Teacher Resource for:
Interacting Gears Synchronize Propulsive Leg Movements in a
Jumping Insect

Table of Contents:
I.

GENERAL USE OF Science in the Classroom
a. Student Learning Goals (general)
b. Using this Resource

i. Learning Lens
ii. Learning Notes
iii. References
iv. Thought Questions
c. Suggestions for Classroom Use
II.

ARTICLE-SPECIFIC MATERIALS
a. Student Learning Goals (specific)
b. Connect to Learning Standards
c. Summary of the Article for the Teacher
d. Resources for Interactive Engagement
i. Discussion Questions

GENERAL USE OF Science in the Classroom
Student Learning Goals:
“One fundamental goal for K-12 science education is a scientifically literate person who
can understand the nature of scientific knowledge.”1
The U.S. National Academy of Sciences defines science as: “Any new finding requires
independent testing before it is accepted as scientific knowledge; a scientist is therefore
required to honestly and openly report results so that they can readily be repeated,
challenged, and built upon by other scientists. Proceeding in this way over centuries,
the community effort that we call science has developed an increasingly accurate
understanding of how the world works. To do so, it has had to reject all dogmatic claims
based on authority, insisting instead that there be reproducible evidence for any
scientific claim.”
An important student learning goal, central to any understanding of “the nature of
scientific knowledge,” is to give each student an appreciation of how science is done.
This includes knowing why:
 Scientists must be independent thinkers, who are free to dissent from what the
majority believes.


Science can deal only with issues for which testable evidence can be obtained.



All scientific understandings are built on previous work



It is to be expected that one scientist’s conclusions will sometimes contradict the
conclusions of other scientists.



Science is a never-ending venture, as the results from one study always lead to
more questions to investigate.

1

A Framework for K-12 Science Education, National Research Council, 2012

Using This Resource
Learning Lens:
The Learning Lens tool can be found on the right sidebar of each resource and is the
source of annotations. Click on the headings to highlight portions of the text of the
corresponding research article. A subsequent click on the highlighted text will produce
a text box containing more information about that particular piece of text. Below is an
example of the Glossary function of the Learning Lens.

An example of the resource with the Glossary, Previous Work, Author’s Experiments,
News and Policy Links, and References and Notes tools turned on. The Glossary tool
is in use.

Learning Notes:
Learning Notes accompany each figure and are designed to help students deconstruct
the methods and data analysis contained within each figure.

References:
The Reference section of each resource is annotated with a short statement about how
or why each reference relates to the current research study.

Thought Questions
Thought Questions are located above the Learning Lens in the right sidebar of each resource.
These questions were written to be universal and applicable to any primary research paper.
Thought questions do not have a single answer, or a correct answer for that matter, and can be
used to stimulate discussion among students.

Suggestions for Classroom Use:
In addition to the thought questions discussed above, other resources are provided for
use in the classroom. These can be found toward the end of the teacher guides
associated with each specific article and include:
1. Discussion questions specific to the article, related to the standards, and/or
associated with the figures.
2. Activities tied to the articles.

Some ways to use the Science in the Classroom articles:
1. Assign to student groups to read and discuss during class.
2. Assign small sections of the article to student groups to read and discuss during
class, with the expectation that they will present or use jigsaw to teach the entire
class what is in their part of the article.
3. Assign to individual students to complete during class or as homework.
4. Assign reading as an extra credit project.

Some ideas for interactive student engagement after reading the article:
1. Students write answers to discussion questions (for example, those linked to the
standards or those linked to the diagrams).
2. Go over the abstract, as well as information about the purpose and structure of
an abstract, and have students write their own abstracts for the articles in
language that could be understood by their peers.
3. Have students edit the article, or parts of the article, to a simpler reading level.
4. Have students, alone or in small groups, use the annotated list of references to
explain how the scientists who wrote this article built on the published work of at
least one independent group of scientists in making their discoveries. In the
process, did they produce data that supports the findings of the earlier
publication that they have cited in the text? In what way does this article support
the statement that scientific knowledge is built up as a “community effort”?

5. Use the article and discussion questions linked to the standards and the
diagrams for a teacher-led classroom discussion. The discussion can focus on
the nature of science and scientific research, as well as on the science in the
article itself.
6. Have students give a classroom presentation about the article, parts of the
article, or their answers to discussion questions.

ARTICLE-SPECIFIC MATERIALS
Student Learning Goals:

Connections to the nature of science from the article
A useful schematic for thinking about both the nature and process of science is to frame
the discussion around the How Science Works flowchart on the Understanding Science
website. This schematic divides science into four interacting categories of Exploration
and Discovery, Testing Ideas, Community Analysis and Feedback, and Benefits and
Outcomes. A useful activity for students could be to map Burrows’s and Sutton’s
research on the flowchart, as Understanding Science models with Walter Alvarez and
the discovery of the meteor impact that led to the extinction of dinosaurs.


Exploration and Discovery
Dr. Greg Sutton, a postdoctoral scholar interested in understanding the mechanics
of how invertebrates move about in the world, began working with Dr. Malcolm
Burrows, an entomologist at Cambridge University. Burrows spent almost 40 years
studying the mechanics of insect jumping—how the parts of the body move to make
a jump and how the insect brain controls this behavior. Sutton was in the lab playing
with planthoppers nymphs, gently prodding them with a paintbrush and watching
them jump. And boy could they jump. So, Sutton and Burrows decided to take highspeed videos, capturing 5000 frames per second (60 frames per second is used in
high-definition TV), to more closely examine how the nymphs were jumping. After
analyzing these videos, Sutton and Burrows realized something amazing: When a
nymph jumped, its hind legs moved at almost the same time. The movement was
synchronized too closely to be controlled neurologically. They had to find out why!
(An NPR report contains most of this backstoryan NPR report contains most of this
backstory.)



Testing Ideas
The authors tested the idea that the hind legs’ movement was synchronized
mechanically, instead of through the nervous system. They discovered that the legs
were synchronized because they are connected through gears.



Community Analysis and Feedback
The authors submitted the paper to Science, which accepted the paper after peer
review recommended it for publication. The work has influenced the community of
scientific experts (scientists who study insects, biomechanics, and functional
morphology, for example), but it also impacted the broader community of people

interested in scientific research, as demonstrated by the number of news outlets
reporting on the research.
Note that the authors compare the gear mechanism that they discovered with other
gear-like systems found in animals. This comparison to the morphologies (shapes)
found in other species is another aspect of the community analysis and feedback
inherent to the scientific process. The authors provide this context to engage more
scientists with their findings.


Benefits and Outcomes
In the language of the How Science Works flowchart, the benefits of this research
are to “satisfy curiosity” and “build knowledge,” but to also “develop technology,”
perhaps nanotechnologies that employ gears with asymmetrical teeth that can only
rotate in one direction.

The importance of this scientific research
 Recognize biodiversity as a source for designing new technologies
 Analyze the speed and precision that evolved to power insect jumping

The actual science involved
 Field collections
 High-speed videos
 Light and scanning electron microscopy
 Anatomical measurements
 Mechanics

Connect to Learning Standards:
English Language Arts: http://www.corestandards.org/ELA-Literacy/RST/11-12
“Cite specific textual evidence to support analysis of science and technical texts,
attending to important distinctions the author makes and to any gaps or inconsistencies
in the account.”
“Determine the central ideas or conclusions of a text; summarize complex concepts,
processes, or information presented in a text by paraphrasing them in simpler but still
accurate terms.”
“Analyze the author's purpose in providing an explanation, describing a procedure, or
discussing an experiment in a text, identifying important issues that remain unresolved.”

Next Gen. Science Standards
http://www.nap.edu/openbook.php?record_id=13165&page=42
1. Asking questions (for science) and defining problems (for engineering)
3. Planning and carrying out investigations
4. Analyzing and interpreting data
7. Engaging in argument from evidence
8. Obtaining, evaluating, and communicating information

Appropriate AP Course:
http://apcentral.collegeboard.com/apc/public/courses/teachers_corner/index.html
AP Biology
“6.1 The student can justify claims with evidence.”

“6.2 The student can construct explanations of phenomena based on evidence
produced through scientific practice.”

AP Physics
B.2.b)(1) Draw a well-labeled, free-body diagram showing all real forces that act on the
object.
C.3.a)(1) State and apply the relation between the work performed on an object by nonconservative forces and the change in an object’s mechanical energy
C.3.b)(1) Identify situations in which mechanical energy is or is not conserved
C.3.b)(3) Apply conservation of energy in analyzing the motion of objects that move

Vision and Change
Core Concepts for Biological Literacy
2. STRUCTURE AND FUNCTION: Basic units of structure define the function of all
living things.
4. PATHWAYS AND TRANSFORMATIONS OF ENERGY AND MATTER: Biological
systems grow and change by processes based upon chemical transformation pathways
and are governed by the laws of thermodynamics.

Core Competencies and Disciplinary Practice
1. ABILITY TO APPLY THE PROCESS OF SCIENCE: Biology is evidence-based and
grounded in the formal practices of observation, experimentation, and hypothesis
testing.
4. ABILITY TO TAP IN TO THE INTERDISCIPLINARY NATURE OF SCIENCE: Biology
is an interdisciplinary science.

Summary of the Article for the Teacher:
It is recommended that this not be used by students in place of reading the article.
General Overview:
Imagine jumping in a mere 2 one-thousands of a second (2 m/s). Juvenile planthoppers,
jumping insects that eat the sap inside of plants, can do just that. One reason they jump
so well is that their hind legs move at the same time, starting to jump within 30 millionths
of a second (30 ms) of each other. That’s even faster than what can be controlled
neurologically. How are they synchronized so well? Turns out, the hind legs are
connected by gears.

Why this Research is Important:



Recognize biodiversity as a source for designing new technologies
Analyze the speed and precision that evolved to power insect jumping

Methods used in the Research:
Biomechanical analysis of anatomy and jumping behavior, as observed through light
microscopy, scanning electron microscopy, and high-speed videos

Conclusions:
Juvenile planthoppers jump quickly by winding up gears that synchronize and springload their hind legs.

Areas of further study
 Will engineers build nanotechnologies with asymmetrically-shaped gears like
planthoppers’ to ensure that gears only turn in one direction?
 Do other insect species have gears that synchronize jumping behavior?
 How have the gears evolved?
 How they are powered.

Resources for Interactive Engagement:
1. Discussion Questions
1. Both gears have the same number of teeth. As the authors point out, this means that
the trochantera have a gearing ratio of 1:1. How would a different gearing ratio affect
the jumping behavior of the planthopper nymph?
A gearing ratio of 1:1 ensures that the trochantera are moving at the same angular
velocity. If one trochanter had more gears it would move faster than the other, and
the insect would always jump toward that side. Because the trochantera spin at the
same rate, the insect can always jump straight toward its target.

2. The trochantera move away from each other at a very fast rate, 200,000o/s. How fast
is that?
That is very fast! Imagine spinning 556 circles in a single second.
̅

3. Some of the news articles about this discovery jokingly state that planthoppers and
humans both “invented” gears. Why is using the word invented scientifically
misleading? What are some differences between the planthoppers’ gears and ones
that people make?
When humans invent a technology, they design it, practice it, and perfect it until it
works to solve a particular problem. But evolution lacks forethought. Evolution
doesn’t work by design; there is no goal in sight. Because the gears in planthoppers
are functional, and because they are inherited from parents, they are subject to
natural selection. The nymphs with the gears that synchronize jumping the best are
the ones that escape predators and survive to adulthood to reproduce.
One way in which the planthopper gears differ from man-made gears is that they are
slightly asymmetrical (Figure 1), ensuring that they only turn in one direction. This
arrangement is not used in human-designed gears. Now that we know about the
possibility by observing it in nature, inventors may use it in new designs.

4. The adult planthoppers don’t have gears. Why would gears fail in the adults? Why
isn’t this a problem in the nymphs? How can the adults jump well if they don’t have
the gears?
As the nymphs age, the gears can break. That isn’t a problem for the nymphs
because when they molt they grow a new skeleton that has fully functional gears.
Adults don’t molt so they don’t have this option for replacing gears that are worn
down. The adults evolved a different mechanism for controlling their jumps. The
adult hind legs are synchronized by spring-loading the coxae; when the spring is
released, the coxae kick simultaneously, making the jump happen.
5. What would happen if the hind legs weren’t synchronized?
If there were a greater delay between the hind legs’ movements the planthopper
would spin while it jumps. It would be harder for the planthopper to jump toward a
particular target. Read more here.

6. The gears synchronize the way the hind legs move during the jump, but what
powers the jump?
The cuticle—the insect’s skeleton—is spring-loaded when the gears wind up. When
the coxae are depressed, they are storing the energy that powers the jump. When
the gears are released, the spring is released, powering the jump.

7. What are some of the other gears that are found in nature?
The authors discuss other gear and coglike mechanics in the animal kingdom—but
none of these are used to synchronize motion. The other gears they describe are:
a. Ornamental gears that have no obvious mechanical function. These have
been found on a turtle shell and on the face of a beetle.
b. Gears in a valve. Crocodilians have a gear-like valve that closes the heart
during each beat; this helps circulate blood.
c. A Gear-like row of teeth to make sound. Some insects grind strips of teeth
together to generate sound, but these teeth are arranged in rows instead of
wheel-like cogs, and they move much more slowly than the gears in the
juvenile planthoppers.

