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Outline
● Modern origins of active-learning instruction in STEM

● Evolution of research on student learning in physics

● Development of research-based active-learning 
instruction in STEM disciplines



The first public secondary school in the 
United States was established in Boston 
in 1821. From the very beginning, physics 
[“natural philosophy”] was included in the 
curriculum.



At around the same time, Justus 
von Liebig in Giessen became the 
first to use laboratory activities as 
a method for teaching chemistry. 
His method rapidly spread 
throughout Germany, and 
strongly influenced visiting 
American scientists.



The use of 
laboratories to 
teach the 
subject of 
chemistry was 
a ground-
breaking 
innovation. 



The Liebig laboratory in Giessen, today.



In Germany, laboratories for advanced 
university students in physics were 
established in Heidelberg by Philipp 
Jolly in 1846, and later similar 
laboratories were created at other 
German universities. However, they 
were not made an integral part of the 
curriculum for introductory, 
undergraduate students.



European influence on the United States

Many American scientists visited and studied at European 
universities during the 1800s. They were particularly impressed 
by the high level of scientific education in Germany, especially 
by the widespread use of laboratory instruction. 

They were determined to re-create similar facilities at U.S. 
universities, adapting the German model by making laboratory 
instruction available to a much larger population of students, 
including introductory undergraduate students.



Edward Pickering’s 
laboratory course at MIT 
for undergraduate physics 
students went into 
operation in 1869, perhaps 
the first of its type in the 
world.

His laboratory manual, 
“Elements of Physical 
Manipulation” (1873; 1876) 
had enormous influence on 
university physics 
instruction throughout the 
United States.



Pickering’s model spread 
throughout the United 
States, slowly at first, then 
much more rapidly. 
Wellesley College (here 
shown in 1895) was one of 
the first to adopt the new 
course.



Gustavus Hinrichs, an 
immigrant from 
Germany, established a 
similar undergraduate 
laboratory course in 
1870 at the University of 
Iowa.



In Germany, Friedrich 
Kohlrausch’s Leitfaden der 
Praktischen Physik (1870) 
became the standard 
laboratory manual for 
university physics courses. 

It was translated into 
English and used in some 
U.S. universities as well.



German and U.S. science 
educators visited each 
other’s schools, read each 
other’s writings, and 
exchanged ideas with each 
other. The mutual influence 
started early in the 1800s 
and continued strongly up 
until the first world war.



In 1880 and 1884, two major 
reports were published by the 
U.S. Bureau of Education 
regarding the teaching of physics 
and chemistry throughout the 
United States. Thousands of 
schools were surveyed, and 
hundreds of instructors were 
asked to submit comments. 
Similar educational work in other 
countries was examined in detail. 



Nationwide surveys of science teaching in U.S. schools

Surveys of secondary-school and university teachers of 
chemistry and physics in 1880* and 1884* revealed:

Rapid expansion in use of laboratory instruction

Strong support of “inductive method” of instruction in which 
experiment precedes explicit statement of principles and laws

*F.W. Clarke, A Report on the Teaching of Chemistry and Physics in the United States (1880)

**C.K. Wead, Aims and Methods of the Teaching of Physics (1884)



Nationwide surveys of science teaching in U.S. schools

● Surveys of secondary-school and university teachers of 
chemistry and physics in 1880 and 1884 revealed:

 Rapid expansion in use of laboratory instruction

 Strong support of “inductive method” of instruction for secondary 
school in which experiment precedes explicit statement of 
principles and laws







The 1884 report by Charles Wead included 
detailed descriptions of science instruction 
methods in other countries. Among the works he 
cited in detail was an article by Maier in 
Schmid’s Pädagogisches Handbuch. 



“Der Lehrer macht seine Schüler auf den physikalischen
Vorgang aufmerksam, er kann dabei Fragen stellen, er leitet
an, scharf zu beobachten, er läꞵt das Kind über
Angeschautes Rechenschaft geben, er läꞵt bekannte
ähnliche Erscheinungen aufzählen, er kann es durch
Folgerungen sogar so weit bringen, daꞵ das Gesetz vom
Kinde selbst gefunden wird.”

--Oberlehrer J. G. Maier, 1884



The “Inductive Method”
For younger students in Germany, and for older, secondary-
school students in the United States, a popular form of physics 
instruction of the late 1800s was the “inductive method.” 

Students were guided to deduce general concepts and principles 
through analysis of their own experiments and observations.

In the United States in the present day, this general method has 
come to be called “inquiry-based active learning.”



1882: First U.S. secondary-school 
physics textbook to employ the 
“inductive method”



First U.S. “Active-Learning” Physics Textbook (1882): 
A. P. Gage, A Textbook of the Elements of Physics for High Schools and Academies

“The book which is the most conspicuous example now in the 
market of this inductive method is Gage's. Here, although the 
principles and laws are stated, the experiments have preceded 
them; many questions are asked in connection with the 
experiments that tend to make the student active, not passive, 
and allow him to think for himself before the answer is given, if it 
is given at all.”

C.K. Wead,
Aims and Methods of the Teaching of Physics (1884), p. 120.



First U.S. “Active-Learning” Physics Textbook (1882): 
A. P. Gage, A Textbook of the Elements of Physics for High Schools and Academies

“The book which is the most conspicuous example now in the 
market of this inductive method is Gage's. Here, although the 
principles and laws are stated, the experiments have preceded 
them; many questions are asked in connection with the 
experiments that tend to make the student active, not passive, 
and allow him to think for himself before the answer is given, if it 
is given at all.”

C.K. Wead,
Aims and Methods of the Teaching of Physics (1884), p. 120.



“Many questions are asked…” 
and students are often asked to 
explain their reasoning



In 1887, Harvard 
University published a 
descriptive list of 
experiments  compiled 
by physicist and science 
educator E. H. Hall. 
These were intended for 
secondary-school 
students planning to 
apply to Harvard. This 
list helped drive the very 
rapid expansion of 
laboratory instruction in 
U.S. secondary schools.

The experiment designs 
were based on Hall’s 
belief in inquiry-based 
learning. 



E.H. Hall:

“I would keep the pupil just enough in the 
dark as to the probable outcome of his 
experiment, just enough in the attitude of 
discovery, to leave him unprejudiced in 
his observations…the experimenter 
should hold himself in the attitude of 
genuine inquiry.” 

[The Teaching of Chemistry and Physics in the 
Secondary School (A. Smith and E. H. Hall, 1902)]



[Nobel Laureate]



Transition: ≈1915 to 1955

● Early science educators advocated instruction based on hands-
on investigation and discovery; however…

● …between approximately 1915 and 1955, these methods 
became less popular, at the same time that university research 
scientists withdrew participation from efforts at instructional 
reform.



1950s: A New Beginning

In the 1950s and 1960s, university scientists re-entered the 
scene, and attempted to transform STEM instruction



In the 1950s and 1960s, shocked into 
action by the launch of the Soviet 
Union’s Sputnik satellite, the U.S. 
Congress allocated many millions of 
dollars for the improvement of 
science education in the United 
States.

Funding was provided to support 
many course and curriculum 
development efforts at the elementary 
and secondary level. 



1960: Physical Science Study Committee (PSSC)
• University physicists designed a new secondary school physics course
• The textbook strongly emphasized conceptual understanding
• Laboratory exercises were lightly guided, leaving much up to the student
• PSSC became one of the models for future research-based instruction



Similar well-funded projects were carried out 
in mathematics and other science disciplines:













Outcome of the 1950s reforms

● The new STEM curricula of the 1950s and 1960s had an 
enormous influence on future curriculum development efforts; 
however…

● …they had only limited effectiveness in improving student 
learning.

● They employed active-learning instructional methods, but they 
lacked support from research targeted at students’ thinking in 
STEM.



1950s-1960s: Arnold Arons
During the 1950s, Arnold Arons developed a highly innovative physics 
course at Amherst College, requiring students to explain their reasoning in 
great detail. Physical Science Study Committee (PSSC)



Arons to U. Washington; McDermott joins him

• 1968: Arons joined the faculty at the University of 
Washington to develop an inquiry-based physics 
course for elementary school teachers.

• 1969: After obtaining her Ph.D. in nuclear physics and 
beginning to teach, Lillian McDermott joined Arons at 
the University of Washington. Together, they created 
courses and curricular materials that used Socratic 
questioning to build students’ conceptual understanding 
and reasoning skill. 



Beginning of Physics Education Research
1973: McDermott hired as tenure-track Assistant Professor at UW; begins to guide 
three physics Ph.D. students in systematic research on the teaching and learning of 
physics at the university level, probably the first time this had happened anywhere.



Other Early Research on STEM Learning

● Laurence Viennot (1974-79): Research on French university physics 
students

● Robert Karplus (1975): Research to improve STEM students’ reasoning

● Frederick Reif (1976): Research on students’ reasoning patterns in order 
to develop instructional methods for improving problem-solving skill

● John Clement (1982): Investigate students’ ideas in mechanics

● Ibrahim Halloun and David Hestenes (1985): Investigation of students’ 
ideas in Newtonian mechanics; development of diagnostic instrument

● Ronald Thornton and David Sokoloff (1990): Physics curriculum 
development using computer technologies based on research into 
students’ ideas





McDermott’s Research Program
• Recognize that research is required to best decide “the right 

questions to ask” during active-learning instruction.

• Recognize that students’ difficulties often originate from weak 
conceptual understanding and underdeveloped reasoning skills; 
researchers must investigate both simultaneously.

• To investigate students’ thinking in depth, ask them to explain their 
reasoning while engaged in interpreting physics experiments: 
“Individual Demonstration Interview.”

• Develop instructional materials that are rigorously and repeatedly 
tested, to ensure they actually help students learn. 



“Individual Demonstration Interview”: Investigator and student “one-on-one”



Student explains his thinking while carrying out experiment (~1980)



These were among the very first 
articles to report detailed 
research on the learning of 
physics by university students 

1980

1981



1987

1987



1986



Examples of research-based curriculum development:

1. Thermodynamics
2. Buoyancy [Statischer Auftrieb]



Examples of research-based curriculum development:

1. Thermodynamics
2. Buoyancy [Statischer Auftrieb]



Students enrolled in introductory physics courses are 
asked to respond to several questions related to entropy 
and the second law of thermodynamics. Based on an 
analysis of students’ responses, new instructional materials 
are developed.



● Correct answer: The total entropy will increase, as it does in any heat-flow 
process

● Common incorrect response: Most students (71%) think that the entropy will 
remain unchanged.  

Question #1 of 3 questions: 

An object is placed in a thermally insulated room 
that contains air.  The object and the air in the 
room are initially at different temperatures.

Will the total entropy (object + air) increase, 
decrease, or remain the same?



Analysis of Students’ Reponses
● We found that most introductory students think that the total 

entropy will not change —that the entropy will be “conserved”

● We had not been aware that so many students had this idea

● Through individual interviews with 18 students, we realized that 
students were confusing the terms entropy and energy. They 
had previously learned that “energy is conserved” (total energy 
can not change in an isolated system)

● We developed instructional materials to help students 
understand why entropy would increase in this process



Insulated block at THInsulated block at 
TL

Conducting Rod

Consider a slow heat transfer process between two large metal 
blocks at different temperatures, connected by a thin metal pipe.

Does total energy change during the process?
Does total entropy change during the process?

“Two-blocks” Instructional Worksheet (“Tutorial”) 

[No]
[Yes]



Students find that the entropy gain of the low-temperature block is 
larger than the entropy loss of high-temperature block, so:

total entropy increases

Students are guided to apply this entropy equation:

∆S = Q/T

∆S = change in entropy
Q = thermal energy transfer
T = temperature
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What do we gain from research on student learning?

● We learn why students give certain specific responses to our 
questions, that is, the method by which they arrive at their answers.

● We learn the precise nature of students’ ideas related to specific 
science concepts, both potentially productive ideas and potentially 
misleading or unproductive ideas.

● We learn the prevalence of specific student ideas within broad 
categories of student populations: how widespread are they?



How do we apply research on student learning?

● We design sequences of questions that help students reason 
effectively about specific difficult concepts.

● We monitor and test the reactions of students to see whether 
their reasoning is proceeding along productive lines.

● We continually assess effectiveness of our instructional 
materials, and revise and re-assess to improve their utility.



Examples of research-based curriculum development:

1. Thermodynamics
2. Buoyancy



Examples of research-based curriculum development:

1. Thermodynamics
2. Buoyancy







[This example is based on a published paper:]



water

Blocks of equal volume, different mass

Blocks are held underneath water surface and released





Explanation:

● The blocks all have the same volume, but different densities

● Blocks will either sink to bottom or float to top, depending on whether 
their density is larger or smaller than that of water

● A maximum of only one single block can be suspended in the water 
without sinking or floating (if its density is exactly equal to that of water)



Possible correct responses:



Common student incorrect response:



Students’ written explanations indicate conceptual difficulties 

● Many students think incorrectly that the upward (buoyant) force 
[Auftriebskraft] on the submerged object is proportional to the object’s mass, 
instead of its volume

● Students often apply Newton’s laws incorrectly, not realizing that unless the 
upward buoyant force and the downward weight force are exactly equal, the 
object must float upward or sink down.



“Tutorials in Introductory Physics”: 
Research-based instructional materials for classroom use

● Tutorials are printed worksheets, developed through research on 
students’ specific ideas and reasoning patterns

● Students work in groups of 3-4 on worksheets that pose a series of 
carefully sequenced questions

● Tutorial instructors ask additional questions intended to help students 
arrive at the answers themselves

● The overall goal is to guide students through the reasoning needed to 
construct and apply fundamental concept and principles



Tutorial in Introductory Physics at the University of Colorado 



Tutorial on buoyancy, 
developed, assessed, and 
revised through research on 
students’ reasoning.

Guides students through a 
careful analysis of the forces 
acting on a submerged object, 
and its resulting motion.



Testing and revision of instructional materials

● After using preliminary version of tutorial, students’ score on assessment 
questions is improved (55% correct compared to 35% correct); however:

● Further research indicates that students are confused about Archimedes’ 
principle relating upward buoyant force to weight of “displaced” [verdrängte] 
water 

[„Der statische Auftrieb eines Körpers in einem Medium ist genauso groß wie 
die Gewichtskraft des vom Körper verdrängten Mediums.“]

● Tutorial is revised with additional demonstration relating volume of displaced water to 
volume of the object

● Revised tutorial yields improved student scores (75% correct) on assessment problem



Iterative process of instructional materials development

1. Carry out research on students’ ideas about physical phenomena
2. Develop preliminary instructional materials based on the research
3. Assess effectiveness of instructional materials
4. Carry out further research to examine students’ thinking in greater depth
5. Development of revised and updated instructional materials to reflect 

additional research
6. Further assessment of effectiveness of revised instructional materials
7. Publication of materials; dissemination to other instructors and schools



Assessment questions require 
students to explain their reasoning



Research results are published 
in professional journals 



Iterative process of instructional materials development

1. Carry out research on students’ ideas about physical phenomena
2. Develop preliminary instructional materials based on the research
3. Assess effectiveness of instructional materials
4. Carry out further research to examine students’ thinking in greater depth
5. Develop revised and updated instructional materials to reflect additional 

research
6. Further assess the effectiveness of revised instructional materials
7. Publish materials; disseminate to other instructors and schools













Research-based tutorials developed 
by the University of Maryland



Research-based tutorials in 
Astronomy, developed by multi-
institutional collaboration



In her final work—the 2021 book “A View From Physics”--
McDermott explained how the success of research in 
physics education has formed a model followed by many 
other disciplines such as chemistry, astronomy, biology, 
and geosciences.

The ongoing research work in university-level science 
education in the United States has been documented in 
detail by the U.S. National Research Council:



Other models of research-based active learning in STEM

● The research model developed and implemented by Lillian 
McDermott at the University of Washington has been extremely 
successful. However, it is relatively slow and resource-intensive, 
requiring long-term collaboration of research teams of professors, 
post-doctoral researchers, and graduate students. Many other models 
have been employed with success over the past 50 years.

● A central feature of all research-based work in STEM education is that 
there must be tool to investigate and assess students’ thinking. So-
called “diagnostic assessment instruments” of all types have been 
developed.



One of the most widely used and influential assessments of 
physics concept knowledge has been the “Force Concept 
Inventory” (FCI), published in 1992

The FCI was based on research on students’ 
ideas by Halloun and Hestenes (1985):



The current version 
contains 30 “multiple-
choice” questions 
[Mehrfachauswahl]



✔



X



Fractional score gain on Force Concept Inventory

Traditional lecture-
based courses

Courses using 
research-based active-
learning instruction

Low score gain High score gain



Fractional score gain on Force Concept Inventory

Low score gain High score gain

Much higher gains on assessment test for 
courses that used active-learning instruction



Fractional score gain on Force Concept Inv

Low score gain High score gain









What is “Research-based Active-Learning Instruction”?
(as defined by Meltzer and Thornton, 2012)

● It is explicitly based on research in teaching and learning of a 
specific discipline

● Incorporates activities that require students to express their 
thinking through speaking, writing, or other actions

● Tested repeatedly and shows evidence of improved student 
learning









Some common characteristics of research-based 
active-learning instruction (Meltzer and Thornton, 2012)



A. Instruction is informed and explicitly guided by 
research on student learning

● Various diagnostic instruments are used to explore and 
assess students’ thinking

● Curriculum development is guided and assessed by 
continuing research



B. Specific student ideas are elicited and addressed

● A wide variety of methods has been used to draw out 
students’ ideas and build curriculum and instruction 
around those ideas

● One example: University of Washington Tutorials



We know from research that students have great 
difficulty with Newton’s third law—that the forces 
that A and B exert on each other are equal and 
opposite—so students are asked to state their 
answer explicitly and explain their reasoning.



C. Students are encouraged to “figure things out for 
themselves”

● Ask “leading questions” to guide students in a certain 
direction, before providing detailed formulations of 
generalized principles

● Ask students to offer predictions regarding the outcome of 
experiments, to debate various hypotheses, and to test 
them through experimentation  





D. Students engage in a variety of problem-solving 
activities during class time 
● Hands-on experiments
● Questions requiring quantitative and/or qualitative 

responses 
● Multiple-choice conceptual questions answered with a 

classroom communication system







E. Students express their reasoning explicitly

● Students can express their reasoning:
○ Verbally, with instructors and other students
○ In writing, on quizzes, homework, exams, and worksheets



F. Students often work together in small groups

● Group work helps students express their own thinking, 
and comment on and critique each other’s thinking



Tutorial in Introductory Physics at the University of Colorado 



G. Students receive rapid feedback

● “Rapid” may mean minute-to-minute, or even faster
● Feedback from instructors through frequent questions and 

answers
● Feedback from fellow students through small-group 

interactions



Tutorial in Introductory Physics at the University of Colorado 





H. Qualitative reasoning and conceptual thinking is 
emphasized

● Non-quantitative means of problem solving are 
emphasized to strengthen students’ understanding of 
fundamental concepts



Summary
● The development of research-based active-learning instruction 

in physics has been a 200-year-long process, still ongoing

● Many other STEM fields have participated in the pedagogical 
developments illustrated here through physics

● The future of improved STEM education may be based on the 
more comprehensive research on the teaching and learning of 
specific STEM disciplines


