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Summary: This module will build upon previously gained knowledge in an introductory physics course by 

applying the student’s knowledge to the physics of balance. Additionally, the terminology relevant in the 

mechanics of balance and how the physics of balance is relevant in applications ranging from 

biomechanics to robotics will be covered. The first lesson is focused on introducing the concept of balance 

as it relates to biology, specifically human biology and biomechanics. The second lesson reintroduces the 

concept of the support polygon and how it relates to stability of robotic systems. Special emphasis is 

placed on building student confidence in using physical equations of motion (e.g. Newton’s Laws) and how 

these equations are used in real-life applications. 

 Include sentence about how it trains in scientific method (for first day) and possibly engineering 

design process (for second day) 

Learning Objectives 

 Understanding balance in the context of biomechanics 

o What is balance, and how is it related to center of mass? 

o How do we maintain balance? 

o What gives us a sense of balance? 

 Understanding balance in the context of robotics 

o What does it mean for a system to be stable? 

o What are the differences between statically stable and dynamically stable? 

o How does leg number influence the stability of robots? 

 Quantitative and analytical understanding of robotic stability 

o How can we determine if a robotic system will be statically stable? 

Lesson I 

Opening Activity 

Begin the class by showing a video of Michael Jackson’s “Anti-Gravity Lean” from “Smooth Criminal.” Get 

6 volunteers from the class, and pair them up in groups of 2. Ask each pair to attempt the anti-gravity 

lean, with one student from each pair attempting the lean and the other student catching them when 

they inevitably fail.  

Grade Level: 9-12 

Prerequisites: Some introductory physics (Newton’s Laws, forces as vectors, and torques) 

Time Required: Two 60 minute class periods 



Discuss with the class why no one was able to perform the anti-gravity lean, and see what ideas there are 

for how the illusion was actually performed. Introduce the idea of “center of gravity” or “center of mass.” 

Concepts to cover: 

 Center of Gravity (CoG) 

o The point where all of a person’s weight seems to act 

 The human “sense” of balance is called equilibrioception 

o Equilibrioception is the sense of balance that prevents humans or animals from falling 

over 

o Equilibrioception is mainly controlled by the visual system, as well as other accessory 

systems 

Equations to cover: 

 Center of Mass equation 

𝑀𝑅 =  ∑ 𝑚𝑟 

After this introduction, relate the CoG back to balance, specifically applying it to the anti-gravity lean. 

Students should be able to explain why it is in fact “anti” gravity by using Free Body Diagrams and the 

concept of CoG to calculate the net moment about Mr. Jackson’s feet. 

Experiment: 

How can we prove that the visual system is important in regulating equilibrioception? (Class may work 

together to come up with an experimental design) 

A good way to test this question is by seeing how one’s sense of balance changes when they close their 

eyes. 

Split the class into four groups, one “control” group and three “experimental” groups. Initially, everyone 

is going to stand on one foot with their arms out for 10 seconds exactly, and the teacher (or perhaps a 

volunteer recorder) will record the number of people who were unable to remain on one foot during the 

10 second period. Then a second trial will be run, with the control group performing the exact same action 

as before. One of the three experimental groups should again balance on one foot with their arms out, 

except this time close their eyes. A second experimental group should balance on one foot with their arms 

folded (or hugging close to their body) but have their eyes open. The third experimental group should 

attempt to balance on one foot with both their eyes closed and their arms folded.  

The results of the experiment should follow what has so far been taught. Since the body’s 

equilibrioception is mainly governed by the visual system, the students with their eyes closed should have 

a difficult time standing on one leg. Similarly, by folding their arms, the students have restricted their 

ability to change their center of mass (e.g. by waving their arms around), and this should also make 

balancing more difficult. The third group, with both eyes closed and arms tucked in close, should 

experience the most trouble maintaining balance. 

 



Lesson II 

Briefly review the concepts of center of gravity discussed in the previous class. Make sure students 

remember that in order for a person to remain standing straight, their center of gravity must remain 

within their supporting stance.  

In robotics, this supporting stance is called a support polygon 

 Concept: support polygon -> CoG must lie within the support polygon 

o Points: greater than 0 area polygon 

 If it does, then body is statically stable 

Are humans statically stable? 

 They cannot be, because their support polygon is just a line (area = 0) 

 If they are walking, stopping them at any point would cause “polygon” to be a point 

Statically stable walking means that all robots’ motion can be stopped at every moment in the gait cycle 

without overturning. What does it mean with regards to physics for something to be statically stable, and 

how can we make a robot that is statically stable? 

For an object to be statically stable, it must not be experiencing acceleration, which means that we can 

use Newton’s second law F = ma to show that the sum of all sources about that body is 0. With regards to 

overturning, this relates to the some of the torques about each leg of the robot. It is possible to show how 

a human is now not statically stable. In a standing position, the human support polygon is theoretically a 

line, and once the center of mass leaves this line, a net torque is experienced by a person in the direction 

that the center of mass has moved in (i.e a person tilts forward, and there is a net torque in the forward 

direction). Similarly, during walking, the support polygon alternates between points as each foot falls. If a 

person was to stop mid-stride, the center of mass would not be over one of these points, and the leg 

would feel a net torque and cause instability.  

With this in mind, what is the minimum number of legs required to achieve static stability? 

Class Activity 

Split the class into groups to answer this question. They should be able to support their answer using free 

body diagrams and Newton’s Laws.  

4 legs is the minimum number of legs necessary to achieve a statically stable robot.  

Academic Standards 

Science 

MOTIONS AND FORCES 

D.12.7 - Qualitatively and quantitatively analyze* changes in the motion of objects and the forces that 

act on them and represent analytical data both algebraically and graphically 

 

 



Mathematics 

N-Q1 - Use units as a way to understand problems and to guide the solution of multi-step problems; 

choose and interpret units consistently in formulas; choose and interpret the scale and the origin in 

graphs and data displays. 

 N-Q2 - Define appropriate quantities for the purpose of descriptive modeling. 

 N-VM1 – Recognize vector quantities as having both magnitude and direction. Represent vector 

quantities by directed line segments, and use appropriate symbols for vectors and their magnitudes 

(e.g., v, |v|, ||v||, v). 

N-VM3 - Solve problems involving velocity and other quantities that can be represented by vectors. 

Technology and Engineering 

ENG4.c.7.h – Evaluate the design solution using conceptual, physical, and mathematical models at 

various intervals of the design process in order to check for proper design and to note areas where 

improvements are needed  


