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Who
Students in my class are mostly 2d/3rd year undergrads. Half in various 
Engineering majors, the rest mainly Biochemistry, a smattering of Physics 
and Chem. They have had a year of intro Physics and most have had a 
year of intro Chem.

What
Before this module, students need exposure to several topics never mentioned in first-
year Physics courses: 
• What is a probability distribution. 
• What is the expectation of a random variable. 
• Specifically what is the Geometric distribution:  
• Rudiments of coding (we use Python; MATLAB is equivalent) and graphing. 
• Specifically what is a semilog plot and what does it help us to see.

P(j) = ⇠(1� ⇠)j�1
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Why

Next slide. This is critical: They'll work if you can ignite some scientific 
curiosity with a puzzle.
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“What we want is a story that starts with an earthquake and 
works its way up to a climax.” — attr. to Samuel Goldwyn

How can pulling two things apart strengthen 
their bond?



Phil Nelson

Why we all care about that question this year

Art by David Goodsell
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Some goals
Cells communicate via mechanical forces.  
Cells form bonds with neighbors, then actively test bond strength.  
Some bonds surprisingly strengthen under stress (catch bonds).  
That behavior can be understood and modeled.

That's Mechanobiology

Deeper level: I believe that biophysics is an ideal context to teach people physics, regardless of 
whether they think they'll become biophysicists later. It's way more motivating than, say... Atwood's 
machine. 
First-year physics generally consists of a semester about mechanics followed by a semester about 
electricity, and neither feels particularly "life-like." Mechanics becomes much more relevant to cell 
and molecular biology when we acknowledge the incessant thermal motion that dominates the 
nanoworld. But that can quickly become abstract. 
Emotional level: When you make a nontrivial scientific animation yourself, you never forget it.
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Catch bonding in T-cell receptors

Das, D K, et al. (2015). Force-
dependent transition in the T-cell 
receptor β-subunit allosterically 
regulates peptide discrimination 
and pMHC bond lifetime. http://
doi.org/10.1073/
pnas.1424829112
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Start out with Brownian with drift
Everything that follows flows from one little line of code: 
if random( ) < 0.49:     <– simulate a Bernoulli trial with probability 49%
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Brownian with drift: The Movie

The walker is not “trying to get out.” It doesn’t even “know” that there is a way out. 

The walker is not “creeping up toward the exit.” It’s just blundering around, and eventually it 
stumbles upon the exit. Meanwhile it often “wastes” lots of time on excursions in the “wrong” 
direction.
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Brownian in a trap
Next upgrade from constant force to 
position-dependent force.
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Brownian in a trap: The movie
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Discover Boltzmann
A major result from a minor 
investment.
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Discover Exponential 
distribution of escape times
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Escape times: The movie

Right dot: The mean rate of escape over the barrier is constant. 
After an equilibration time, the probability distribution approaches a form that is independent of the initial distribution. 
Probability then “leaks out” slowly over the cliff, because the region just inside the cliff is so rarely visited.
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Discover Arrhenius law
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Catch bonding via the Velcro effect
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Two escape routes can respond 
differently to applied force
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Discover catch bonding
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Catch bonding is 
observed in leukocytes

http://doi.org/10.1038/nature01605
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Catch bonding is functionally 
significant in T cell activation

Feng, Y., et al. (2017). doi.org/10.1073/pnas.1703559114

T cell activation does show catch-bond 
behavior similar to our little simulation! 
And surprise: The vector character of 
the force matters to the cell's function.
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Go long
Some of the ideas we have encountered are things that many 
scientists describe as “beautiful.” What does that mean?  

There are as many definitions as there are scientists, but I think many 
would agree that part of the answer is that a beautiful physical idea 
is surprising yet inevitable; it may also be simple yet unexpectedly 
general.  

For example, the biased random walk has those qualities. We've 
seen how it gives a concrete, discovery-based approach to many 
things that are normally presented abstractly. 

It’s amazing how a handful of basic concepts can be used to 
understand myriad problems at all levels, in both life science and 
physical science.  
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More Material presented today will appear in a 
forthcoming textbook: 

P. Nelson 
Physical models of living systems 2d Ed. 
The chapter discussed here is freely available: 
https://repository.upenn.edu/physics_papers/660
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PYTHON
FOR PHYSICAL MODELING

A STUDENT’S GUIDE TO 

JESSE M. KINDER 

PHILIP NELSON

SECOND EDITION

An intro to Python coding is already available: 
Jesse Kinder and P. Nelson 
Student’s guide to Python for physical modeling 
The Second Edition is in production at Princeton U. Press.

Py


