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• How do we redesign course materials to enhance  
engagement and effectiveness  

• Goal is using ideas rather than recognizing them

Topics I will consider: 

where we are going 



• Understand what students know and think  
• concept tests (BCI)  
• formative assessments (beSocratic)

Where to start

where to start 



• Questions are conceptual (not factual recall) 
• Distractors (incorrect response choices) are derived 

from student thinking, attractive to students. 

Features of concept tests … 

where to start 



“… Rebello & Zollman (2004) examined students’ open-ended 
responses to FCI questions, their analyses revealed aspects of student 
thinking not found in the original FCI distractors. Based on student 
responses, these authors generated new distractors to replace the 
original ones, resulting in a decrease in the frequency of correct 
answers, suggesting that the original FCI distractors did not fully 
capture aspects of students’ thinking. 

- Klymkowsky & Garvin-Doxas (2020), Concept Tests, submitted. 

Lessons to be taken from their observations:

1. difficult for instructors to accurately predict what students are 
thinking and  

2. different groups of students may hold different ideas.  
3. both influence concept test results as measures of learning.

concept tests 
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Text

concept tests

capturing distractors



What makes DNA a good place to store information?
The hydrogen bonds that hold it together are very stable and difficult to break. 
The bases always bind to their correct partner. 
The sequence of bases does not greatly influence the structure of the molecule. 
The overall shape of the molecule reflects the information stored in it. 

intro advanced sequence

- teachers 29%

concept tests 



Address issues head on and repeatedly to 
illustrate how stochastic processes“work”

stochasticity 



http://www.nobelprize.org/nobel_prizes/chemistry/laureates/2003/chemanim1.mpg

stochasticity 

http://www.nobelprize.org/nobel_prizes/chemistry/laureates/2003/chemanim1.mpg


revealing student thinking 

: revealing student thinking  
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revealing student thinking 



!14



revealing student thinking 



revealing student thinking 
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revealing student thinking 









• Existing MCDB course  
• no discussion of (social) evolutionary mechanisms 
• stochastic processes 
• Lack of recurrent themes 

•  built first as interactive web site 
•  transformed into an open source book, 

engineering more effective courses: biofundamentals

Origins of biofundamentals



`

• Evolutionary processes 
• continuity (cell theory) 
• stochastic processes (mutation and drift) 
• selection (information generation)   

• Molecular foundations 
•  Thermodynamics: enthalpic and entropic factors 

• self-assembly and systems thinking  
• bond formation and catalysis  
• affinity, specificity, and regulation (allostery) 

• Network behaviors 
• metabolic (non-equilibrium) coupled reaction networks 
• adaptive, homeostatic, responsive & evolving networks

engineering more effective courses: biofundamentals

Focus of biofundamentals
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• biological systems are not intelligently designed.

Rube Goldberg

engineering more effective courses: biofundamentals

https://youtu.be/hZdLjyK89Cw


•biological systems are inherently stochastic.

engineering more effective courses: biofundamentals



Once two molecules bind to 
one another, how could they 
come back apart again?

a) A chemical reaction must 
change the structure of one of 
the molecules

b) Collisions with other 
molecules could knock them 
apart

c) The complex will need to be 
degraded

d) They would have to bind to 
yet another molecule

•  students often do not 
“get”stochastics systems.
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• biological systems are based on systems of coupled chemical reactions.

• at the conceptual level, 
what is important is the 
ubiquity of coupled 
reaction, rather than 
specific reactions 

engineering more effective courses: biofundamentals



http://virtuallaboratory.colorado.edu/
Biofundamentals/lectureNotes/Topic1E_Evo.htm

http://virtuallaboratory.colorado.edu/Biofundamentals-web/
http://virtuallaboratory.colorado.edu/Biofundamentals/lectureNotes/Topic1E_Evo.htm
http://virtuallaboratory.colorado.edu/Biofundamentals/lectureNotes/Topic1E_Evo.htm


Chapters  
1: Understanding (biological) science & thinking scientifically 
2: Life and its origins  
3: Evolutionary mechanisms and the diversity of life  
4: Social evolution and sexual selection  
5:  Molecular interactions, thermodynamics & reaction coupling  
6: Membrane boundaries and capturing energy  
7: The molecular nature of the heredity material  
8: Peptide bonds, polypeptides, proteins, and molecular machines  
9: Organizing and expressing genes in regulatory networks  
10: Cellular topology and intercellular signaling 

Available through LibreText  
(or from us)



Questions to answer: 
Why is a non-linear response to a stimulus important in biological 
systems? How is it achieved?   

Question to ponder: 
How it might it impact the social behavior of slime molds if the 
percentage of spore cells were 1% rather than 80%? 



Students’ thinking revealed

Graphic problems:  
generate a graph 
that displays the  
behavior of the  
system; state  
explicitly the  
assumption you used.

revealing student thinking 
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Catalyst for 
CLUE 

conversations at 
Chemistry 
Education 
Gordon 
Conference  
on energetics of  
bond breaking  
& bond formation

http://besocratic.colorado.edu/CLUE-Chemistry/LondonDispersionForce%20copy/1.2-interactions-0.html 
(virtuallaboratory applets by Tom Lundy) engineering more effective courses: CLUE



Writing style (minimal figures) – narrative framework for materials 
presented – practice through beSocratic and in class activities

engineering more effective courses: CLUE



Structure & 
Properties

Bonding 
Interactions

Energy

Change 
& 

Stability
Chemistry

Focused around 
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   1: Atoms  
   2: Electrons & orbitals  
   3: Elements, bonding & ...  
   4: Heterogenous compounds  
   5: Systems thinking  
   6: Solutions 
   7: Chemical reactions  
   8: How far? how fast? 
   9: Reaction systems

http://besocratic.colorado.edu/CLUE-Chemistry/chapters/chapter1txt.html
http://besocratic.colorado.edu/CLUE-Chemistry/chapters/chapter2txt.html
http://besocratic.colorado.edu/CLUE-Chemistry/chapters/chapter1.html
http://besocratic.colorado.edu/CLUE-Chemistry/chapters/chapter3txt.html
http://besocratic.colorado.edu/CLUE-Chemistry/chapters/chapter2.html
http://besocratic.colorado.edu/Chemistry/context.html
http://besocratic.colorado.edu/Chemistry/context.html
http://besocratic.colorado.edu/CLUE-Chemistry/chapters/chapter4txt.html
http://besocratic.colorado.edu/Chemistry/materials.html
http://besocratic.colorado.edu/CLUE-Chemistry/chapters/chapter5txt.html
http://besocratic.colorado.edu/Chemistry/materials.html
http://besocratic.colorado.edu/CLUE-Chemistry/chapters/chapter6txt.html
http://besocratic.colorado.edu/Chemistry/materials.html
http://besocratic.colorado.edu/CLUE-Chemistry/chapters/chapter7txt.html
http://besocratic.colorado.edu/Chemistry/materials.html
http://besocratic.colorado.edu/CLUE-Chemistry/chapters/chapter8txt.html
http://besocratic.colorado.edu/Chemistry/materials.html
http://besocratic.colorado.edu/CLUE-Chemistry/chapters/chapter9txt.html


Types of analyses possible through beSocratic: intermolecular interactions
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Type analysis possible through beSocratic: intermolecular interactions



Type analysis possible through beSocratic: intermolecular interactions
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chemistry  
(CLUE) 



Further evidence for the efficacy of CLUE

• Cooper, Underwood, Hilley & Klymkowsky, 2012. Development and 
Assessment of a Molecular Structure and Properties Learning 
Progression, J Chem Edu. 

• Williams, Underwood, Klymkowsky, & Cooper. 2015 Are 
Noncovalent Interactions an Achilles Heel in Chemistry 
Education? A Comparison of Instructional Approaches. J. Chem 
Educ  

• Cooper, Reyes-Gastelum, Underwood. 2016. When do students 
recognize relationships between molecular structure and 
properties? A longitudinal comparison of the impact of traditional 
and transformed curricula. CERP  

• Crandell, Kouyoumdjian, Underwood & Cooper, 2018. Reasoning 
about acid-base reactions in organic chemistry - it starts in 
general chemistry, J Chem Ed. 2018. 
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we could stop here or …

engineering more effective courses: CLUE

integrating CLUE + OCLUE 



Design

connect topics to core ideas by using scientific practices. 
National Research Council. A Framework for 

K-12 Science Education: Practices, Crosscutting 
Concepts, and Core Ideas; National Academies 

Press: Washington, DC, 2012.

Focus on biologically relevant material 

engineering more effective courses: OCLUE



Fall 2016 Spring 2017 Fall 2017 Spring 2018 Fall 2018 Spring 2019

Year 1 Year 2 Year 3

Year 2 
Time 

Point 1

Year 2 
Time 

Point 2

Traditional Organic 
Chemistry 

Participants 
Mostly Pre-professional 

majors 
~75% female 

Compared on: 
ACT score 
GC1 Grade 
GC2 Grade 
OC1 Grade 
OC2 Grade 

GPA Prior to OC1

outcomes data from the Cooper group
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outcomes data from the Cooper group

←correct

←incorrect

engineering more effective courses: OCLUE
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Why does it all matter?

engineering more effective courses



Poorly designed courses are discriminatory

Mervis 2011. Weed-
out courses hamper 
diversity." Science 
334: 1333-1333.
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“Montaigne concludes, like Socrates, that  
              ignorance aware of itself is the only true knowledge”  
 
- from “Forbidden Knowledge” by Roger Shattuck

engineering more effective courses


