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1 Problem Formulation 

1.1 Introduction 
Section 1 of the document provides a background of the project being completed, an objective 
statement formed by Team Outback, as well as a black-box model showing the overall purpose 
of the project.  

1.2 Background 

The Pendulum Wave Machine is a device meant to provide educational value regarding the 
function of basic wave patterns. Team Outback’s point person is a retired teacher from Zane 
Middle School (Eureka, Ca) by the name of  Ken Pinkerton. Although Mr. Pinkerton is a retired, 
he is still involved in the middle school’s engineering program. He is also involved in the 
community’s STEM-related events, such as the Humboldt Math Festival. The pendulum wave 
machine will be presented at the Humboldt Math Festival on the 29th of April, 2017. The 
purpose of the machine’s presentation at the festival is to provide educational value to the 
Humboldt Community and serve as a tool in demonstrating basic wave patterns and behavior. 
The machine will then reside within the Redwood Discovery Museum in Eureka, CA.  
 

1.3 Objective Statement 
Team Outback’s objective is to design a model of a wave pendulum machine that will be able to 
clearly demonstrate how waves behave. The goal of the model is to educate both children as well 
as the greater community at the Humboldt Math Festival and in the Redwood Discovery 
Museum on how different time periods can affect the motion of waves and influence their 
behavior.  
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1.4 Black Box Model 

Figure 1-1: Black Box Model showing the objective of the Pendulum Wave project 

2 Problem Analysis and Literature Review 

2.1 Introduction to Problem Analysis 
The purpose of the problem analysis is to identify the criteria of the project in regards to the 
client and address the constraints of each criterion. Included in the problem analysis are 
specifications, considerations, criteria, usage, and production volume. 
 

2.1.1 Specifications 
The specifications of the pendulum wave machine are the necessities required to design 
parameters for the project. The specifications for this project include the pendulum being able to 
fit upon a 36” x 13” table top, and that the project itself durable and portable.  

2.1.2 Considerations  
The considerations of a project are the factors that create context for the project and are 
influenced by the client. The considerations for this project are that it will serve as an educational 
tool for a large community primarily consisting of student from a K-12 educational level. This 
project may reside in the Discovery Museum in Eureka, which should be taken into account 
when constructing the project.  
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2.1.3 Criteria  
The criteria of the project are necessary qualities the project must have as requested by the client. 
Table 2-1 below shows the criteria presented by Mr. Pinkerton and their respective constraints. 

Table 2-1: Criteria set forth by the client that influence the creation of the project.  

Functionality The model must be able to demonstrate basic wave
behavior and pattern 

Storability  The model must be able to be easily stored 
in a closet type area. 

Portability Must be able to be carried by, at most, two 
adults. It must also fit in a subaru. 

Cost Must have a total cost of no more than 
$400.00 

Safety Must comply with all safety standards 
established by OSCA 

Durability Must be incredibly  stable as to be able to 
stand multiple children handling it. It must 
be able to handle continuous hands on action 
for at least one year. 

Education Value Must increase the knowledge level 
concerning pendulum waves. 

Inspirational Value Must increase the interest level in the 
physical sciences, as determined by survey, 
of the audience at the Humboldt Math fair. 

 
 

2.1.4 Usage 
The pendulum wave machine will be used as a model to demonstrate basic wave functions for 
children and families from within the Humboldt community at the Humboldt Math Festival. 
After the festival, the project will reside in the Museum of Discovery and serve as a learning tool 
for the community. 
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2.1.5 Production Volume  
There is only a need for one pendulum wave machine to be built so production volume does not 
need to be taken into account. 

 

 

2.2 Introduction to Literature Review 
There are many components in a pendulum wave machine that affects the design and building of 
this project. The purpose of this literature review is to provide essential materials and knowledge 
research pertaining to the project design. Main components that were researched are wave 
mechanics, pendulum mechanics, construction materials, existing models, client criteria and 
audience.  
 

2.2.1 Pendulum Mechanics 
A pendulum wave machine uses string and some type of weight to keep its momentum 

after initial movement.The weight of the pendulum continues to move due to gravitational forces 
with a harmonic motion allowing it to swing from side to side (“How does it work”, 2016). 

2.2.1.1 Pendulum Type 
A variety of pendulums exist in serving different purposes in visual aid and help people 

to understand and recognize distinctions in different wave patterns. Examples of commonly seen 
pendulums include the Barton pendulum, the harmonograph, and the conical pendulum. Each 
style of pendulum has the ability to create unique types of waves, as well as influence the path a 
wave will follow.  

2.2.1.1.1 Simple Pendulum  

The Simple Pendulum model involves an object being suspended on some type of string 
or rod where it can swing freely back and forth. The model’s design focuses on simplicity and 
harmony (Nave, n.d.). Figure 2-1 offers a basic demonstration of the simple pendulum.  
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Figure 2-1: A demonstration of the simple pendulum in action  (Systems, 2012) 

 

2.2.1.1.2 Barton Pendulum 

The Barton Pendulum consists of several balls hanging down at varying lengths 
connected to a rod. There is a driving ball larger than the others, which then  forces the other 
balls to move. The purpose of this design is to show the transfer of energy from the driving ball 
to the other balls attached to the rod and how one can calculate the maximum transfer of that 
energy.  (“Barton’s pendulum,” n.d.) Figure 2-2 shows a basic setup of a Barton Pendulum. 
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Figure 2-2: A simple design of a Barton Pendulum and its pieces (“Wave Motion Resonance,” 2016). 

 

2.2.1.1.3 Conical Pendulum 

The Conical Pendulum, albeit similar to the simple pendulum in terms of simplicity, 
moves in the shape of a cone. The conical pendulum swings with a smooth edge rather than the 
in rigid motions (Hooke, 2006). Figure 2-3 shows the motion in which the conical pendulum 
moves. 
 

 
Figure 2-3:  The swinging motion of a conical pendulum (Systems, 2012). 

 

2.2.1.1.4 Harmonograph 

A harmonograph uses a series of pendulums to create unique drawings. The motions of 
the swinging pendulums allows the writing utensils that are attached to the machine to glide 
along a surface and create visual wave-like patterns. The motions of  the harmonograph 
eventually sketch out a series of curves due to the pendulums going back and forth. (Quake 
makes art. (2001, May 11)​. ​ Below in Figure 2-4, the basic setup of a harmonograph is displayed. 
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Figure 2-4 A standard harmonograph with two pendulums that swing to move the pen back and forth (Sims, 2009). 

 

2.2.1.2 Pendulum Weight 
Due to the very nature of the pendulum design, the mass of the pendulum itself does not 

affect its motion or speed. The main factors that affect the speed of the pendulum are the length 
of the string and the acceleration due to gravity (“Exploring Pendulums”, 2017). 
  

2.2.1.3 Formulas/Units 
A common formula used to apply to the design of a pendulum is the period formula of a 

pendulum. For a  simple pendulum with a small amplitude, you can use the formula T= 2𝜋√ L/g 
to calculate the time of the period where T=seconds,  L=length (in meters), and  g=acceleration 
due to gravity (9.8m/s​2​)  (“Simple Pendulum”). 

2.2.2 Existing Models  
Pendulum wave machines exist in a multitude of various models including factory built, 

professional grade designs, to disposable one-time demonstration classroom use designs. Below, 
in Figure 2-5, a professional grade simple pendulum model is shown.  
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Figure 2-5: A professional grade design of a pendulum machine (Scheffler, 2014). 

 Figure 2-6 shows a model of a more mid-grade design with more complicated structure 
to pendulum suspension.  
  

  

 Figure 2-6: A mid-grade build that is built from pvc pipes (Aj O, 2014). 
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Figure 2-7 shows how the pendulums can be suspended from different heights instead of one 
level. 
 

  

 Figure 2-7: An example of the various ways to change the length of the pendulum cord (Arbor Scientific, 2009).  

2.2.3 Construction Materials 
Common construction materials for building pendulum wave machines are wood, glue, 

metal, cord, or tape. The main components that should be thought when building a pendulum 
machine are the types of connectors, wood, and metal that may be used in the structure of the 
machine. 

2.2.3.1 Connectors 
Fishing line, thread or duct tape can all be used to connect pendulums to the frame from 

which they will be suspended. A heavy duty object that can withstand a lot of wear serves as the 
ideal type to ensure the machine will last. A material that does not infringe upon the ability for 
the pendulums to move is also most desireable. Figure 2-8 below shows a pendulum that uses 
fish eye hooks and a durable type of cord to connect the pendulums to the base of the model. 
This is crucial to the stability and functionality of the pendulum because the connections are the 
basic foundation of the machine itself (Scheffler, 2014).  

 
 

12 



 
 

 

Figure 2-8 Pendulum connections  (Scheffler, 2014). 

2.2.3.2 Woods 
Depending on the quality of pendulum desired, many different types of wood such as softwood, 
hardwood, reclaimed wood, or virgin wood can be used. Hardwoods are used as a long lasting 
natural construction material because of their natural strength. Softwoods are used usually used 
as an inexpensive alternative to hardwoods, but do not last as long (Diffen, 2016). Figure 2-9 
gives an example of a soft-grade wood: pine wood. 
 

 

Figure 2-9:  Pine is softwood, frame structure may only last a limited time (Diffen, 2017).  

Figure 2-10 gives an example of what a type of hardwood, Maple, might look like. This would 
be a more desirable type of wood for a more sturdy pendulum (Diffen, 2017).  
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Figure 2-10. Maple is hardwood. This is ideal for pendulum wave machines expected to last longer time Diffen 2017).  

Figure 2-11 shows an example of Redwood, which is one of the best qualities of wood that can 
be used due to its hardy structure and incredible durability.  

 
 

 

Figure 2-11. Redwoods are premium wood that is extremely durable and ideal for building long lasting wood-base frames 
(Diffen, 2017).  

2.2.3.3 Metals 
A large variety of metals exist among the metal spectrum such as steel, iron, copper, and 
aluminum. When constructing a pendulum, it is important to consider the metals that are least 
likely to flake or corrode, and that are also hygienic. Figure 2-12 shows an example of stainless 
steel, which resists the formation of rust very well, provides a large basis of strength, and can 
resist damaging heats and chemicals ("The Amazing Abilities And Advantages Of Stainless 
Steel | Mid City Steel | Steel Supplier- Rebar Fabrication - Steel Sales & Service- Westport, MA 
- Bozrah, CT"). 
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Figure 2-12: An example of  stainless-steel metal (Midc City Steel, 2013). 

2.2.4 Audience  
The target audience for this machine are students aged from K-12, as well as members of the 
general community who might possibly benefit from deepening their understanding of wave 
functions.. Understanding how brain growth is key to understanding how humans are able to 
learn. Neural development impacts how information is transmitted , processed and retained. 
Visual learning is one of the five types of learning that is commonly used as a learning strategy 
in teaching science and math. Visual learning is assessed by visual aid like the pendulum wave 
machine. 

2.2.4.1 Background on Brain Development 
A study on brain development discussed that human brain development begins from the 
formation of initial neural cells throughout late adolescence and possibly a full  lifespan (Stiles, 
2010). Processes that great influence brain development are gene expression as well as 
environmental processes. These processes are highly influential in forming the human brain due 
to their ability to cause significant alterations in neural growth. Brain maturation undergoes 
neural competition during fetal stage and continue to influence neural competition, which thus 
affects the brain’s capacity to function, such as learning, during postnatal life (Stiles, 2010).  

2.2.4.2 Brain-Based Learning 
Due to the a larger understanding of how learning influence brain development, different 
advances in neurological research have thus enhanced education systems. School systems 
considered to be more progressive are found to be implementing positive reforms in children’s 
learning at school that parallel key findings in the neurological research (Madrazo, 2005). 
Therefore, understanding how the human brain transmits and processes information aids in 
understanding how children learn. The brain contains millions of neurons and is divided into a 
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right and left hemisphere. Each hemisphere is equal to the other in terms of brain power, 
however, each hemisphere serves as a different medium in receiving and processing information. 
The two hemispheres of the brain have different specific functions in cognitive, affective and 
physical activities that the human body encounters on a daily basis. Due to the complexities of 
brain anatomy and processes, it is understandable that every child’s brain matures differently, 
which thus results in different ways of thinking and interpreting. Therefore, as neurological 
studies have revealed, it is best to use multi-dimensional teaching models to address the different 
learning styles of children (Duman, 2010).  
  

2.2.4.3 Visual Aid 
Concepts taught in science are often times difficult to teach in verbal expression and best taught 
through visual aids and physical demonstrations. Peggy Ashbrook, author of ​Drawing 
Movements,​ explains how visual literacy is important in teaching physical science of motion and 
its engineering applications. For example, Ashbrook asks her students to draw pictures of what 
happens when a ball is rolling down an incline, and in doing so, allows her students to express 
their mental analysis through their drawings. Her students are therefore able to observe and 
understand the physical action of the ball more closely, interpret critical concepts in their own 
way, and better retain the information that they absorb (Ashbrook, 2012). 
 

 

2.2.5 Wave Mechanics 
Basic wave theory serves as a fundamental understanding of general wave mechanics and 
establishes that a wave is the creation of a disturbance independent of the motion of a medium 
(Mathematics, 2000). Waves are defined as a the disturbance in the time space continuum 
created at any given moment, therefore acting as disturbances. Moreover, waves can be 
measured by taking the displacement of the wave as a function of time, as well as by taking the 
displacement of a wave over as a function of a determined distance. (LibreTexts, 2015). The 
graph of a wave would thus result in either distance v. displacement or time v. displacement.  

2.2.5.1 Wave Properties and Physics  
All waves exhibit and posses principal properties that determine their categorization as a wave. 
The measurement of the total displacement of a wave from its original position at equilibrium to 
any given point is called the amplitude of the wave. Using the amplitude, it is possible to 
measure the period of a wave as well as its wavelength. Related to amplitude would be the 
intensity of a wave. The intensity of a wave is just the value of the overall displacement of a 
wave squared (“Topic 5. General properties of waves,” n.d.). Furthermore, the period of a wave 
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is the measure of the time between any two peaks in a wave function on a displacement vs time 
graph as shown in Figure 2-13. 
 

 
Figure 2-13: A wave’s displacement vs time (Sengpiel, 2014) 

 
 The period of a wave can be measured by recording the displacement of a wave at any single 
point and is measured in units of time such as seconds (“Topic 5. General properties of waves,” 
n.d.). Wavelength is a measurement of the displacement of a wave over a given distance. The 
wavelength, often referred to as lambda (λ), is also measured from peak to peak on a graph. The 
graph showing wavelength is different from a wave’s period as it is a wave’s total displacement 
as a function of distance traveled rather than time as demonstrated by Figure 2-14.  
 

 

Figure 2-14: A wave’s displacement vs distance (Sengpiel, 2014) 

 
Wavelength is a function of distance traveled, and therefore measured in units of distance such as 
meters, unlike the period and its measurement of time. Another wave property is the frequency 
of a wave, measured by the number of cycles completed, or rather how many periods are 
included in one second. This can also be referred to as oscillation  (“Topic 5. General properties 
of waves,” n.d.). This pattern can be seen in Figure 2-15 with an example of high frequency and 
low frequency waves. 
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Figure 2-15: Examples of wave frequency (“Web-based technology education--music in the digital world,” n.d.) 

As seen in Figure 2-16, higher frequency waves have more periods per given amount of time 
than lower frequency waves. The unit for frequency is often measured in the unit Hertz (“Topic 
5. General properties of waves,” n.d.). Additionally, the phase of a wave is also a fundamental 
wave property. The phase is measured  by choosing a specific point and displacement of a wave 
and taking the time at which the wave passes through those two points.  
 
A wave property that can be calculated is the wave speed, or rather velocity. The velocity can be 
calculated using the wavelength and either the frequency or period of a wave. Wave velocity is 
equal to the wavelength over the period, which is also equal to the wavelength multiplied by the 
frequency. Either Way, the velocity of a wave is represented by the equation ​V=λf​ ​(Figueroa, 
2017).  A final property of waves is resonance. Resonance occurs when a wave is reflected over 
itself which thus creates repeated oscillations through the wave pattern (Figueroa, 2017). The 
reflections that create resonance within a wave are illustrated by Figure 2-16  below. 
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Figure 2-16: Wave resonance (Figueroa, 2017) 

 
 

2.2.5.2 Types of Waves  
Different types of waves are largely influenced by differences in a wave’s amplitude as well as 
different wave phases (Benny, 2007). Waves can be categorized based on the physical movement 
of their particles in relation to the wave path, but they can also be measured through their ability 
to serve as a medium for energy transfer within a vacuum (Classroom, 1996). The first three 
types of waves that are based on the movement of their particles are longitudinal, transverse, and 
surface waves. The second two types, which  are measured in a vacuum, are electromagnetic and 
mechanical waves. In the latter set of waves, electromagnetic waves, as implied by their very 
name, are indeed able to serve as a medium for energy transfer within a vacuum while 
mechanical waves are unable to transfer energy themselves and require the assistance of a 
separate medium (Classroom, 1996).  
 
Longitudinal waves are created when the energy of the particles in a wave travel in parallel to the 
movement of the wave itself. Therefore, the displacement of the particles moves from right to 
left in a parallel medium with the traveling of the wave (Classroom, 1996). This wave pattern is 
exhibited by Figure 2-17. 
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Figure 2-17: Movement of a longitudinal wave (“Science tips,” n.d.) 

Transverse waves behave opposite from longitudinal waves in that the particles of a transverse 
wave move perpendicularly to the movement of the wave. The displacement of the particles in a 
transverse wave will go from bottom to top rather than left to right (Classroom, 1996). The 
transverse wave pattern can be observed in Figure 2-17. 
 

 
Figure 2-17: Movement of a transverse wave (PowerSchool, 2005) 

Surface waves have particles that move with circular motions, both parallel and perpendicular to 
the movement of the wave (Classroom, 1996). In some cases, surface waves are combinations of 
transverse and longitudinal waves and their unique pattern can be seen in Figure 2-18. 
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Figure 2-18: The movement of surface waves (“20.01.04 - other waves (physics),” n.d.) 

 

2.2.6 Client Criteria  
On February 13, 2017, a meeting was held with the client, Ken Pinkerton to discuss details about 
the Pendulum Wave Machine. Mr. Pinkerton’s desired product consisted of an apparatus that 
demonstrates traversed waves with varying periods that cycles back to its linear form. Mr. 
Pinkerton is a retired teacher from Zane Middle School, but still involved in the middle school’s 
engineering program. He is also involved in the community’s STEM-related events, such as the 
Humboldt Math Fair. The originally proposed criteria by Mr. Pinkerton are listed as follows: 

- large enough to fit a 36 inches by 18 inches table  
-structure of the machine has to be stable and durable 
-portable 
- finished by April 29​th​ for the Humboldt Math Festival  
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3 Search for Alternative Solutions 

3.1 Introduction 
Alternative solutions for the Pendulum Wave Machine have been created as a result of a 
collaborative and cooperative brainstorming session held between all four Team Outback 
members. These solutions are designed to satisfy all specifications and requirements of the 
Pendulum Wave Machine. A total of eight alternative solutions have been created.  

3.2 Brainstorming 
Team Outback met for one collective brainstorming session to share ideas for the Pendulum 
Wave Machine. During this session, all team members were able to voice his/her ideas and the 
team was able to reflect on all ideas as a whole. After all the ideas were listed out, they were 
each carefully inspected and compressed down to a list of eight alternative solutions. The 
purpose of doing this was to ensure that every group member was able to contribute ideas to the 
project and the group was able to effectively analyze options and select different options that 
appear to be the most viable. The list created in the brainstorm can be found in Appendix A.  

3.3 Alternative Solutions 
The following eight alternative solutions have been collectively created in a group brainstorm 
and thoroughly thought out and prospectively planned. The planning is done by sketching or 
creating a digital model of each possible solution and then comparing the alternative solution to 
the specifications and criteria of the project itself. These solutions will be used to compare and 
contrast which solution best meets all of the criteria and should be chosen for the final design.  
 
 

3.3.1 Lock & Key Pendulum 
The Locky & Key Pendulum model features an alternating set of locks and key as pendulums. 
As shown by Figure 3-1, the locky & key design is constructed of a wooden base around 3 feet in 
length frame, four stainless steel columns about a foot high, and a medium duty wire cord 
attaching the lock & key pendulums to the supporting beam. The pendulums of this model, 
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although alternating in make, are of the same mass to meet the functionality and educational 
criteria. This model is of the correct size to be able to easily carry and store. The lock & key 
aspect of the model serves as a unique feature and meets the inspirational criterion of the project. 
The model’s a-frame creates a durable structure, and all materials used comply with OSCA 
safety standards. This model is also completely constructible within the given budget of $400.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3-1: A  lock and key pendulum utilizes locks and keys on every other cord to inspire middle school students to take 
an interest is basic wave behavior (​Image edited by Gabriel Garcia​).  

3.3.2 Light-Up Shadow Wave 
The Light-Up Shadow Wave model is a wave machine built with L.E.D. lighting to create 
illusionary shadow waves. Figure 3-2 shows a sketch of the basic structure of the model. The 
base of the pendulum machine is made of plywood and has a length of 36 inches, a width of 18 
inches and is 2 inches thick. The corners of the plank will be carved out to fit 2 x 2 inch wooden 
stands. Upon the top of the wooden frame structure, a triangular-shaped piece of wood attaches, 
serving as the supporting beam of the model. The beam supporting the pendulums is the same 
length as the plywood and is lined with an L.E.D. light strip attached to the bottom of the 
triangular beam, facing the floor of the machine. The purpose of the L.E.D. light strip is to cast 
direct light  upon the pendulums, allowing the pendulums to create shadows while in motion. 
The unique visual experience created by the model provides inspirational and educational value 
for the viewer. The lighting is properly installed as to comply with the safety criterion and 
handles installed on the sides of the machine satisfy the portability criterion.  
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Figure 3-2: Light-Up Shadow Wave has two main features: LED light system that is attached to its structure to cast a 
shadow and the balls will glow in the dark (​Image by Lorenz Hernandez​). 

3.3.3 Solid Lead Pendulum 
The Solid Lead Pendulum is created using solid lead balls with approximately 1” diameters. The 
lead balls are coated with a clear rubber coating for compliance with OSHA safety standards. 
The pendulum is constructed using a solid wood base of approximately three feet in length and 
two inch thickness. The base of the pendulum is a foot wide and the total structure it two feet 
tall, so that the dimensions and amount of material used do not interfere with the machine’s 
portability and storability. The lead pendulums hang at different lengths so that they hang at an 
approximately 25° angle as shown by label 1 in Figure 3-3. Each string supporting a pendulum is 
placed four inches apart so that the edge of each pendulum’s radius is approximately two inches 
apart. This design ensures that the pendulum creates a wave pattern that can serve as an tool in 
educating the public on wave pattern and behavior. The pendulums hang by industrial strength 
fishing line from hooks that are screwed into the wooden top of the pendulum structure. The top 
is supported on either side by wooden panels all carefully joined together and reinforced with 
screws. The design of the pendulum structure provides reliable durability and increases the 
longevity of the machine’s lifespan.  
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Figure 3-3: A basic design of the setup of the solid lead pendulum (​Drawing by Maria Garcia​) 

3.3.4 Interchangeable Pendulum 
The Interchangeable Pendulum is a wave machine that allows different items with equivalent 
weights to be used during demonstration. A sketch of the Interchangeable Pendulum is shown 
below in Figure 3-4. This design is mainly composed of wood and metal braces. The base has a 
length of 36 inches, width of 18 inches and height of 4 inches. Its thickness supports the metal 
corner braces that are nailed in from the plywood base to the framing lumbers. The purpose of 
the thick foundation and metal braces is to ensure durability and stability. The nylon strings that 
the pendulums hang from is held by a long metal beam connected to two planks. The planks are 
attached to the framing lumbers using wood glue and metal braces. The ends of the nylon strings 
each have clips that can hold the interchangeable objects. Objects are provided by the presenter 
to ensure that the weights of each object is equal.  
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Figure 3-4: Interchangeable Pendulum is durable and stable with interchangeable weights for demonstration (​Image by 

Lorenz Hernandez​).  

3.3.5 Driving Pendulum 
The Driving Pendulum uses two different sized balls to force the pendulum to move. The 
machine functions by having a pendulum ball with a larger mass than the others being brought 
back and released in the direction of the other pendulums, allowing its force to propel the other 
balls. As shown in Figure 3-5,  the pendulums all hang on a line that is suspended from a wooden 
beam. The driving blob hangs lower than the others and the line has an increasing slope starting 
from the initial pendulum’s length. The pendulums are 1” lead balls that are covered in a liquid 
rubber coating to ensure compliance with OSCA safety standards. Each pendulum measures 2” 
away from each other to prevent them from hitting each other when they move. Braided fishing 
line is used to keep the balls attached to the machine due to its ability to handle enough tension 
created by the pendulums, and its ability to swing back and forth smoothly. The line that dangles 
across the frame uses steel wire to ensure that it does not come apart and is able to hold the 
weight of all the pendulums. The structure utilizes wood and metal braces to provide a strong 
base in case of accidental bumping or movement.  
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Figure 3-5: A driving pendulum with a basic outline of the dimensions (​Image by Jordan Huber​).  

3.3.6 Tape Pendulum 
The Tape Pendulum model uses sticks equally balanced on either side lining an upside down 
piece of duct tape to create surface waves. The model is built by utilizing two posts that are 
around 3 feet apart as the overall structure, and connecting duct tape to both posts. The 
pendulums of this model are the weights on either side of the sticks that line the duct tape. The 
pendulums can be removed from the ends to make the speed of the wave go faster. The removal 
of the pendulums demonstrates how waves move at different speeds in different mediums and 
increases the educational value of the machine. Figure 3-6  shows the build of the tape pendulum 
and its low-grade structure. The nature of this machine allows for the use of cheap and low-risk 
materials. The durability and stability of the model can be improved by placing another piece of 
duct tape underneath the first piece. The dimensions of this model allow for easy transporting 
and storing of the model. The removable pendulums and use of candy as pendulums create a 
unique factor that creates inspirational value for this model.  
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Figure 3-6: In a duct tape Pendulum wave machine, the pendulums can be removed to show that waves move at different 

speeds in different mediums (​Nakaya et al​). 

 

 

3.3.7 Stairwell Pendulum 
The Stairwell Pendulum uses pendulums of equal mass and size to hang from a stairwell design 
of an awning. The stairwell design of the model’s structure creates differences in the string 
length suspending each pendulum, which allows for the production of wave patterns and creates 
functionality. Each stair level in the structure increases with a ​7​/​16​” height along the length of the 
pendulum machine as seen in Figure 3-7. Each pendulum has a radius of approximately ⅞”. Each 
string holding a pendulum will be placed approximately 2” from each cord on either side. The 
base is approximately 3’ long, 1’ wide, and 2” thick to ensure that it fits atop a standard 3’ by 
1’6” table top. Its given dimensions also allow for it to fit easily within an SUV, be easily 
transported by two adults, and easily stored in a small defined space such as closet. The stairwell 
portion of the model is built out of wood and is supported by wooden stands attached to the base. 
These separate parts are jointed together and reinforced with heavy duty screws to ensure 
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maximum stability and longevity. All materials used to construct this model are moderately 
priced and allow the model’s construction to stay within the appropriate margin of cost. All 
materials used including the wood, metal, cord material, and pendulum material are OSCA 
standards approved.  
 

  

 

 

 

 

 
 

 

Figure 3-7: A diagram illustrating the stairwell effect in the structure of the pendulum (​Drawing by Maria Garcia​).  

 

3.3.8 Decreasing Pendulum 
The Decreasing pendulum model has pendulum balls that are hung at smaller and smaller lengths 
as moving towards the right of the machine to show how the length of string effects a 
pendulum’s motion. This model is constructed using a wooden frame 3’ long and 6” wide. The 
machine uses metal fish-eye hooks to suspend the pendulums in place. The pendulums of this 
model are 1” lead balls covered in a liquid rubber coating to comply with OSCA safety 
standards.  Braided fishing line is used to tie the the lead balls to the wooden bar and wooden 
bases surrounding the frame ensure that the pendulum is secure and sturdy when upon a standard 
table top. The pendulums of this machine are spaced out 2” from each other, and the lengths of 
the fishing line holding the pendulums decreases by ¼”. The longitudinal pattern of waves 
created by the driving pendulum increase the model’s educational value and inspirational value. 
The simple design of the machine allow for the model to be easily moved and stored in a defined 
space. This machine is constructed using a small amount of materials allowing for minimal costs.  

 
 

29 



 
 

Figure 3-8: A simple decreasing pendulum that shows (​Image by Jordan Huber​).  
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4 Decision Phase 

4.1 Introduction 
The purpose of the decision phase is to analyze the solutions proposed in Section 3 and the 
criteria in Section 2 to choose an efficient final design. This process is completed using a Delphi 
Matrix, which uses the criteria of the project in Section 2 to effectively weigh each alternative 
solution. 

4.2 Criteria Definition 
The criteria, previously mentioned in Section 2 of the document, are defined as follows:  
 
Functionality: ​The ability of the model to create a uniform wave pattern without any 
disturbances. 
Portability: ​The ability of the model to be transported from one location to another. 
Storability: ​The ability for the model to fit within a defined space. 
Cost: ​The ability of the project to be constructed for a total cost the set price in Section 2.  
Safety: ​The ability of the project to follow all health and safety codes associated with using 
hazardous materials and structures. 
Durability: ​The ability of the model to support itself and withstand repeated use. 
Inspiration: ​The ability of the project to display a unique design different from previous models 
of pendulums. 
Education: ​The ability of the model to enlighten its audience of the basic functions of waves and 
their processes.  
 

4.3 Solutions 
The list of possible solutions, as described under Alternative Solutions in section 3,  includes: 

● The Solid Lead Pendulum 
● The Interchangeable Pendulum 
● The Driving Pendulum 
● The Tape Pendulum 
● The Decreasing Pendulum 
● The Stairwell Pendulum 
● The Lock & Key Pendulum 
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● The Light-Up Shadow Wave Pendulum 
 

 

4.4 Decision Process 
The decision process of the project included the use of a Delphi Model to identify a solution that 
best meets each criterion mentioned in Section 2 . The Delphi Model, shown in Table 4-2, works 
by first weighing each criterion on a scale of 1-10, with 10 being the highest score, of how 
important each criterion is to the overall structure of the project. Then, a score is assigned to each 
alternative solution on a scale of 1-50, with 50 being the highest score, of how well each solution 
meets each criterion. Each score assigned to each alternative solution is multiplied by its 
respective criterion’s weight score to get an overall number. From there, all the numbers for each 
alternative solution are summed together to produce a final score that represents the solution’s 
ability to comply with the weighted criteria. Using this method, the solution which best fits the 
needs of the project is easily identifiable as it is the solution with the highest score. The weights 
of each criterion dictating the pendulum wave machine is presented below in Table 4-1.  

 
Table 4-1: Table of each criterion and their respective weight in terms of importance to overall project. 

 

Criteria Weight 

Durability 10 

Functionality 10 

Safety 10 

Cost 9 

Education 8 

Inspiration 8 

 
 

32 



 
 

Portability 8 

Storability 8 
  
  
 

Table 4-2: The Delphi Table used in organizing each alternative solution’s ability to satisfy each criterion. 

 
 

4.5 Final Decision Justification 
The final model chosen to serve as the pendulum wave machine’s final design is the Light-Up 
Shadow Wave option. This model received the highest score using the Delphi Matrix to assess its 
ability to meet each criterion. The L.E.D light features and the strong structure of the Light-Up 
Shadow Wave option make it a better fit for the project in comparison to its closely scored 
alternative solutions.The creative aspects of this model and its ability to satisfy each weighted 
criterion make it the final decision for the pendulum wave machine.  
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5 Specification of Solution 

5.1 Introduction 
Section 5 is an analysis of the final solution, including an examination of the four main 
components of the design. This section includes a detailed account of the total costs, both 
monetary and timely, of the project, and implementation instructions and report of the final 
results.  

5.2 Solution Description 
The pendulum wave machine is a model that utilizes L.E.D lighting features, crystal pendulums, 
and a collapsible design as the final solution to meet the necessary criteria. The model is 
comprised of a hollow wooden base with a collapsible a-frame structure that holds a beam 
suspending 8 multifaceted glass pendulums. The  frame also contains a L.E.D. light circuit that 
shines directly on each pendulum to create unique lighting effects as the pendulums swing from 
side to side.  

5.2.1 Wooden Base 
The wooden base of the pendulum is designed for the model to be collapsible and fit within the 
base of the pendulum. As seen in Figure 5-1, the base of the model measures 36” long and 18” 
wide. It is constructed using a frame built from 2x4” pieces of wood and uses two faces of 
plywood of ½” thickness using 8x2½” screws . The base has holes of ⅞” diameter drilled 
uniformly into the base directly under each pendulum as to allow for the L.E.D lighting to reach 
from the inside of the base to the hanging pendulums. The top of the base also has 4 holes of 3” 
depth,  3” away from each corner of the base at a 45 degree angle. These holes serve as the 
support structure for the metal a-frame. The wooden base is coated in a waterbased rubbing stain 
and finish. 
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Figure 5-1: AutoCAD drawing by Maria Garcia  showing the dimensions and basic setup of the wooden base in the 

design. 

5.2.2 A-Frame Structure 
The a-frame components of the model are made to hold the beam that suspends the pendulums. 
The steel metal a-frames thread through the wooden beam and are able to swivel freely within 
the wooden beam to allow them to become completely flat, therefore catering to the collapsible 
feature of the model. The a-frame is constructed using 66” long metal rods, bent at an 
approximately 110 degree angle on either side of the wooden beam in which they rest. The steel 
rods are strong enough to support up to 30lbs of weight and are rust resistant.  

5.2.3 Beam Structure & Pendulums 
The wooden beam that supports the pendulums is a 2x4” wooden beam of 30” in length. The 
beam has a ¼” hole drilled 1” down the side of the beam on both ends to allow for the a-frame to 
rest. The top of the beam has two smalls holes that are 40mm apart drilled through it starting 
61mm from the edge of the beam. Strings are threaded through each hole drilled in the beam and 
two strings connect to each pendulum. The dimensions of the beam is shown in Figure 5-2 
below.  
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Figure 5-3: AutoCAD drawing by Gabriel Garcia showing the dimensions of the supporting beam. 

5.2.4 L.E.D Light Structure  
The LED light structure  has components of wires, resistors, LED lights, heat shrinks, USB port 
charger and wood. 5mm diameter L.E.D. lights  are used and wired together in parallel. The 
lights are in series with 150 ohm resistors. The voltage drop across each light and resistor is 2.85 
Volts and current of 19 mA. To avoid fire hazards, heat shrink is placed around all of the wires. 
The circuit is then attached to a wooden board to hold it in place. This board can easily be 
attached to the inside of the base of the pendulum. The wooden board with circuit is  pushed 
through the predrilled holes in the base and nailed for permanent placement. The design of the 
circuit board can be seen in Figure 5-4 below.  
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Figure 2-4: AutoCAD drawing by Lorenz Hernandez depicting the L.E.D. light circuit board.  

 
 

5.3 Cost Analysis 
This section lays out the total costs of the project. The types of costs included in this section are 
the cost of the design in labor time, constructions costs, as well as the cost of the maintenance 
costs.  

5.3.1 Design Cost 
The design cost of the Pendulum Wave Machine are dictated by the total amount of time spent in 
research and labor for building the pendulum. The hours spent on this design are broken down by 
each phase of the project and can be seen in Figure 5-6 below.  
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Figure 5-6: The total cost of time in labor of the project for Team Outback. 

5.3.2 Construction Cost  
 
The cost of construction for the pendulum wave machine includes the total monetary costs used 
to construct the model. These costs total to $105.46 while the retail cost of the pendulum, 
without donated materials, totals to about $160.07. The breakdown of the total cost is shown 
below in Table 5-1. 
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Table 5-1: A breakdown of the project’s individual costs for materials and construction. 

 

5.3.3 Maintenance Cost  
The maintenance cost of the pendulum wave machine is the projected cost of maintenance of quality 
for the project. The annual projected maintenance cost for the pendulum wave machine is $5.30 as 
shown in Table 5-2 below. 
 

Table 5-2: The projected annual maintenance cost for the model. 

 

 

5.4 Implementation Instructions 
For implementation of the Pendulum Wave Machine as a tool in demonstrating wave behavior, it 
is necessary to first assemble the model. Implementation begins with the removal of the back of 
the pendulum’s base and the removal of the a-frame structure of the pendulum inside the case. 
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The a-frame of the pendulum is unfolded and inserted into the designated holes on the base of 
the pendulum. The assembler of the machine should apply the necessary pressure on the beam of 
the machine for the a-frame to be fully inserted into the base and for stability to be maximized. 
The pendulums are to be properly aligned and any tangles in the pendulum’s lines removed. The 
pendulum should be plugged into a power source so that the L.E.D lights are on, and in doing so, 
assembly will be complete. In order to use the pendulum, one must simply take the wooden 
board provided , align it with the pendulums, lift the pendulums about forty-five degrees, and 
release. From here the pendulum will do the rest of the work, revealing how waves move and the 
different patterns they follow. 
 

 
Figure 5-7: A step-by-step diagram of how to assemble the model. 

 

5.5 Results/Performance 
The prototype built to test the functionality of a basic wave pendulum proved to work as desired 
and  useful in determining important considerations in building the real model. The results of the 
finished product are satisfactory of the criterion. The pendulum is fully storable, portable 
functional, and compliant with predetermined safety standards. The model is also very 
heavy-duty and in standards with durability. The pendulum is able to create basic wave patterns 
with uniform harmonic pattern. When members of the community use the machine, they are 
better able to visual wave patterns and understand what affects waves. For example, in seeing the 
different lengths of string from which each pendulums swing, members of the community are 
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able to see how the formula for a period of a wave in Section 2 under Formulas/Units functions 
in reality. Figure 5-8 below shows member’s of the community engaging with the machine and 
finding inspiration in the actions of the model.  
 

 
Figure 5-8: An image showing member’s of the community actively learning about basic wave function. 
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