase on 

cellular respiration.  Next, I conducted a literature review.  In this review I researched 

current teaching techniques for cellular respiration, the Texas Assessment of Knowledge 

and Skills (TAKS) guidelines for the topic, effective approaches to scientific animations 

and the efficacy of hands-on materials in the science classroom.  Using the information 

gleaned from the teacher survey and literature review I developed a script for a narration 

as well as a concept for a magnetic board game to accompany the animation.   During this 

process I created a style for the piece and began building assets.  Once the art style and 

script were approved by my committee I developed an animation and sent game materials 

to the Dallas Museum of Nature and Science nally, the animation was 

reviewed by my peers in biomedical communication.   

 

to be produced.  Fi
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DISCUSSION 

The peer review provided  very positive feedback on the animation and its effectiveness 

as a learning tool.  Most respondents answered 'strongly agree' or 'agree' to the survey 

statements and the vast majority of comments were positive.  The few neutral or negative 

comments and responses indicate that the overall clarity of the animation could be 

improved.  The survey results were especially positive for the organization of the video 

and the style.  Also, based on the very positive response to statement one, the test group 

felt that they understood the broad concepts of cellular respiration after watching the 

video.   

 

AREAS OF FURTHER RESEARCH  

More thorough testing should be done involving DISD science teachers and their 

students.  The time frame of this project did not allow for thorough testing of 

 

mally styled 

animations.    

these groups.  More conclusive evidence of the projects overall efficacy would be 

provided by surveying teachers and students.  Additionally, a teacher and student

survey of the magnetic board game would be useful to see if its inclusion in the 

suitcase improved students retention of the material introduced in the video.  

Another area of future study would be comparing student comprehension from 

this animation with other animations on cellular respiration.  It would be 

interesting to see if the flowchart organization and conversational narration that 

are unique to this video allow for better comprehension than more for
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Taking the material from this anim ng it into an interactive interface 

 

adding a menu where the user could click on molecules to learn more about them 

and rotate them in 3-D space to gain further understanding of the structure.  

 

ation and putti

would be another area for future research.  Although individual interactivity in is 

beyond the scope of this project, it would be useful for users to be able to pause

and click on particular molecules and structures to learn more.  For example, 



 

APPENDIX A 

 
 

Initial Teacher Survey 

 

 
 
 
 
 
 
 

 



 

 

 

 
 



 

 
 
 
 

 



 

 

 
 



 

 
 

 



 

 
 

 



 

 
 

 



 

 



 

 

use to do useful work, to heat our bodies, to provide electrical impulses in our brains, for 

most of the things our bodies need to do, this energy is provided by cellular respiration.   

Now when I say energy you might guess that ATP is the energy molecule we are creating 

and you would be correct.   ATP is the biological currency of energy.  I say currency 

because just like dollars and cents, ATP 'pays' for movement.  Small movements require 

a little ATP and large movements  require lots of ATP.  Making ATP is the goal of 

cellular respiration. 

 

Your cells operate like an ATM machine, pumping out this currency when your body 

needs it.  The inner workings of this machine are quite complex; the creation of ATP 

APPENDIX B 
Script 

 
 

SECTION I INTRODUCTION 

 

We all know that we can't live without food and oxygen. This is the fuel needed to run 

our bodies. This fuel is turned into energy in a process called cellular respiration.  

Cellular respiration just might be the most important biochemical process ever. 

 

Respiration is the process that turns  the food we eat (glucose) and air we breathe 

(oxygen) into energy.  These chemicals are processed by our bodies and eventually get 

broken down and absorbed at the cellular level.  Then, through the process of cellular 

respiration our cells are going to take this  glucose and oxygen and produce carbon 

dioxide, water, and -this is the key part - we produce energy!  This is the energy that we 



 

occurs over several steps and process e Krebs cycle and the Electron 

Transport Chain 

gh?  Why isn't it as simple as just combining glucose 

nd oxygen to get ATP? 

n 

here 

ellular respiration comes in.  During this process, much of the energy released can be 

.  

 

  Seems like it should be the other way around right?  Well if you 

ink about it, when you gain electrons, you are lowering the overall charge of the 

 

es...glycolysis, th

Why go through these steps thou

a

If our cells just combusted these things together in some kind of instant reaction, all of 

the energy produced would be in the form of heat.  In order to get ATP, the reactio

needs to be a kind of 'slow burn' as opposed to an instant combustion.  This is w

c

harvested as ATP. 

But this is all cell respiration is.  Taking glucose and oxygen and producing ATP from it

In the next segments we'll break down the details of the various and fascinating stages 

and processes of cellular respiration. 

 

SECTION II REDOX REACTIONS 

Let’s just do a quick section on the basics of oxidation-reduction reactions.  Cellular 

respiration is driven by this class of chemical reactions so it will help you understand the 

whole thing better if we talk about them a little here.   

First things first, oxidation and reduction deal with the transfer of electrons.  A good way 

to remember this is:  OIL RIG:  Oxidation Is Losing Electrons, Reduction Is Gaining

Electrons.  OIL RIG.

th

molecule, hence reducing the charge of the molecule.  When you are oxidizing, you are

losing electrons to oxygen.    

 



 

So lets use an example to make this more concrete.  Here we are going to use a really 

simple equation to show you what is getting oxidized and what is getting reduced: 

s react to make 2 moles of hydrofluoride.  Pretty simple.  So 

so it 

 else gets reduced. 

emember, OIL RIG. Oxidation is Losing electrons, Reduction Is Gaining electrons. 

 get back to respiration. 

e 

le 

Ps are used to break up the 6-carbon glucose (g-l-u-c-o-s-

 

2 Hydrogens + 2 Fluorine

lets look at what is getting oxidized and what is getting reduced.   

2 hydrogens are going to 2 H+ ions and 2 electrons.  Hydrogen is losing its electrons 

is being oxidized (remember OIL RIG!) 

Now, F2 is gaining 2 electrons to become a fluorine anion.  Gaining electrons means 

reduction. 

When you add up both of these equations, you can see that oxidation and reduction are 

happening simultaneously to produce a balanced equation.  And this is key.  Every time 

something is gets oxidized, something

R

(2 minutes) 

 

SECTION III GLYCOLYSIS 

Now that we have that redox review out of the way lets

Glycolysis is the first phase of cellular respiration.  Glycolysis literally means the 

breaking down of glucose.  This can occur with or without oxygen and it happens in th

cytoplasm of the cell. Now there’s two important phases in glycolysis, the investment 

phase and the payoff phase.  The investment phase actually uses 2 ATPs.  The who

purpose of cellular respiration is to make ATP but here we are at the get go using 2 

ATPs.  Why is this?  These AT

 



 

e) into 2 three carbon compounds . We'll call these molecules triose phosphate.   Now 

each of these triose phosphate molecules  can then go into the PAYOFF phase.  In the 

ayoff phase each of these triose phosphates is oxidized into pyruvate.  Pyruvate is 

g triose phosphate, but  remember that if one 

) So 

olecules are produced by reducing NAD+ .   For now, just think of NADH as 

 

ets split in half  into 2  

produce 4 in the payoff phase, for a total of 2 net ATPs. 

 mins) 

sis 

g 

p

essentially the end product of glycolysis.   So for each molecule of glucose that goes 

through glycolysis, we get 2 molecules of pyruvate 

So you're saying we just went through the payoff phase so what exactly was the payoff?  

Let's take another look:   We are oxidizin

thing is being oxidized, something else must be being reduced.  (remember OIL RIG!

4 NADH m

'future ATP'; later on it will play a great role in producing a lot of the stuff.  We also are

going to  make 4 ATP's directly. 

Just to review, we start out with a glucose molecule that g

pyruvates.  Remember that this can happen with or without oxygen!  We use 2 ATP's 

initially, but 

(4

 

SECTION IV, KREBS CYCLE 

The next step is the process is the Krebs cycle.  The pyruvate made during glycoly

travels to the mitochondrial matrix where the Krebs cycle takes place. 

We can think of the Krebs cycle as pyruvate making a journey.  During that journey it 

gets oxidized.  Remember Oxidation Is Loss (OIL RIG) so it loses some electrons alon

the way and it also makes some ATP and NADH as well.   

 

 



 

Let's take a closer look:  Now you have these pyruvates, 2 of them, that were produced

during glycolysis.  The Krebs cycle makes 2 turns, one for each pyruvate.  But these 

pyruvates, they're not just quite ready for the Krebs cycle…so how do they get ready

the Krebs cycle?  They go through pyruvate oxidation.  Oxygen cleaves one of the 

carbons off of pyruvate to make co2, and we get  com

 

 for 

pound called acetyl-CoA.  And it 

 

xaloacetic acid and they decide to continue along 

 many 

hen 

ng the way it  loses 

lso, to the ultimate carbon seducer OXGEN.  See, carbon is helpless against the 

owers of O2,  oxygen steals its carbons away with great ease.  I probably dont have to 

 one carbon...right?  (show them forming CO2).   This 

hat 

tant and how our 

also reduces  one NAD+ to NADH.  See again how oxidation and reduction always occur

simultaneously!  Lets just focus on the journey of this one pyruvate, but remember that 

this happens  twice.   

Once you have this 2 carbon chain acetyl CoA you are ready to jump into the Krebs 

cycle.  Here it is and you'll see soon why it is called a cycle.   

Next, acetyl-CoA meets up with o

together as the 6-carbon citrate or citric acid.  The citric acid is then oxidized over

steps, losing electrons throughout this long journey.  First, it loses a few to NAD+.  W

NAD+ gains  electrons what do we get?  NADH (pop up oil rig).  Alo

carbons a

p

tell you the fate of 2 oxygens and

reaction though is a key point of cellular respiration.  This CO2 is the carbon dioxide t

we exhale.  So finally we begin to see where oxygen becomes so impor

breathing cycle relates to all this respiration business.   

 

 



 

Some  more electrons are also lost to  FAD+, which becomes FADH2.  Dont worry, this

is basically the same thing as the NAD+ → NADH reaction that you already know ex

that will actually produce more ATP later on. 

Next, another carbon is cleaved off our weary traveler by oxygen, making another C

Oh, and we also make ATP.  2 to be specific.  So why are we paying so much attention t

NADH and FADH2 when the whole POINT of respiration is to make ATP 

anyways?...the answer is that FADH2 and NADH are the inputs into the electron transpo

chain, they drive the b

 

cept 

O2. 

o 

rt 

ulk of ATP production in the electron transport chain.  This is why 

bs 

hat we make from NADH 

 

w, because there is more water 

n one side than the other, we say that this side holds a potential energy.  This is a key 

point to the electron transport chain. If we tore the dam down all of that water would 

come crashing down with tremendous force, right?  Lots of energy there.  However, we 

we have been calling them 'future-ATP'.  So while the 2 ATPs created during the Kre

cycle are important, they are insignificant compared to the 34 t

and FADH2 during later in the Electron Transport Chain 

Notice also that by losing 2 carbons, our weary traveller has turned back into oxaloacetic 

acid, which is reCYCLEd in the next turn of the Krebs cycle.  Pretty cool.   

(5 minutes) 

 

SECTION V, ELECTRON TRANSPORT CHAIN 

And now here we are at the all-powerful electron transport chain, where we finally make

use of NADH and FADH2 and make the bulk of our ATP!  

We can think of the ETC as a river with a dam.  As you know, a dam is a structure built 

in the middle of a river that holds water on one side.  No

o

 



 

can also harness that energy to produce useful stuff.  In a hydroelectric dam, the flow of 

the water is controlled and as it flows down it rotates a bunch of turbines which store this 

energy as electricity.  Now lets switch gears.  In the ETC, instead of water, hydrogen 

 the ATPase, 

 the first place.  Lets take a 

ne side of 

e we have the inter-membrane space.  On the other side we have the 

itochondrial matrix.  Remember that the Krebs cycle occurs in the matrix, so all of 

nd down here.   

n of 2 ATPS.   

 

ns.   

atoms are creating that potential energy.  Instead of a dam, the membranes of the 

mitochondria are holding that energy back.  And instead of turbines we have this 

fascinating little protein called atpase.  As the hydrogen flows down through

it causes atpase to spin (yes, literally it spins) and this energy is used to turn adp into atp. 

So this is basically how the electron transport chain works.  But why is it called the 

ELECTRON transport chain if hydrogen atoms are doing all the work? 

The answer is because the transfer of electrons is actually what causes the higher 

concentration of hydrogen on one side of the membrane in

closer look: 

This whole process occurs on the inner membrane of the mitochondria.  On o

this membran

m

those NADHs and FADH2s are already floating arou

Each NADH is going to be indirectly responsible for the production of 3 ATPS and each 

FADH2 is going to be indirectly responsible for the productio

Now note how I said 'indirectly responsible' for the production of ATP, so lets go ahead 

and see how this all works: 

In general NADH, when it gets oxidized (remember Oxidation Is Loss) looks like this: 

NADH---> NAD+ + H+ + 2e.  This is the oxidation of NADH, its losing these 2 electro

But as always if we have oxidation we must also have reduction, so what is being 

 



 

reduced?   Oxygen!   If we take our 2 electrons + 2 hydrogen protons plus 1 oxygen 

atom…put these together and I'm left with…water.  So note that this oxygen is gaining 

electrons, it is being reduced, remember OIL RIG, reduction is gaining electrons.  

Imagine if we didnt have oxygen for a moment...all of those electrons being libera

from NADH and FADH2 would have nowhere to go!  The ETC would shut down

entirely, the bulk of our ATP production would shut down entirely.  So now we are 

seeing the fantastic importance of oxygen. 

ted 

 

 

dient so lets take 

 

re in a very high energy state.  What happens during the electron transport 

y 

 used 

gy state, its 

mp protons 

 to drive atp synthase.  If these guys were left alone they 

This redox reaction represents the beginning of the ETC and the end of the ETC, but

what happens in the middle is how we create that fabulous hydrogen gra

a look: 

Now, about these electrons right here that are popping out of NADH.  When they are in

NADH they a

chain is that these electrons get transported to a series of transition molecules, and as the

travel across these molecules they lose a little bit of energy, and eventually they are

at the very end to reduce this oxygen into water.   

Now any time an electron goes from a high energy state to a low ener

releasing energy along the way.  At each step it releases energy.   

Now -finally this is going to come together for you- that energy is used to pu

outward across the inner membrane of the mitochondria.  That is how we get the higher 

concentration of H+ up here

wouldnt do that, the concentration would be roughly equal on both sides.   

 

 

 



 

 

y.  

 

 create 

e can see  that when we add up the ATPs 

es as well as water and co2 as waste products.  That is cellular respiration. 

You just have to remember that 2 things are happening during the electron transport 

chain.  You have to remember that electrons from NADHs and FADH2's are moving to 

eventually show up and reduce oxygen, and as they do that they are releasing energ

That energy is used to pump protons into the outer compartment.  And secondly, those

protons want to get back in to the matrix, and this force drives the ATP synthase to

ATP molecules. 

Looking at cellular respiration as a whole, w

created from glycolysis and the Krebs cycle and ETC, we have taken 6 molecules of 

oxygen from the air and one molecule of glucose from our food created  36 ATP 

molecul

(6 minutes) 

. 
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APPENDIX D 
Student Handouts 

 

 
 

 

 



 

 

 

 
 

 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 



 

 

 
 



 

 

 
 

 
 

APPENDIX E 
EVALUATION SURVEY AND RESULTS 
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