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A

PHYSICIST



The Cocktail PartyWow, 

physics, eh?

Hated it. 

My worst 

subject.

Oh, I liked 

physics in 

school. 

But I did 

very badly.













What about 

teaching?



Probably not this



You’re thinking this



But we think this!





B

C

D

E

A

Force Concept Inventory

A ball on a string 

is swung in a 

horizontal circle.

At point P, the 

string breaks.

Which path would 

the ball most 

closely follow, 

observed from 

above?
Hestenes, D., Wells, M., & Swackhamer, G. (1992). Force 

concept inventory. The physics teacher, 30(3), 141-158.



Way too 

easy!

Harrumph!

Crusty old physics guy



Force Concept Inventory Scores

Test Score 

45%

Test Score 

55.4%

Room for 

improvement:

55%
Improvement: 10.4%

Gain:

10.4% = 23%
55%



Even with our best teachers: 23%



Even with our best lessons…



23%



What’s 

going on 

upstairs?



Scientific 

Revolution

for 

Learning

A Philosopher giving a Lecture on the Orrery in which a lamp is put in place of the Sun, 

Joseph Wright of Derby, 1766



30 Year Journey
How to teach 

physics better?

Another crusty old physics guy

How to help 

humans learn?

York Mills student



What 

happens 

in 

students’ 

brains 

when they 

learn?



What 

happens 

in 

students’ 

brains 

when they 

learn?

Scientific

Model of 

Learning



Medicine is extremely complex



Teaching is extremely complex



Why aren’t my students 

doing their job: 

learning?Illicit 
Substances

Pedagogical Fads

I am doing my job: 

teaching





Scientific

Model of 

Learning

Physical

Workings





Learning is a Physical Process

Zatorre, R. J., Fields, R. D., & Johansen-Berg, H. (2012). Plasticity in gray and white: 

neuroimaging changes in brain structure during learning. Nature neuroscience, 15(4), 528-

536.



Brain Workload

Learning something new is 

energy intensive = tiring

Ericsson, K. Anders, et al., eds. The Cambridge handbook of expertise and expert 

performance. Cambridge University Press, 2006.



Implications for Teaching

Learning
 neurons making connections

 feels tiring, confusing!

Practice 
 neurons reinforcing connections

 takes time, begins to feel easier!

Disuse
 connections weaken, forgetting!



Random Toddler from the Internet 



From Babies to General Relativity

The blackhole “Gargantua” from the movie Interstellar



Scientific

Model of 

Learning

Physical 

Workings
Emotion



Emotions and the Brain

Amygdala

Sensory 

and 

Post-

sensory

Executive 

Functions,

Focus



Emotions and the Brain

Emotional state affected by:

Social learning 

environment

Relevance of content

Likelihood of success



Emotions and the Brain

Affects our student’s ability to:

Focus

Encode memory

Access memory and skills



Quick Question!

(9  5) – 17 = ?



Anxiety!

Amygdala



Anxiety!
Activation of 

brain regions 

associated with 

physical pain 

perception is 

strongest when 

anticipating a 

math task.

Lyons, I. M., & Beilock, S. L. (2012). When math hurts: math anxiety predicts 

pain network activation in anticipation of doing math. PloS one, 7(10), e48076



Teaching is extremely complex



Implications for Teaching

Nothing succeeds like 

success!

 Avoid: “This will be on the exam”

 Monitor student’s emotional states 

and feelings of success







Learning Check-Up

How was your learning today?

A: I’m confident about what I learned. I 

can explain it well to my neighbours.

B: I’m pretty good with what I learned. I’m 

OK at explaining it.

C: I’m not too sure about what I learned. 

It would be tough to explain it!

D: I think I had difficulties with some of 

what I learned. I am not yet able to 

explain it.



Implications for Teaching

Nothing succeeds like 

success!

 Avoid: “This will be on the exam”

 Monitor student’s emotional states 

and feelings of success

 Allow students to discover they are 

successful



Make Testable Predictions!



Even with our best lessons…



Traditional Learning Model

Wholesome

Science

Tight 

Seal



Scientific Learning Model

DiSessa, A. A. (1993). Toward an epistemology of 

physics. Cognition and instruction,10(2-3), 105-225.



Knowledge is built from primitive pieces

Force moves 

objects

Increased 

resistance = 

less result

Stronger 

influence wins

DiSessa, A. A. (1993). Toward an epistemology of 

physics. Cognition and instruction,10(2-3), 105-225.



As we learn, connections grow

Force moves 

objects

Stronger 

influence wins

Increased 

resistance = 

less result



Networks of knowledge resources form

F 

motion Stronger 

wins

R , 

motion 

More effort = 

more 

resistance

Heavy things  

resist

Force 

spins
Force

deflects

Change

takes time
Objects

squish with 

force

Opposites 

cancel

Motion 

dies away



Prior Knowledge

We make sense of new ideas by 

making connections to our 

prior knowledge

If prior knowledge

is not ready, students

cannot make use 

of expert knowledge.



Scientific

Model of 

Learning

Brain 

Workings Emotion

Prior 

Knowledge



The Novice

F 

motion
Stronger 

wins

R , 

motion 

More effort = 

more 

resistance

Heavy things  

resist

Force 

spins

Force

deflects

Change

takes time

Objects

squish with 

force

Opposites 

cancel

Motion 

dies away

 Scientific 

knowledge 

fragmented

 Little context

 Fewer useful 

“hooks” to 

attach new 

ideas

 Skills are 

effortful



The Expert

F 

motion
Stronger 

wins

R , 

motion 

More effort 

= more 

resistance

Heavy 

things  

resist

Force 

spins
Force

deflects

Change

takes time

Objects

squish with 

force

Opposites 

cancel

Motion 

dies away

 Rich webs of 

connections

 Highly 

contextual

 See “big 

picture”

 Fluent / 

invisible 

skills



Implications for Teaching

Students arrive in our classes 

with their brains prewired

based on their 

life experiences and 

prior schooling.



Implications for Teaching

Educators must understand 

students’ prior knowledge

to successfully teach

for students to learn.



Activate Prior Knowledge



Make Prior Knowledge Visible



Build on and add to knowledge



Implications for Teaching

Learning begins with 

students’ prior knowledge

An engaging context best 

activates prior knowledge



Time for a test



= 1

= 2

= 3

= 4

= 5

= 6

= 7

= 8

= 9

= 0

Learn This!



Test Time!

38

27

40



= 1

= 2

= 3

= 4

= 5

= 6

= 7

= 8

= 9

= 0

Discuss!

Discuss any 

patterns you 

find amongst 

the numbers 

and shapes.



The Pattern

1 2 3

4 5 6

7 8 9



Test Time!

23

48

15



Implications for Teaching

Discrete facts get stored 

with little processing

Learning really begins with 

ideas that connect facts



How do you make connections?

F 

motion Stronger 

wins

R , 

motion 

More effort = 

more 

resistance

Heavy things  

resist

Force 

spins
Force

deflects

Change

takes time
Objects

squish with 

force

Opposites 

cancel

Motion 

dies away



Cognitive Learning Cycle

Frontal 

Integrative 

Cortex

Premotor 

and 

Motor

Sensory and 

Postsensory

Temporal 

Integrative 

Cortex
Zull, J. The Art of Changing the Brain. 2002

Plan

Do,

Test

Input

Assign 

Meaning



Plan

Do,

Test

Input

Assign 

Meaning
Zull, J. The Art of Changing the Brain. 2002

Which parts of the cycle does 

traditional instruction focus on?

Lots of 

Input!

Little 

Reflection 

to Assign 

Meaning

Move 

info 

around,

math

Little 

Active 

Testing



Scientific

Model of 

Learning

Brain 

Workings Emotion

Prior 

Knowledge

Cognitive 

Learning Cycle



Life Cycle of a Cell

Ask questions 

that focus on 

ideas:

from: POGIL 

Activities for 

High School 

Biology, Flinn
Scientific Inc.



Simple Questions

How many 

phases?

What is the 

order?

from: POGIL 

Activities for 

High School 

Biology, Flinn
Scientific Inc.



Key Ideas

When does the 

size change?

When does the 

number 

change?

from: POGIL 

Activities for 

High School 

Biology, Flinn
Scientific Inc.



Deeper Questions

If you put a 

sample under a 

microscope …

If cells were 

cancerous …

from: POGIL 

Activities for 

High School 

Biology, Flinn
Scientific Inc.



Formalism, Labels, Facts

Gap1 …

Synthesis …

Gap2 …

Mitosis …

from: POGIL 

Activities for 

High School 

Biology, Flinn
Scientific Inc.





The Zoo Exhibit Challenge

From: Invention Activities for University Cell Biology, CWSEI at UBC



The Zoo Exhibit Challenge

(1) How would you build a barrier between 

the two halves of each exhibit?

(2) What science concept does this model?



Transport Across Cell Membranes



Implications for Teaching

Constructivism

First: explore ideas

Second: learn labels or facts

Third: work out math

Works! Follows cognitive 

learning cycle



Plan

Do,

Test

Input

Assign 

Meaning
Zull, J. The Art of Changing the Brain. 2002

In which part of this cycle can 

teachers participate?



Implications for Teaching

Constructivism

First: students explore ideas

Second: learn labels or facts

Third: work out math

Works! Follows cognitive 

learning cycle



Implications for Teaching

Constructivism

First: students explore ideas

Second: learn labels or facts

Third: work out math

Works very, very well!



Active Learning

York Mills Students



Active Learning

Emphasizes

discussion

higher-order thinking 

and often involves

group work.

Freeman, Scott, et al. "Active learning increases student performance in 

science, engineering, and mathematics." Proceedings of the National 

Academy of Sciences (2014): 201319030.



York Mills Students



Discussion!

What do you observe?

What do you infer?



Active Learning Reduces Failures

Freeman, 

Scott, et al. 

"Active 

learning 

increases 

student 

performance in 

science, 

engineering, 

and 

mathematics."

Proceedings of 

the National 

Academy of 

Sciences (2014

): 201319030.



Improves Course Performance



Force Concept Inventory Scores

Test Score 

45%

Test Score 

55.4%

Room for 

improvement:

55%
Improvement: 10.4%

Gain:

10.4% = 23%
55%



Active Learning Works!

York Mills

Gain = 

58%



Implications for Teaching

Cognitive Learning Cycle
(how brains figure stuff out)



Plan

Do,

Test

Input

Assign 

Meaning
Zull, J. The Art of Changing the Brain. 2002

Cognitive Learning Cycle



An Inquiry Cycle

Observe

Find a

Pattern

FormalizeApply

Verify



Implications for Teaching

Cognitive Learning Cycle
(how brains figure stuff out)

Inquiry Processes
(how students figure stuff out)

Process of Science
(how scientists figure stuff out)



Implications for Teaching

Goals of the 

Science Program

(1) to relate science 

to technology, 

society, and the 

environment

Context 

STEM Initiative



Implications for Teaching

Goals of the 

Science Program

(2) to develop the 

skills, strategies, and 

habits of mind 

required for scientific 

inquiry

Inquiry 



Implications for Teaching

Goals of the 

Science Program

(3) to understand the 

basic concepts of 

science 

Learning Cycle



Well-meaning 

teacher
Curriculum



Implications for Teaching

Inquiry takes time

Too many expectations

Skill fluency requires 

many contexts

Too many disjointed 

sets of skills 



My Advice

Cover less material

Cover it deeply



Social Implications

Manufacturing Economy
Automation

Knowledge Economy
Cognitive 

Machines

Future Economy?



Scientific 

Teaching

The Big Picture



Scientific 

Learning

The Big Picture



Brains are amazing 

learning machines.

Understand these 

machines!

Scientific Learning



What matters most is 

what goes on in

each student’s head.

Scientific Learning



Scientific Learning

Brain Workings
Help students understand 

how their brains work

Design learning environment 

to maximize connection 

building



Scientific Learning

Emotion
Create a collaborative 

culture of success

Ground learning in 

engaging problems 

(STSE, STEM)



Scientific Learning

Prior Knowledge
No empty vessels

Study prior knowledge

Help students find 

connections to what they 

already know



Scientific Learning

Cognitive Learning Cycle

Understanding can’t be told, 

students must build it.

Ideas first (constructivism)

Need many opportunities to 

explore, test understanding



Don’t Start From Scratch!







Open invitation

Visit my classes!

Get in touch!



OAPT

Join us at 

the physics 

teacher’s 

conference!

All are 

welcome!
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