
Motivation 
There have been many calls for more quantitative content in the 
life sciences curriculum. Bio2010 report called for more 
mathematics, physical and information sciences. The Vision and 
Change report identified core competencies required for all 
students, including the abilities to: 1) apply the process of science; 
2) use quantitative reasoning; 3) use modeling and simulation; 4) 
tap into the interdisciplinary nature of science. The recent PCAST 
report goes further and calls for widespread curricular reform to 
develop new pathways to the science, technology, engineering 
and math (STEM) disciplines.   
 
The Marble Game provides a new introduction to quantitative 
content into the life sciences curriculum. It provides a conceptual 
framework that supports quantitative reasoning throughout the 
STEM disciplines. The marble game can be used in physics courses 
before Newtonian mechanics, providing a simpler (and more 
biologically relevant) entry-level quantitative model. This 
approach is presented here with evidence from upper division 
courses Biophysics and Physiological Modeling, but it is argued 
that these materials are accessible at the introductory level. 
 

Modules 
The modules are a self-contained series of self-study guides for 
undergraduates (both with and without calculus). They are 
suitable for use as stand-alone homework assignments, biophysics 
computer labs, or for a complete discovery-based active-learning 
course. Modules 1, 2 and 3 have been peer reviewed and are 
available at the APS Archive of Teaching Resources and 
http://circle4.com/biophysics 

Biophysics in the Undergraduate Curriculum 
Recently there have been multiple calls for curricular reforms to 
develop new pathways to the science, technology, engineering and 
math (STEM) disciplines. In response, I propose a conceptual 
framework for quantitative scientific modeling skills that are useful 
across all the STEM disciplines. The approach actively engages students 
in a process of directed scientific discovery using Monte Carlo 
simulations and finite difference methods using the "Marble Game" as 
a model system. In a "Student Assessment of their Learning Gains" 
(SALG) survey, students identified this approach as producing "great 
gains" in their understanding of real world problems and scientific 
research. Students build a conceptual framework that applies directly 
to random molecular-level processes in biology such as diffusion and 
interfacial transport. It is also isomorphic with a  reversible first-order 

chemical reaction providing conceptual preparation for chemical 
kinetics. The computational and mathematical framework can also be 
applied to investigate the predictions of quantitative physics models 
ranging from Newtonian mechanics through RLC circuits. To test this 
approach, students were asked to derive a novel theory of osmosis. 
The test results confirm that they were able to successfully apply the 
conceptual framework to a new situation under final exam conditions. 
The marble game thus provides a pathway to the STEM disciplines that 
includes quantitative biology concepts in the undergraduate curriculum 
- from the very first class. Student modules (and instructor guides) are 
available for testing and evaluation at http://circle4.com/biophysics. 
Support from the NSF (Grant DUE-0836833) is gratefully 
acknowledged. 
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A wide variety of systems of biophysical interest can be modeled as 
discrete state models. The two-box simulation (sim) is an obvious 
place to start as it directly models passive transport in a wide variety 
of systems. It’s also probably the most important model in biophysics 
and physiological modeling! With a few simple modifications it can be 
used to investigate:  
 
• membrane transport  
• distribution of O2, and CO2 
• drug delivery and elimination 
• osmosis and osmotic pressure 
• bioelectricity & membrane                                                                

potentials 
 

Marble game rule 
• Roll the ten-sided die. If the number you rolled is less than or 

equal to 𝑁1 (the number of marbles in box 1), then move a 
marble from box 1 → 2, otherwise move a marble from box 
2 → 1.  

 
Die numbers 1 to 𝑁1 go with marbles in box 1 and numbers 𝑁1 + 1 to 
10  go with marbles in box 2 . Each marble thus has an equal 
probability of jumping to the other box at each step. 

Two-box simulation – marble game 
(kinetic Monte Carlo) 

• diffusion and random walks  
• molecular signaling & Ca2+ 

• synapses & neurotransmitters 
• ion channel gating 
• kinetics of motor proteins 
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Finite Difference Method 
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A theoretical solution to the (ensemble) average formulation of 
the problem can be calculated using a simple finite difference (FD) 
method. The basic idea is to calculate the change in the system 
δ𝑁1 during a short time δ𝑡 and then calculate the new value of 
𝑁1from the old. 

 δ𝑁1 = 𝑘𝑁2δ𝑡 − 𝑘𝑁1δ𝑡 
and 

𝑁1new = 𝑁1old + δ𝑁1 
  
This finite difference formulation (FDF) of the problem can easily 
be implemented in a spreadsheet resulting in… 

𝑘𝑁2 

𝑘𝑁1 

This computational and mathematical framework can also be 
applied to investigate the predictions of quantitative physics 
models ranging from Newtonian mechanics through RLC circuits 

Hypothesis testing (drug elimination) 
The two-box model can be easily modified to provide a simple 
(pharmacokinetic) model of drug elimination.  

𝜌1 =
𝑚
𝑉
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1 – body  
2 – bladder 

Once the drug elimination model is developed, its quantitative 
predictions can be easily compared with published data* for 
healthy volunteers and intensive care patients on heart-lung 
machines to interpret the clinical data… 

The simple model works remarkably well for piperacillin (an IV 
penicillin), but not so well for TYLENOL®… 

*Experimental data from: Muller, M., dela Pena, A. and Derendorf, H. (2004) Antimicrob Agents 
Chemother, 48, 1441-1453. 

Membrane transport 
& Nernst Potential 

Using a simple kinetic model of ion permeation through a 
single ion channel and the relationship between membrane 
charging and voltage the approach to the equilibrium Nernst 
Potential is easily discovered by students. 
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Diffusion  
(synaptic transmission) 

The importance of diffusion in biology is difficult to overstate! 
However, quantitative treatment of diffusion is usually left to 
advanced math or engineering classes primarily because the 
traditional quantitative treatment (Fourier analysis) is an advanced 
math topic! Using an FD method, students with no calculus can 
investigate transient diffusion problems such as synaptic 
transmission. Students are asked to find (in the spreadsheet) the 
time required for the neurotransmitter concentration to reach a 
particular value at the post synaptic membrane (𝑥 = 0.1 µm). 

By changing the thickness of the synapse, students discover why 
they are so thin. Other important diffusion problems such as O2 
transport and fluorescence recovery after photobleaching (FRAP) 
can also be investigated quantitatively…  
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Ion channel gating 
(Poisson processes) 

Biophysics and molecular biology are increasingly focusing 
on conformational transitions of single proteins. These 
transitions are inherently stochastic in nature. Students 
discover that the original marble game does not produce 
random behavior for a single marble jumping between the 
boxes. The concept of a Poisson process is introduced and 
students discover that the resulting random distribution of 
dwell times qualitatively matches experiment.* 

Experimental data for RyR2 calcium channel gating from Laver (2007) (with permission). 

Excel simulations of RyR2 calcium channel gating using the experimentally determined dwell times. 

*Experimental data from: Laver, D.R. (2007) Ca2+ stores regulate ryanodine receptor Ca2+ release 
channels via luminal and cytosolic Ca2+ sites. Clin Exp Pharmacol Physiol, 34, 889-896. 

Ensemble average variations 
(multiple ion channels) 

Students can implement a “live” histogram in Excel of the 
number of open channels at steady state. The probability 
density 𝑝 𝑥1  is introduced as the correct way to compare 
distributions of different sized systems. Students discover 
how the equilibrium distribution of states changes with 
system size. Subsequently, they compare simulation results 
with the binomial distribution and then the normal 
distribution. They then discover the central limit theorem. 

Osmosis Final Exam question 
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Osmosis Final Exam question 

and show that the finite difference equation for change in 𝑐1 
during a short time δ𝑡 is given by 

δ𝑐1 = 𝑘 𝑐2𝑒−𝜓 − 𝑐1 δ𝑡 
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Students were expected to write a kinetic Monte Carlo (kMC) 
(Metropolis) algorithm to simulate the two-box system. 

Students were expected to draw a correctly labeled FD diagram 

and by using the condition for equilibrium, students were 
expected to derive 

∆𝑃 =
𝑘B𝑇
δ𝑉

ln
𝑐2
𝑐1

 
…the osmotic analogue of the Nernst equation. 

Number of correct 
student answers (
𝑁=13) for 7 parts 
of the osmosis 
final exam 
question. 

Student Assessment of Learning Gains  
(SALG) by module 

1. Introduction - marble game 
2. Algorithms and TYLENOL® 
3. Finite difference method  
     and oxygen 
4. Model validation and penicillin 
5. Diffusion - spread it around  

6. Saturation and least-squares fits  
7. Molecular dynamics I 
8. Equilibrium distributions – marble game redux 
9. Kinetics of the marble game – Poisson processes 
10. Molecular dynamics II  
11. Membrane voltage – electrical polarization 
12. Ion channels – voltage-dependent permeases   

As a result of your work in this class, what GAINS DID YOU MAKE  
in your UNDERSTANDING of each of the following? 

Question  Rating 
How ideas from this class relate to ideas encountered in other classes within this subject area 4.2 

How ideas from this class relate to ideas encountered in classes outside of this subject area 3.7 
How ideas from this class relate to real scientific research 4.5 

How studying this subject area helps people address real world issues 4.5 
 

SALG Survey comments 
“I can work with excel really well as a result of this class and 
understand the importance of algorithms to scientific models” 
 

“Reading is key. Procrastination is very bad. Understanding is more 
important than memorizing.” 
 

“I never knew models could apply to virtually any process given the 
right algorithm. This is crazy!!!” 

Marble Game – across STEM 
Physics – Introduction to Quantitative Scientific Modeling. Avoids 
student misconceptions about Newtonian physics. 
Biology – Prototype for most types of membrane transport. 
Diffusion, osmosis, Nernst equation, Henry’s law… 
Chemistry – Is isomorphic with a first order reversible reaction. 
Provides a simple conceptual introduction to chemical kinetics , 
thermodynamics, Henry’s Law, saturation and Hill equation, 
Michaelis Menten kinetics, etc….  
Computational Science – Introduces students to algorithmic 
(computational) thinking.  
Engineering – Uses methods commonly used in chemical and 
biomedical engineering. 
Mathematics – Develops a computational (finite difference) 
framework that can motivate calculus (or avoid it completely!). 
 

Conclusion 
• Can include biophysics in the first freshman class  
• Marble Game is a better intro. than Newtonian mechanics 
• Provides a learning progression though curriculum 
• A conceptual framework for quantitative models  
• Used in an active learning environment 
• Students discover that science is an evidence-based endeavor 

with testable hypotheses that are supported by experimental 
data.  
 

Student self-study guides (Modules) and instructor guides at 
http://circle4.com/biophysics  
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