Triad NGSS Unit

Stacked Ball Drop - A Model Based Approach to Energy

Triad Team Names:     	
Teacher Candidate:                     Brad Hauskens
Science Cooperating Teacher:   Tom George
Science Educator:                         Leslie Atkins
School and District:                     PVHS, Chico Unified School District
Grade Level:                       	    High School (Junior/Senior)
Science Content Area:                 Physics: Energy (HS-PS 3)

Unit Introduction 
This unit was taught in a college preparatory class to mostly freshman and sophomores. The units leading up to this were the following: Scientific Methods, Chemistry of Life, Cell Structure and Cell Processes, Mitosis, Ecology (Energy Flow, Biogeochemical process, Biomes). The Unit Objectives and Exam (not provided) were developed in collaboration with the other Biology instructors at the school. The goal of our Triad unit was twofold: 1) to contextualize learning within a relatable phenomenon, 2) to motivate students to understand the complicated processes of photosynthesis and cellular respiration, while grasping their place in the fabric of life. 
[bookmark: _GoBack]This unit contains the following sections: 

NGSS, CCSS and ELD Standards
Content Research
Summative Assessment Description
Unit Plan
Lesson Support Materials
Summative Assessment  
G.  Student Work Samples 
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A. NGSS, CCSS and ELD Standards 

HS-PS3-1. Create a computational model to calculate the change in the energy of one component in a system when the change in energy of the other component(s) and energy flows in and out of the system are known. [Clarification Statement: Emphasis is on explaining the meaning of mathematical expressions used in the model.] [Assessment Boundary: Assessment is limited to basic algebraic expressions or computations; to systems of two or three components; and to thermal energy, kinetic energy, and/or the energies in gravitational, magnetic, or electric fields.]

Observable features of the student performance by the end of the course:
Representation 
a. Students identify and describe the components to be computationally modeled, including: 
i. The boundaries of the system and that the reference level for potential energy = 0 (the potential energy of the initial or final state does not have to be zero); 
ii. The initial energies of the system’s components (e.g., energy in fields, thermal energy, kinetic energy, energy stored in springs — all expressed as a total amount of Joules in each component), including a quantification in an algebraic description to calculate the total initial energy of the system; 
iii. The energy flows in or out of the system, including a quantification in an algebraic description with flow into the system defined as positive; and iv. The final energies of the system components, including a quantification in an algebraic description to calculate the total final energy of the system. 

Computational Modeling
a. Students use the algebraic descriptions of the initial and final energy state of the system, along with the energy flows to create a computational model (e.g., simple computer program, spreadsheet, simulation software package application) that is based on the principle of the conservation of energy.
Students use the computational model to calculate changes in the energy of one component of the system when changes in the energy of the other components and the energy flows are known. 
Analysis 
a. Students use the computational model to predict the maximum possible change in the energy of one component of the system for a given set of energy flows.
b. Students identify and describe the limitations of the computational model, based on the assumptions that were made in creating the algebraic descriptions of energy changes and flows in the system
HS-PS3-2. Develop and use models to illustrate that energy at the macroscopic scale can be accounted for as a combination of energy associated with the motions of particles (objects) and energy associated with the relative positions of particles (objects). [Clarification Statement: Examples of phenomena at the macroscopic scale could include the conversion of kinetic energy to thermal energy, the energy stored due to position of an object above the earth, and the energy stored between two electrically-charged plates. Examples of models could include diagrams, drawings, descriptions, and computer simulations.]

Observable features of the student performance by the end of the course:

Components of the model
Students develop models in which they identify and describe the relevant components, including:  
All the components of the system and the surroundings, as well as energy flows between the system and the surroundings; 
ii.   Clearly depicting both a macroscopic and a molecular/atomic-level representation of the system; and 
iii.  Depicting the forms in which energy is manifested at two different scales: a) Macroscopic, such as motion, sound, light, thermal energy, potential energy or energy in fields; and b) Molecular/atomic, such as motions (kinetic energy) of particles (e.g., nuclei and electrons), the relative positions of particles in fields (potential energy), and energy in fields.
Relationships 
Students describe the relationships between components in their models, including: 
Changes in the relative position of objects in gravitational, magnetic or electrostatic fields can affect the energy of the fields (e.g., charged objects moving away from each other change the field energy).
Thermal energy includes both the kinetic and potential energy of particle vibrations in solids or molecules and the kinetic energy of freely moving particles (e.g., inert gas atoms, molecules) in liquids and gases. 
The total energy of the system and surroundings is conserved at a macroscopic and molecular/atomic level. 
Chemical energy can be considered in terms of systems of nuclei and electrons in electrostatic fields (bonds).
As one form of energy increases, others must decrease by the same amount as energy is transferred among and between objects and fields.

Connections 
Students use their models to show that in closed systems the energy is conserved on both the macroscopic and molecular/atomic scales so that as one form of energy changes, the total system energy remains constant, as evidenced by the other forms of energy changing by the same amount or changes only by the amount of energy that is transferred into or out of the system.
Students use their models to illustrate that energy at the macroscopic scale can be accounted for as a combination of energy associated with the motions of particles/objects and energy associated with the relative positions of particles/objects on both the macroscopic and microscopic scales.

a.   	Three NGSS Dimensions Contained in the Standard:
             
Science and Engineering Practice 

HS PS 3-1:
Using Mathematics and Computational Thinking
Mathematical and computational thinking in 9–12 builds on K–8 experiences and progresses to using algebraic thinking and analysis, a range of linear and nonlinear functions including trigonometric functions, exponentials and logarithms, and computational tools for statistical analysis to analyze, represent, and model data. Simple computational simulations are created and used based on mathematical models of basic assumptions.
Create a computational model or simulation of a phenomenon, designed device, process, or system. (HS-PS3-1)
HS PS 3-2:
Developing and Using Models
Modeling in 9–12 builds on K–8 experiences and progresses to using, synthesizing, and developing models to predict and show relationships among variables between systems and their components in the natural and designed world(s).
Develop and use a model based on evidence to illustrate the relationships between systems or between components of a system. (HS-PS3-2)
             Disciplinary Core Ideas:
HS PS 3-1:
PS3.A:  Definitions of Energy
Energy is a quantitative property of a system that depends on the motion and interactions of matter and radiation within that system. That there is a single quantity called energy is due to the fact that a system’s total energy is conserved, even as, within the system, energy is continually transferred from one object to another and between its various possible forms. (HS-PS3-1)
PS3.B:  Conservation of Energy and Energy Transfer
Conservation of energy means that the total change of energy in any system is always equal to the total energy transferred into or out of the system. (HS-PS3-1)
Energy cannot be created or destroyed, but it can be transported from one place to another and transferred between systems. (HS-PS3-1)
Mathematical expressions, which quantify how the stored energy in a system depends on its configuration (e.g. relative positions of charged particles, compression of a spring) and how kinetic energy depends on mass and speed, allow the concept of conservation of energy to be used to predict and describe system behavior. (HS-PS3-1)
The availability of energy limits what can occur in any system. (HS-PS3-1)

HS PS 3-2:
PS3.A:  Definitions of Energy
Energy is a quantitative property of a system that depends on the motion and interactions of matter and radiation within that system. That there is a single quantity called energy is due to the fact that a system’s total energy is conserved, even as, within the system, energy is continually transferred from one object to another and between its various possible forms. (HS-PS3-2)
At the macroscopic scale, energy manifests itself in multiple ways, such as in motion, sound, light, and thermal energy. (HS-PS3-2)
These relationships are better understood at the microscopic scale, at which all of the different manifestations of energy can be modeled as a combination of energy associated with the motion of particles and energy associated with the configuration (relative position of the particles). In some cases the relative position energy can be thought of as stored in fields (which mediate interactions between particles). This last concept includes radiation, a phenomenon in which energy stored in fields moves across space. (HS-PS3-2)

             Crosscutting Concept:
HS PS 3-1:
Systems and System Models
Models can be used to predict the behavior of a system, but these predictions have limited precision and reliability due to the assumptions and approximations inherent in models. (HS-PS3-1)
Connections to Nature of Science
Scientific Knowledge Assumes an Order and Consistency in Natural Systems
Science assumes the universe is a vast single system in which basic laws are consistent. (HS-PS3-1)
HS PS 3-2:
Energy and Matter
Energy cannot be created or destroyed—it only moves between one place and another place, between objects and/or fields, or between systems. (HS-PS3-2)
2.   Common Core State Standard Connections:
a.   ELA/Literacy:
HS PS 3-1:
SL.11-12.5 - Make strategic use of digital media (e.g., textual, graphical, audio, visual, and interactive elements) in presentations to enhance understanding of findings, reasoning, and evidence and to add interest. (HS-PS3-1)
HS PS 3-2:
SL.11-12.5 - Make strategic use of digital media (e.g., textual, graphical, audio, visual, and interactive elements) in presentations to enhance understanding of findings, reasoning, and evidence and to add interest. (HS-PS3-2)
b.  Mathematics:
HS PS 3-1:
HSN-Q.A.1 - 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. (HS-PS3-1)
HSN-Q.A.2 - Define appropriate quantities for the purpose of descriptive modeling. (HS-PS3-1)
HSN-Q.A.3 - Choose a level of accuracy appropriate to limitations on measurement when reporting quantities. (HS-PS3-1)
MP.2 - Reason abstractly and quantitatively. (HS-PS3-1)
MP.4 - Model with mathematics. (HS-PS3-1)
HS PS 3-2:
MP.2 - Reason abstractly and quantitatively. (HS-PS3-2)
MP.4 - Model with mathematics. (HS-PS3-2)

3.   ELD Standard 

Exchanging information and ideas with others through oral collaborative discussions on a range of social and academic topics 
2. Interacting with others in written English in various communicative forms (print, communicative technology and multimedia) 
3. Offering and justifying opinions, negotiating with and persuading others in communicative exchanges 
4. Adapting language choices to various contexts (based on task, purpose, audience, and text type)  SL.11–12.1, 6; L.11–12.3, 6
The Energy Theatre lesson plan has all of the above steps.
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B. Content Research - Outline of Major Concept and Sub-Concepts in Unit



[bookmark: C]C.  Summative Assessment Description 
The students will complete a final model as part of their summative assessment. This model will have a rubric to guide the students in their construction of the final model. The final model should include all relevant content such as work, potential energy, kinetic energy, elastic potential energy, and thermal energy. The students do a round robin using the rubric and grade their peers’ models and reflect on their own model.
The students also will complete a combination multiple choice and constructed answer summative assessment.





[bookmark: D]D.  The Unit Plan
           	  
	Lesson

	Standard (by number) and Objective(s) for the Lesson
	Primary Instructional Strategy
	Summary of Instructional Sequence of Lesson

	Strategies for Students Who Typically Struggle with Science (English Learners, Exceptional Students)
	Assessment Summary (

	
	
	
	
	
	

	1
	Objective: model the process of model building for students unfamiliar with MBI (optional)
	Model Based Instruction
	Model Building introduction. This activity introduces Model Building to students who may be unfamiliar with the process. The students build a model of a process that they are already familiar with in order to learn  about Model Building using a non-cognitively  demanding  task.
Show clip of a person jumping off of a wall and doing a backflip.
Students model this in terms of forces.
Students participate in a round robin to evaluate and critique each other’s models.
Students revise models based on discussion
See Lesson 1 Support Materials
	Cooperative learning with strategic grouping

For EL:
1. Exchanging information/ideas Contribute to class, group, and partner discussions, sustaining conversations on a variety of age and grade-appropriate academic topics by following turn-taking rules, asking and answering relevant, on-topic questions, affirming others, providing additional, relevant information, and paraphrasing key ideas.
	Diagnostic:
Model share-out with other groups. Students will change or improve their model based on interaction with other groups.  

	2
	Students practice model building with Anchoring event
HS-PS 3-1
DCI:
Definitions of Energy,
Conservation of Energy and Energy Transfer
CCC:
Systems and System Models,
Order and Consistency In Natural Systems
HS-PS 3-2
SEP: Developing and using Models
DCI:
Definitions of Energy
CCC:
Energy and Matter
ELD standards:
1. Exchanging information and ideas with others through oral collaborative discussions on a range of social and academic topics 
3. Offering and justifying opinions, negotiating with and persuading others in communicative exchanges 

	Model Based Instruction
	Model Building of Stacked Ball Drop.  The students will model the stacked ball drop in terms of energy.  
1: Anchoring Event: 
Drop three balls independently. Students note how the balls rebound. Students witness a stacked ball drop. This event seems to follow different rules than the individual ball drop. 
2: The students will be placed into structured groups to build a model of the stacked ball drop in terms of energy.
3. Students participate in a round robin discussion to evaluate and critique each other’s models.
4. Students  revise their models based on discussion.

See Lesson 2 Support Materials
	Cooperative learning with strategic grouping

For EL:
1. Exchanging information/ideas Contribute to class, group, and partner discussions, sustaining conversations on a variety of age and grade-appropriate academic topics by following turn-taking rules, asking and answering relevant, on-topic questions, affirming others, providing additional, relevant information, and paraphrasing key ideas.

	Diagnostic:
Student models are used to assess the student level of knowledge and thought process.

	3
	Disambiguating Force and Energy:
HS-PS 3-1
SEP:
Using Mathematics and Computational Thinking
DCI:
Definitions of Energy,
Conservation of Energy and Energy Transfer
CCC:
Order and Consistency In Natural Systems
HS-PS 3-2
DCI:
Definitions of Energy
ELD standards:
1. Exchanging information and ideas with others through oral collaborative discussions on a range of social and academic topics 
3. Offering and justifying opinions, negotiating with and persuading others in communicative exchanges 
4. Adapting language choices to various contexts (based on task, purpose, audience, and text type)

	Inquiry into simple machines
	Students build on their understanding of force to understand work through use of different pulley systems.
Students answer a series of questions about increasingly complex pulley systems. Students contrast pulley systems with mechanical advantage with systems without mechanical advantage. 
See Lesson 3 Support Materials
	Cooperative learning with strategic grouping

For EL:
1. Exchanging information/ideas Contribute to class, group, and partner discussions, sustaining conversations on a variety of age and grade-appropriate academic topics by following turn-taking rules, asking and answering relevant, on-topic questions, affirming others, providing additional, relevant information, and paraphrasing key ideas.

	Formative assessment:
Students answer questions about simple machines during inquiry activity.

	4

	Students will learn and practice work-based calculations along with vocabulary development
HS-PS 3-1
SEP:
Using Mathematics and Computational Thinking
DCI:
Definitions of Energy,
Conservation of Energy and Energy Transfer
HS-PS 3-2
DCI:
Definitions of Energy
CCC:
Energy and Matter
ELD standards:
2. Interacting with others in written English in various communicative forms (print, communicative technology and multimedia) 
	Activity based on post-hole scaffolding

	Muscle-Up activity.  Students will “work” through activity that develops both “energy” as well as “work” in terms of potential energy.  Students will do work on lab masses to determine their power and energy to move the objects.

See Lesson 4 Support Materials
	Cooperative learning with strategic grouping
	Formative assessment during the lab activity.  In addition, student will write responses to questions about the activity. 

	4
	Students will be able to define and use the vocabulary of energy
HS-PS 3-1
SEP:
Using Mathematics and Computational Thinking
DCI:
Definitions of Energy,
Conservation of Energy and Energy Transfer
CCC:
Systems and System Models,
Order and Consistency In Natural Systems
HS-PS 3-2
DCI:
Definitions of Energy
CCC:
Energy and Matter
ELD standards:
1. Exchanging information and ideas with others through oral collaborative discussions on a range of social and academic topics 

	Lecture on GPE as a mathematical model

	Return to lab activity from yesterday.  What was work?  What was energy?  How were they determined?  Demonstrations of GPE from different heights and masses. 

See Lesson 4 Support Materials
	Direct instruction
	Formative assessment on how students are learning the GPE as well as what “energy” is.
Work Power and GPE worksheet

	5


	Students will be able to use Skatepark pHet activity to develop the Conservation of Energy Law
HS-PS 3-1
SEP:
Using Mathematics and Computational Thinking
DCI:
Definitions of Energy,
Conservation of Energy and Energy Transfer
CCC:
Systems and System Models,
Order and Consistency In Natural Systems
HS-PS 3-2
SEP: Developing and using Models
DCI:
Definitions of Energy
ELD standards:
2. Interacting with others in written English in various communicative forms (print, communicative technology and multimedia) 
3. Offering and justifying opinions, negotiating with and persuading others

	Use of computer based simulations

	Students use pHet “Skate Park” activity found on pHet.colorado.edu website: https://phet.colorado.edu/en/simulation/energy-skate-park

Students try different scenarios of each energy situation.  Record what they tried and what they figured out.

See Lesson 5 Support Materials
	Computer based simulation

	Activity has questions associated with it that students will be answering.

	     6
	Students will be able to identify kinetic and potential energy and convert one to  the other mathematically (Conservation of Energy)
HS-PS 3-1
SEP:
Using Mathematics and Computational Thinking
DCI:
Definitions of Energy,
Conservation of Energy and Energy Transfer
CCC:,
Order and Consistency In Natural Systems
HS-PS 3-2
SEP: Developing and using Models
DCI:
Definitions of Energy
CCC:
Energy and Matter
ELD standards:
1. Exchanging information and ideas with others through oral collaborative discussions on a range of social and academic topics 
2. Interacting with others in written English in various communicative forms (print, communicative technology and multimedia) 
3. Offering and justifying opinions, negotiating with and persuading others
	Activity- students take and analyze data relating to position and velocity of a ball thrown upwards and allowed to fall.

	It’s a Toss Up. 
Students take position and velocity data of a thrown ball using a motion detector.
Students then perform computer aided analysis of data to determine kinetic and potential energy of the thrown ball
Students explain energy missing from potential + kinetic energy total as ball is thrown.  Students are collecting, analyzing, and/or interpreting data

See Lesson 6 Support Materials
	Hands on Activity
	Formative assessment during the lab activity.  In addition, student will write responses to questions about the activity

	7

	Students revise their models of the stacked ball drop
HS-PS 3-1
SEP:
Using Mathematics and Computational Thinking
DCI:
Definitions of Energy,
Conservation of Energy and Energy Transfer
CCC:
Systems and System Models,
Order and Consistency In Natural Systems
HS-PS 3-2
SEP: Developing and using Models
DCI:
Definitions of Energy
CCC:
Energy and Matter
ELD standards:
1. Exchanging information and ideas with others through oral collaborative discussions on a range of social and academic topics 
2. Interacting with others in written English in various communicative forms (print, communicative technology and multimedia) 
3. Offering and justifying opinions, negotiating with and persuading others
	Model Based Instruction

	Students revise their model of the stacked ball drop based on their new understanding of energy.
Students share their models in a round robin format. 
Students amend their models based on the discussion.

See Lesson 7 Support Materials
	Cooperative learning with strategic grouping

For EL:
1. Exchanging information/ideas Contribute to class, group, and partner discussions, sustaining conversations on a variety of age and grade-appropriate academic topics by following turn-taking rules, asking and answering relevant, on-topic questions, affirming others, providing additional, relevant information, and paraphrasing key ideas.

	Formative:
Student models are used to assess the student level of knowledge and thought process.                     

	8
	Students will qualitatively model energy using Energy theater 
HS-PS 3-1
SEP:
Using Mathematics and Computational Thinking
DCI:
Definitions of Energy,
Conservation of Energy and Energy Transfer
CCC:
Systems and System Models,
Order and Consistency In Natural Systems
HS-PS 3-2
SEP: Developing and using Models
DCI:
Definitions of Energy
CCC:
Energy and Matter
ELD standards:
1. Exchanging information and ideas with others through oral collaborative discussions on a range of social and academic topics 
2. Interacting with others in written English in various communicative forms (print, communicative technology and multimedia) 
3. Offering and justifying opinions, negotiating with and persuading others
	Model Based Instruction

	Assemble grouping of students based on skill ability.  Students are asked to kinesthetically model various energy forms and how they change into other energy forms.

See Lesson 8 Support Materials
	Theatre presentation
	Formative assessment of how students move in various energy format (gravitational potential energy, kinetic energy, thermal energy, and total energy

	9
	Microscopic forces (thermal and potential)
Students will demonstrate understanding of 2 polymer ball behavior by answering questions with colleague and teacher.
HS-PS 3-1
SEP:
Using Mathematics and Computational Thinking
DCI:
Definitions of Energy,
Conservation of Energy and Energy Transfer
CCC:
Systems and System Models,
HS-PS 3-2
SEP: Developing and using Models
DCI:
Definitions of Energy
CCC:
Energy and Matter
ELD standards:
1. Exchanging information and ideas with others through oral collaborative discussions on a range of social and academic topics  
3. Offering and justifying opinions, negotiating with and persuading others
	Direct Instruction/ demonstration
	Drop both polymer balls, not simultaneously, so students see the discrepant event.  Develop idea of thermal energy loss in a system and stored energy (U).
Show mechanical spring, and demonstrate Hooke’s Law again F = -kx.  Graph F vs x to show U = ½ kx2.  

See Lesson 9 Support Materials
	mini lecture with realia
	Questioning of students both in groups as well as individuals.  Exit ticket on thermal energy.






	10
	Students will apply understanding of different energy types with guided practice about a soccer ball
HS-PS 3-1
SEP:
Using Mathematics and Computational Thinking
DCI:
Definitions of Energy,
Conservation of Energy and Energy Transfer
CCC:
Systems and System Models 
HS-PS 3-2
SEP: Developing and using Models
DCI:
Definitions of Energy
CCC:
Energy and Matter
ELD standards:
1. Exchanging information and ideas with others through oral collaborative discussions on a range of social and academic topics 
2. Interacting with others in written English in various communicative forms (print, communicative technology and multimedia) 
3. Offering and justifying opinions, negotiating with and persuading others
	Guided Practice

	Student will be working on assignment with others.  Teacher will demonstrate some problem solving skills students could use.

See Lesson 10 Support Materials

	Word wall, scaffolding, and drawings/figures
	Check on student answer to each question.

	11
	Design a Rube Goldberg device
HS-PS 3-1
DCI:
Definitions of Energy,
Conservation of Energy and Energy Transfer
CCC:
Order and Consistency In Natural Systems
HS-PS 3-2
SEP: Developing and using Models
DCI:
Definitions of Energy
CCC:
Energy and Matter
ELD standards:
2. Interacting with others in written English in various communicative forms (print, communicative technology and multimedia) 
	Independent
	Students design and draw out a Rube Goldberg device that has at least 5 energy transformations.

See Lesson 11 Support Materials
	
	

	12
	Final Modeling: Stacked Ball Drop
HS-PS 3-1
SEP:
Using Mathematics and Computational Thinking
DCI:
Definitions of Energy,
Conservation of Energy and Energy Transfer
CCC:
Systems and System Models,
Order and Consistency In Natural Systems
HS-PS 3-2
SEP: Developing and using Models
DCI:
Definitions of Energy
CCC:
Energy and Matter
ELD standards:
1. Exchanging information and ideas with others through oral collaborative discussions on a range of social and academic topics 
2. Interacting with others in written English in various communicative forms (print, communicative technology and multimedia) 
3. Offering and justifying opinions, negotiating with and persuading others
	Model Based Instruction
	Students re-model/revisit/evaluate both their model and other student models.

See Lesson 12 Support Materials

See Section G: Student Work Samples for student models
	Cooperative learning with strategic grouping

For EL:
1. Exchanging information/ideas Contribute to class, group, and partner discussions, sustaining conversations on a variety of age and grade-appropriate academic topics by following turn-taking rules, asking and answering relevant, on-topic questions, affirming others, providing additional, relevant information, and paraphrasing key ideas.

	Summative:
Student models are used to assess the student level of knowledge and thought process.

	13
	Summative assessment
	Unit test
	Students take a multiple choice/ constructed answer assessment.  Unit exam not included.  

	
	Summative unit test






[bookmark: E]E.  Lesson Plans, Support Materials
In this section, include your lesson plans and any support materials that you used for each lesson.  Including your assessments is also recommended, since they play a central role in your curriculum design.











[bookmark: L1]Lesson One: Initial Modeling- Stacked Ball Drop

Introduce modeling as a practice. Short PPT on modeling phenomena:
What is the purpose of modeling?
Example of modeling and model revision- Geocentric -> Heliocentric Solar System
See Modeling Rubric next page.  
 















Modeling Roles
Diagram Creator:  Primarily responsible for creating the diagram.  This should be a person in the group that has some drawing/artistic talents.  
Explainer: Primarily responsible for bringing together the explanation contained in the captions.  This person should be a good listener and have good handwriting.  
Mathematician: Primarily responsible for the algebraic symbols for variables, the mathematical relationships between variables, and any graphical representations.  
Presenter: Primarily responsible for presenting the model to the large group.  This person should have good public speaking skills, as they are responsible for making your model “come to life” for the large group.    
Model Rubric
	
	0
	1-3
	4-5

	Diagram 
	Not present 
	Basic diagram that lacks detail.  Contains some labels and arrows that represent processes.
	Detailed diagram complete with labels and arrows that represent processes taking place.

	Explanation of Phenomenon
	Not present
	Contains caption(s) that briefly describe diagram, variables, and processes.  
	Caption(s) thoroughly describe diagram, variables, and processes.  Explanation of the phenomenon is evident.  

	Molecular Representation
	Not present
	An attempt is made to represent phenomenon on the molecular level.  
	Representation of molecular processes is linked to the explanation of the phenomenon.   

	Algebraic Symbols of Variables in the System and Their Relationships 
	Not present
	Includes algebraic symbols for variables in the system.  Little to no attempt is made to show mathematical relationships through equations or inequalities.   
	Includes both algebraic symbols of variables in the system and mathematical relationships between them in the form of equations or inequalities.  






[bookmark: L2]

Lesson Two: Disambiguating Force and Energy
Disambiguating Force and Energy: Initial Steps
	Schedule
	20 minutes: Getting Started initial ideas - worksheet and lab group discussion
20 minutes: Discussion whiteboards discussion as a whole group
20 minutes: complex pulleys
Homework

	Materials
	Small whiteboards for each lab group
Pulleys, weights, and spring scales 
Computers with internet connection, if possible

	
	

	Set-up
	students will spend most of the time in lab groups groups should be able to face one another for whole-class discussions


NGSS Standards:
Asking Questions and Defining Problems
A practice of science is to ask and refine questions that lead to descriptions and explanations of how the natural and designed world works and which can be empirically tested.
PS3.A: Definitions of Energy
Energy is a quantitative property of a system that depends on the motion and interactions of matter and radiation within that system. That there is a single quantity called energy is due to the fact that a system’s total energy is conserved, even as, within the system, energy is continually transferred from one object to another and between its various possible forms. (HS-PS3-1),(HS-PS3-2)
PS3.B: Conservation of Energy and Energy Transfer 
Conservation of energy means that the total change of energy in any system is always equal to the total energy transferred into or out of the system. (HS-PS3-1)
Energy cannot be created or destroyed, but it can be transported from one place to another and transferred between systems. (HS-PS3-1),(HS-PS3-4)
Background:
There are many concepts in introductory physics that that are used to explain the motion of objects: force, work, power, energy. Students often have difficulty in teasing apart these different ideas. For example, they might describe force as something that is transferred. The relationship between force and work is confusing: why do some forces ‘do work’ and others don’t? - The mathematical model suggests that the difference has to do with distance, but why? And speaking of “doing work” why is work a thing that is done, force a thing that is applied, and energy a thing that is transferred? And is power applied, done or transferred? While knowing precise definitions of these terms is important, definitions alone will not help students disambiguate these concepts. 
To illustrate how hard it can be two understand the differences between force and energy, and the way in which definitions are of limited use in disambiguating the ideas, imagine re-writing the 
“definition of energy” by replacing “energy” with “net force:” 
*Net force is a quantitative property of a system that depends on the motion and interactions of matter and radiation within that system.
This is - of course - also true. However, net force is not conserved, while energy is. Saying net force is a “property” of a system is then a little more problematic - we (implicitly) think of “properties” as relatively fixed quantities (and hence conserved). Nonetheless, this should help illustrate why the definition of energy is only so useful in explaining how energy and net force differ. Mathematical models are also of limited use: students can easily use those to recognize that force and energy have different numerical values, but it does not answer questions about the differences between the concepts. 
The goal of our first few lessons is for students articulate questions that help them disambiguate these concepts. In particular, we find simple machines to be a valuable starting place: small forces can be “amplified” to move heavy objects; students often have a feeling that, in doing so, you get something for nothing. By starting here, students have a chance to revisit ideas about Newton’s Laws and articulate some puzzling questions that these simple machines raise — questions that are best addressed by work and energy, and not forces. We ask student to debate what is “responsible” for lifting the mass attached to a pulley. 
The question “responsible” is deliberately ambiguous. As students debate the answer, this ambiguity should become clear, and you will want to encourage students to articulate a more precise question. In particular, we hope students will ultimately articulate that the question “what is applying a force?” is inadequate to describe what pulleys do; instead “what is expending energy?” or “what is moving?” is as critical a question as force. (Knowing here that, as students are beginning the unit on ‘energy’, the question “what is expending energy” is perhaps an unnuanced question.) In this way, students begin to understand the kinds of questions that energy - as a concept - can address, and why force does not answer those questions. 
Prior to this unit, students should be familiar with forces and Newton’s Laws. They will begin by considering simple pulleys, and then moving into more complex pulleys. Again, the goal of this first lesson is the (clear) articulation of questions, rather than any particular analysis of the pulley. However, students should be familiar enough with Newton’s Laws (and tension in strings) to correctly analyze the forces present in these pulley systems.
Getting started
We start by giving students a very simple pulley, one that simply changes the direction of the applied force. This should be a recap/assessment of prior ideas on force - while also setting them up to analyze more complicated scenarios:

Begin by asking students to work through a few questions related to this set-up. You could provide each student with the following worksheet, or you could simply put this set of questions on the board and ask each student, and then group, to use a whiteboard to share their answers. 
We find giving every student a chance to think through the ideas on their own before working through them in a group allows everyone the opportunity to articulate their ideas and bring something to the group. 
You might start by saying something like:
Okay — we’ve spent the last few weeks developing some ideas about forces. In the next few weeks, we’re going to start looking at some related concepts: work, energy, power. But I want to start by looking at a scenario that should be pretty easy to analyze, and to look at the forces involved.
So on your desks you have a simple pulley system, and I want you to think about your answers to the following questions [hand out worksheet or put questions on an overhead projector or the board]. Take 5 minutes to figure our your own answers, and then, as a lab group, discuss those answers and write up your group answers on your whiteboards.
As students work, circulate among the groups. Some may want to test out their answers using the system at their lab station. We encourage this: they should be able to check their ideas with the set-up and clarify any questions about forces. Help them set-up their pulleys and use the spring scales if needed.
They will likely have questions when they tackle Question 3: “what do you mean ‘lifts the weight’ - do you mean …?” You could say something like “Say more about that …” to try to get them to clarify what they think a more clear question would be.  Or: “What are some ways that you could interpret that question?” Or: “So one of the groups is saying that they think the ROPE (or HAND) is what is lifts the weight - so how do you think they are interpreting that question?”  In general, let the students define the question as they see fit, and help them in articulating their ideas.
Your students might be used to answering well-defined questions, and not refining a question as the goal of a lesson. You might say, if they ask about this question, 
“So that’s really what we’re going to be talking about — what is meant by this question? is this the same thing as asking ‘what force is responsible for lifting the weight?’ And if not, then we need to find a way to ask this question more precisely - in a way that really captures what it is that pulleys do.”
And do not expect students to have well-defined questions after this one exercise! - We will turn to a more complex pulley-system and revisit and refine the questions later.
Ask students to jot down any ideas and thoughts about this question on their whiteboard.

A simple pulley.
weight = 12
 pounds

With your group, think through the following questions — these aren’t mean to be tricky, but just to get us all on the same page before we look at more complicated pulleys:
If the weight is 12 pounds, how much force do you have to apply to lift it up at a constant speed? < 12 pounds, = 12 pounds, or > 12 pounds?
What force does the ceiling have to exert to hold on to the pulley while the weight rises?
What would you say lifts the weight: the hand, the pulley wheel, or the ceiling? Or something else? Why?
Discussion
Before tackling the third question from the worksheet, be sure that everyone agrees on the forces at play — the hand is pulling down with 12 pounds of force; the tension in the rope is 12 pounds, and the force of the ceiling is 24 pounds + the weight of the pulley itself. (If your students are comfortable ignoring that weight, feel free to say “let’s assume the weight of the pulley itself is negligible.”)
Having this consensus diagram up on the board will help serve as a reference in the discussion. 
12
 lbs of 
tension
 + lbs 
24
of force
12
 lbs of 
force

The goal of this discussion is to refine the question: “What would you say lifts the weight?” Depending on the conversations you’ve had at with lab groups, you might start with this question, saying something like:
Riley, I know your group debated this a lot. Can you start us off by showing what’s on your whiteboard? 
As they share their responses, bring others into the conversation —
Victoria, your group thought about that - but you decided that the rope was not the best answer - can you say why?
Alternatively, you may have groups that did not decide on answers, but have already worked to define the question more clearly:
I know that a lot of groups decided that this question was just too ambiguous to answer. Luis, your group proposed a different question — can you start by sharing this? 
… [repeat their ideas for everyone] okay, so you think a lot of things matter here, but there is one thing you say ‘gets tired’ by lifting the weight? 
… And Kate, your group wanted to say something different - you wanted to talk about the force that started it all… 
Have all the groups share their ideas, inviting them to be in conversation/debate with one another. As they share, collect ideas on the board. You might keep a running list of ways that students interpret “what lifts the weight.” Or, if the conversation is somewhat different, keep a list of justifications for each of the possible answers — effectively constructing a list of interpretations of the question. 
For a particularly energetic group, this conversation could be lengthy — at some point, you’ll need to wrap up the discussion, saying something like:
Okay - so I know that there’s a lot of disagreement here on t[he best way to interpret this question / what you think should be considered the thing that is doing the lifting]. I think - really - that this question is one that doesn’t have a right answer — and the ideas that you guys are coming up with are getting at some really critical ideas [summarize those ideas]. I want to keep these up here for now and consider more complex pulleys to see if we can get a better handle on how we want to understand “what lifts.”  
In the next set of investigations, students will revisit these questions but with a more complex set of pulleys. These are scenarios where the force the hand applies is not the same as the weight that gets lifted; what is equivalent is the energy that the hand expends and that the energy that the weight gains. Going into the next set of investigations, students should recognize that they are trying to (1) understand how pulleys work, and (2) develop clear questions around that problem. As an instructor, your goal is for students to raise questions and have experiences that will ultimately help them distinguish between force, work and energy.
Complex Pulleys
Here, we begin as we did with the simple pulley: students have a chance to think through the questions on their own, then work in lab groups - with access to materials if possible, and then share their ideas with the whole group. Depending on timing, you may opt to have students do the worksheet first as homework, giving them a chance to carefully outline their ideas about what it means to “lift” the weight.   
the last two pulley systems, because they involve more than one rope (and, therefore, more than one tension), are more difficult. You might assign these to students who are not having difficulty with forces, or may opt not to assign them at all. 
Complex pulleys.
Below are some more complicated pulleys. Choose one (or, if your instructor has assigned one, use that one) that you want to analyze:

If the weight is 12 pounds, how much force do you have to apply to lift it up at a constant speed? < 12 pounds, = 12 pounds, or > 12 pounds? Sketch a diagram to explain your answer.
What force does the ceiling have to exert to hold on to the pulley while the weight rises?
What would you say lifts the weight: the hand, the pulley wheel, or the ceiling? Or something else? Why?
Notes for the instructor regarding the worksheet:
If you give this assignment as homework, ask students to write up a paragraph (or more) regarding question 3. In their answer, they should clearly explain what they think it means to “lift” the weight. *
The hand should apply 6, 2, 3 and 4 pounds of force for pulleys 13, 15, 16, and 21 (respectively). For students who have not looked at pulleys extensively, determining those forces is not straightforward.
If possible, have these pulley set-ups available in class so that students can get a feel for the different force needed to lift each weight, and so that they might notice that the ropes move different amounts in each case. 

These pulleys are also available online as animations — http://507movements.com/ — and this can be useful for students as they discuss. 
Discussion
As with the exercise using the simple pulley, students should first consider these questions on their own, then in their lab groups they should try to reach consensus, and - as a whole class - move toward a more nuanced understanding of the role of forces, distance and (ultimately) work and energy in lifting the block.
And, much like the prior discussion, you should have the following diagrams on the board, with forces drawn in:

If students find the problem unproblematic, you can ask them something like “why might someone say it is the ceiling that lifts the weight?” or “why is the hand the one lifting the weight? If the weight is 12 pounds and the hand is only exerting 6 pounds of force, isn’t something else helping to ‘do’ the lifting?”  If they say the “rope” — ask why not the hand?
Through the conversation, try to highlight this apparent paradox: we have a sense that the hand is the thing that, in one way or another, is responsible for lifting the block: it’s the thing that moves, that gets the whole operation started, and the person with the hand is the thing that gets tired from doing this lifting. But the hand does not always supply the same amount of force: hand applies 6 lbs of force, weight feels 12 lbs of force. 
If no one mentions it throughout the conversation.. 
















[bookmark: L3]Lesson 3: Muscle Up!
Reference the following work for the Muscle Up! Activity

Robinson, P. (2002). Conceptual Physics: Laboratory Manual. Needham, MA: Prentice Hall.


[bookmark: L4]Lesson 4: Lecture on GPE as a Mathematical Model

Lecture on GPE scaffolded on modeling and muscle up activities.

Magnus and Seymour are loading a truck with heavy boxes. Magnus lifts the 24 kg box at a constant speed and sets it on the truck bed. Seymour uses a 2.8 m long ramp and pushes the box on a frictionless dolly up the ramp with a force of 50.4 Newtons. If the truck bed is 0.60 m from the ground, 
How much work does Magnus do? How much does Seymour do?

If it takes Magnus 0.80 s to lift a box and it takes Seymour 3.4 s to lift a box, what is Magnus’ power output? What is Seymour’s?

Why do we use simple machines? Explain your answer using the following terms: work, force, distance. 


Before combustion engines were common, horses were used to much of the work that needed to be done. In order to pump water out of a mine, horses were yoked to a wheel and used to power the pump. Once combustion engines became economical to use, their power output needed to be calibrated- they were given the unit of horsepower. (1 HP = 756 watts) 
If a standardized horse (1 HP) is powering a pump in a 12m deep mineshaft, how long does it take the horse to pump out 1250 L of water?

What is the change in GPE of the 1250 L of water pumped up to the top of the mine shaft?
	


In 2012, daredevil Felix Baumgartner jumped out of a balloon at an altitude of 38,970 meters. 
If Felix has a mass of 77.4 kg, what was his GPE relative to sea level before his jump?

Calculate the work done by the Earth on Felix from the force of gravity during his descent. 


Alberta picks up her 1.7 kg physics book from the floor at a constant speed to a height of 1.4 m. She carries it at a constant speed a total of 4.5 m to the table, and sets it down at a constant speed on the table at a height of 0.83 m. 
How much total work does she do on the book? (hint: draw a diagram of the force Alberta exerts on the book and the displacement of the book for each of the scenarios.)



What is the change in GPE of the book?


A standard Snickers bar has 250. kcal of energy (1 calorie = 4.184 Joules). Jean wants to burn off the calories from the Snickers bar by doing barbell curls. 
If she lifts a 10. kg barbell 0.45 m at a constant speed, how many curls does it take to use the energy from the Snickers bar?

Jean’s resting power output is 100. W.  How long does it take her to passively use the energy from the Snickers bar?


[bookmark: L5]Lesson 5: Energy Skatepark PhET activity:

Reference PhET Energy Skate Park for instructional materials

Loeblein, P. (2014). HSStudentHandoutConservationEnergyNGSS.docx. Retrieved from: https://phet.colorado.edu/en/contributions/view/3990
[bookmark: L6]Lessson 6: It’s a Toss Up
Reference the following for the support material- It’s a Toss Up:
Appel, K., et. al. (1998). Physics With Computers Using Logger Pro: Physics Experiments Using Vernier Sensors with the Universal Lab Interface. Portland, OR: Vernier Software

[bookmark: L7]Lesson 7: Revisit Models

See Activity one for support material

[bookmark: L8]Lesson 8: Energy Theater

Reference the following for the support material- Energy Theater

http://www.energyprojectresources.org/instructional-resources/energy-theater/procedure/
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Lesson 9: Happy/Sad Balls- Molecular Energy

Students investigate molecular level energy.

Conserving Energy: Energy Theater & Heat
	Schedule
	20 minutes:

	
	

	Materials
	Small whiteboards for each lab group
Happy/sad balls: identical in appearance, one bounces and one doesn’t

	
	

	Set-up
	students will spend most of the time in lab groups groups should be able to face one another for whole-class discussions


NGSS Standards:
Asking Questions and Defining Problems
A practice of science is to ask and refine questions that lead to descriptions and explanations of how the natural and designed world works and which can be empirically tested.
HS-PS1-3.  	Plan and conduct an investigation to gather evidence to compare the structure of substances at the bulk scale to infer the strength of electrical forces between particles. 
 	2b iii.The patterns of interactions between particles at the molecular scale are reflected in the patterns of behavior at the macroscopic scale. 
iv. Together, patterns observed at multiple scales can provide evidence of the causal relationships between the strength of the electrical forces between particles and the structure of substances at the bulk scale. 
Background:
Energy is such an abstract concept — it’s hard to define what it is (the ability to do work? Only sometimes… it is possible to have energy and not do any work, and the “ability to do work” is generally lost during a process, while energy is not). Often we simply jump in and define types of energy mathematically — kinetic, gravitational potential, spring potential, etc. — and show that these things are conserved in a system. If we talk about what energy “is,” we necessarily resort to metaphors - thinking of energy as a landscape around which we move (from high energy to low energy); or we think of energy as a substance that is passed around between objects (transferred, so to speak). 
Energy Theater[footnoteRef:1] was developed to explicitly employ a metaphor of energy— treating energy as a substance — and do so in a way that all but requires that students conserve energy. [1:  Scherr, R. E., Close, H. G., Close, E. W., & Vokos, S. (2012). Representing energy. II. Energy tracking representations. Physical Review - Special Topics: Physics Education Research, 8(2). doi: 020115 020111-020111  ] 

Getting started
There are online resources for using Energy Theater in your classroom: http://www.energyprojectresources.org/instructional-resources/energy-theater/procedure/ http://www.energyprojectresources.org/instructional-resources/energy-theater/instructors/
The basic guidelines are:
ENERGY THEATER RULES: 
Each person is a unit of energy in the scenario. 
Regions on the floor correspond to objects in the physical scenario. 
Each person is one form of energy at a time. 
Each person indicates his/her form of energy in some way (usually with a hand sign or a specific movement). 
People move from one region to another as energy is transferred, and change sign as the energy changes form. 
The number of people in a region or making a particular hand sign corresponds to the quantity of energy in a physical object or of a particular form, respectively. 
Begin with a simple scenario: the ball rising, perhaps, after it has bounced, or a falling ball before it strikes the ground. You might ask for one group of 5 - 7 students to enact this energy theater in front of the class (after everyone has a chance to think through the ideas on their own). If you have more time, have groups do this and then present to the class.
Small group work
Next, students will work in smaller groups (7 - 9) to develop an energy theater. 
Begin by giving all groups a non-bouncy ball, and asking them to develop an Energy Theater for this ball. The challenge, of course, lies in describing where the energy goes after it hits the ground. This might take 20 minutes or more. 
(What to watch for: students should rigorously conserve energy, and be able to identify the final “energy” as neither kinetic nor potential. Every “actor” should be a form of energy at the end of the ‘act.’ Deciding it is ‘heat energy’ is challenging - you may want to have IR camera videos available to examine and discuss.)
After students present (which is admittedly hard to follow), ask everyone to summarize what form of energy they had at the end. Discuss those different ideas. If necessary, provide a brief lecture (perhaps with IR camera video, or this kind of demo: http://www.teachersource.com/product/smashing-steel-sphere-demo-kit/energy) 
Follow this  the bouncy ball, the challenge will be to characterize what is happening to energy during the bounce. (Some groups may recognize that some energy is also lost — the ball does not rise as high - challenge them to figure out where that energy went if time permits.) 
Again, after students present, ask all groups what form of energy they had during the bounce. Draw out any ideas related to “stored” energy and discuss spring potential energy for the ball. 
 
Bouncy & Non-Bouncy: What Happens to the Energy?

You have two seemingly identical balls at your lab station — when you drop them, however, you’ll find that they are clearly different. 
Your job is to answer the following questions:
We know that - just before you drop it - the ball starts with gravitational potential energy; our evidence for this is that every object that is up above the earth has GPE. As it falls, that GPE turns into kinetic; our evidence for this is that it’s moving — all moving objects have kinetic energy. But what happens when it hits the ground? It’s no longer moving and it’s no longer above the earth, so there shouldn’t be any GPE or KE. But energy can’t just disappear. So where is it? What form(s) of energy exist when the ball hits the table?
As you consider your answer for #1, you should think through what is different between the two balls that can account for this difference? (Do not just say “they are different materials”  — be specific! Why do some things bounce and others don’t? What do you think it is made of, and why does that matter?)
[bookmark: L10]Lesson 10: It Takes all Kinds of Energy

Students complete worksheet in which a soccer ball rolls down a ramp, through a loop, slows down from friction, rolls back up a ramp, hits a spring, rebounds, and rolls back through the course.

[bookmark: L11]






Lesson 11: Design A Rube Goldberg Device

Rube Goldberg Device
Your Project, due by Month, Day, Year at Time pm., is to design a Rube Goldberg contraption to do a simple task with many steps.  The assignment is to be typed.  The following criteria must be met for a nominal grade in the following order:
-A purpose is included with a drawing of the project.  This is where you describe the purpose of your project in a sentence or two. 	
-Identify the goal you are attempting to accomplish. (5)
-At least 14 step process using a step format (ie. a) do this  b) which hits 
	the …)  (15 pts)

-A diagram showing all of the items in the process in one drawing setting.(10)

-At least 5 different energy transformations in the design (10)

-A description that identifies which energy transformations take place and where (which steps) in the description (10)

This is a 50 point assignment and you DO NOT have to construct the device.

You will notice there is no point award for ability to draw well or not. 

Your design will be individually designed.  Your device may not be similar to others enrolled in this class or Mr. Goldberg’s.

[bookmark: L12]





Lesson 12: Review

A 0.75 kg ball bounces from an initial height of 1.75m and returns to a height of 1.33m. 
What is the ball’s speed immediately before it hits the ground?

 What is the ball’s speed immediately after it bounces off of the ground? 

What forms of energy are there at this point? What are their magnitudes?

Elastic Potential energy and Thermal energy are both due to molecular level motions. Compare and contrast these two forms of energy.


A human can sustain an output of roughly 150 W. How long would it take a human with a mass of 68 kg to climb to the top of the Empire State Building which has a height of 381 m?


Does everything have energy? Justify your answer.


Identical twins, Bessie and Jessie, are in a bicycle race on identical bicycles. Bessie is ahead of Jessie, but is traveling slower. At the instant Jessie catches up to Bessie, they see a hazard in the road ahead and both lock the brakes and skid to a stop. Bessie skids to a stop at 2.55 m, and Jessie stops at 10.2 m. If Bessie and Jessie and their respective bicycles each have a mass of 63.0 kg, and the coefficient of friction between the tires of their bicycles and the pavement is 0.72, how fast was Bessie traveling? How fast was Jessie traveling?


Given the pulley system shown to the right, what must the relative mass of m1 to m2 be in order for the system to be balanced? Show that this must be true by drawing a graph of the force vs. distance traveled for each mass if m1 moves 2 units of distance. What is the area under the curve called?




 Ralphie received a brand new Red Ryder BB gun for Christmas. He wants to know what the spring constant of the internal spring that shoots the BB is. He knows that the spring compresses by 10.0 cm when the BB gun is cocked, and that a 0.122 g BB will reach a height of 31.3m when fired straight up. (Assume no air resistance)
What is the spring constant of the internal spring?


What is the velocity of the BB immediately after it is fired? 


[bookmark: Assessment][bookmark: F] Are you solar powered? Where does your energy come from? Trace it back as far as you can.
F.  Summative Assessment – Unit Exam not included.  

Modeling Roles
Diagram Creator:  Primarily responsible for creating the diagram.  This should be a person in the group that has some drawing/artistic talents.  
Explainer: Primarily responsible for bringing together the explanation contained in the captions.  This person should be a good listener and have good handwriting.  
Mathematician: Primarily responsible for the algebraic symbols for variables, the mathematical relationships between variables, and any graphical representations.  
Presenter: Primarily responsible for presenting the model to the large group.  This person should have good public speaking skills, as they are responsible for making your model “come to life” for the large group.    
Model Rubric
	
	0
	1-3
	4-5

	Diagram 
	Not present 
	Basic diagram that lacks detail.  Contains some labels and arrows that represent processes.
	Detailed diagram complete with labels and arrows that represent processes taking place.

	Explanation of Phenomenon
	Not present
	Contains caption(s) that briefly describe diagram, variables, and processes.  
	Caption(s) thoroughly describe diagram, variables, and processes.  Explanation of the phenomenon is evident.  

	Molecular Representation
	Not present
	An attempt is made to represent phenomenon on the molecular level.  
	Representation of molecular processes is linked to the explanation of the phenomenon.   

	Algebraic Symbols of Variables in the System and Their Relationships 
	Not present
	Includes algebraic symbols for variables in the system.  Little to no attempt is made to show mathematical relationships through equations or inequalities.   
	Includes both algebraic symbols of variables in the system and mathematical relationships between them in the form of equations or inequalities.  













[bookmark: G]Student Work Samples – Student Created Models































Group 1 Initial Model














Group 1 Model – First Revision



	





Group 1 – Final Model 




	



Group 2 Initial Model



	









Group 2 Model – First Revision














Group 2 – Final Model 










Group 3 Initial Model









Group 3 Model – First Revision
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Group 3 – Final Model 
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