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ABSTRACT 

One crucial portion of a design project involves the design and build of a prototype. 

Prototypes are advantageous because they help to reduce a project’s time and cost, identify and 

address problems early on in the design process, and increase user involvement by confirming a 

common vision among users and developers. These factors all contribute to delivering a better 

quality final product. Embedded electromechanical prototypes use programmed electronics and a 

mechanical device to perform a specific function. Microcontrollers are small computers on 

integrated circuits that are often used to control the electronics of these embedded prototypes. 

One set of problems with these prototypes is that the breadboard circuitry can easily become 

messy and the connections between sensors/actuators and the microcontroller are not reliable. 

These factors make it difficult to troubleshoot the prototype when a wire accidentally gets 

disconnected and also makes it difficult to create a portable prototype. There are not many 

existing products that focus heavily on the integrity of the connections between the main 

prototyping platform, such as an Arduino microcontroller, and the sensors and actuators used to 

create the operational portion of the prototype. Previous research indicates that one line of 

products, the Tibbo Project Systems, focus on robust connections. However, the Tibbo products 

are complicated to use and are not open source. The widespread popularity and ease of use of the 

Arduino microcontroller for these simple electromechanical applications make it a perfect 

candidate for use in a comparable platform. The objective of this research project is to create a 

robust, easy-to-connect prototyping system for embedded products that can be used with a 

variety of sensors and the Arduino Uno microcontroller board. The product is expected to form a 

rigid and clean looking platform that provides a reliable connection between the Arduino and any 

number of additional modules needed to complete an embedded electromechanical prototype. 
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CHAPTER 1: INTRODUCTION   

1.1 Purpose of Research 

There has recently been an uptick in activity among the DIY, Maker, and Hacker 

communities. These inventors, engineers, and designers work to create products that will benefit 

themselves or others by collecting information, displaying that information, and sometimes 

acting on the information. Constructing a prototype is a critical part of the design process used to 

create a new product. Prototyping is important because it helps to reduce time and cost, identify 

and address problems early on, confirm a common vision among users and developers, and help 

the designer deliver a better quality system [1]. Currently, once a member of these communities 

takes his/her ideas to the prototyping phase, they often times start wiring sensors and actuators to 

a microcontroller.  

Unfortunately, many of these prototypes are unorganized and are not easily replicated. It is 

often difficult to house a microcontroller, breadboard, and an assortment of sensors and actuators 

in a way that is both aesthetically pleasing and functional (Figure 1). As a result, members of  

 

 
Figure 1: Examples of Typical Breadboards used in Prototyping 

 

[2 and 3] 



2 

 

these communities have difficulty creating prototypes that are structurally stable enough to be 

transported. These complexities create a gap in the market for a modular prototyping platform, 

which would allow for easy and reliable connection between the microcontroller and sensors that 

are needed for a particular prototype. The goal is to create an integrated style product, deemed 

the ‘Mod Duino,’ that will bridge this gap by securing modules (which hold sensors) to a main 

board that houses the microcontroller.  

1.2 Related Work  

Currently, there are several other products and services that are also attempting to create an 

easier path to prototyping. Defining what is already available to the consumer will narrow down 

the final design that builds upon the advantages of these existing products while clarifying which 

disadvantages need to be improved upon. These products can be placed in a variety of categories 

including developmental/ educational systems, mechanical prototyping systems, mechatronic 

prototyping systems, hardware enclosures, and embedded system platforms.  

1.2.1 Developmental/ Educational Systems 

Developmental and educational systems are the most widely used by young engineers and 

those new to prototyping, the target audience of this research. Some examples of developmental/ 

educational systems are Arduino, Raspberry Pi, micro:bit, and Particle (shown below in Table 1). 

Each of these platforms have their own websites, where you can purchase microcontrollers and 

learn how to code and prototype through examples and tutorials. One major advantage of these 

platforms is their low cost. An individual interested in learning the prototyping process can 

typically do so with one of these platforms for under forty US dollars. Another advantage is that 

these platforms are all open source, meaning the code is accessible by the public. These 
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platforms also have communities that consist of people who are willing to help solve any 

problems a beginner might encounter.  

 

Table 1: Developmental/ Education Systems 

Photo System Product Cost 

[4] 

Arduino 

 

Arduino Uno 

Rev3 

$22.00 

[5] 

Raspberry Pi 
Raspberry Pi 

Model B 
$35.00 

[6] 

Particles Photon 
 

$19.00 

[7] 

micro:bit BBC micro:bit $14.95 

 

Arduino, Raspberry Pi, and Particle each offer their own forms of shields. Shields are 

“boards that can be plugged on top of [the main microcontroller] extending its capabilities. The 

different shields… are easy to mount, and cheap to produce” [8]. Although these shields are 
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often beneficial for prototyping, they do not encourage a beginner to understand all the 

components they include. Furthermore, the shields do not provide an overall enclosure for the 

entire prototype, and do not assist in creating a reliable connection for any additional sensors that 

might be necessary for a particular prototype.     

1.2.2 Mechanical Prototyping System 

This type of system offers an assortment of metal and plastic parts that can be joined 

together in a variety of ways. Actobotics® is a “ball-bearing based, precision building system” 

that can be found and purchased on the ServoCity website. Some of the available Actobotics® 

components can be seen below in Figure 2. Although this type of system can be very useful for 

 

 
Figure 2: Actobotics® System Components 

 

completing a mechanical prototype, especially one that needs to move, most of the electronic 

components that can be purchased through the company are motors. This system will not be 

beneficial to someone trying to gain experience in a wide range of sensors. Actobotics® does not 

offer any type of bare board system that would allow for the addition of sensors. Even if they 

did, the mobile applications that this system offers are not always wanted or needed in basic 

prototyping projects. Additionally, some of the high end Actobotics® kits can cost up to two 

hundred and eighty US dollars [10]. 

 

[9] 
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1.2.3 Mechatronic Prototyping System  

Mechatronic prototyping systems include a set combination of hardware and software 

that can be used for a variety of prototyping projects. One approach, called the 20-SIM system, is 

a modeling and simulation tool that claims to help lower the cost of prototyping mechatronic 

systems. The program “enables modelling of physical systems such that the simulation model 

has a close resemblance to the physical reality and with parameters directly related to the 

physical phenomena” [11]. However, the 20-SIM system does not provide any software or 

hardware that can be directly used to more quickly put a prototype together. Instead, it focuses 

on making the prototyping process faster by more easily validating whether certain requirements 

of a physical prototype are met by simulating a model of that system. A mechatronic system like 

this may be useful for someone experienced in prototyping, but may be too complicated for a 

novice trying to get exposed to prototyping.  

1.2.4 Hardware Enclosures 

In search for something that focused heavily on holding the microcontroller to create a 

portable prototyping platform, a group of hardware enclosures were found on electronic retailer 

websites like SparkFun. Two examples are the Arduino Project Enclosure and the Arduino and 

Breadboard Holder shown below in Table 2. These products do a good job of allowing the  
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Table 2: Hardware Enclosures 

Photo Product Cost 

[12] 

Arduino Project Enclosure $11.95 

 

[13] 

Arduino and 

Breadboard Holder 

$3.95 

 

prototypes to be transported from place to place, and they are both relatively inexpensive. One 

limitation of the Arduino Project Enclosure is that it does not leave much space for any 

additional electronic components to be added to the microcontroller before the box is closed. 

Even if a couple of sensors fit, they would not be held securely within the enclosure. The 

Arduino Breadboard Holder does not solve the issue of wires becoming loose or detached all 

together. All of the wires used to connect the sensors to the microcontroller are completely 

exposed and vulnerable.  

1.2.5 Embedded Platforms 

Embedded platforms aim to ease the prototyping process by providing a computer system 

that can function at low power in a small area. All of these platforms also offer sensors that can 

be connected to the particular microcontroller in that small area. Liquidware’s BeagleBoard, the 

iProtoXi Aistin, the Voxel8, and the Tibbo are all examples of embedded platforms.  
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Liquidware is a company that now offers three modules for the BeagleBoard embedded 

platform. The three rapid prototyping modules shown in Figure 3 are the BeagleTouch, the 

BeagleJuice, and the BeagleMod. Primarily, the BeagleTouch offers a touchscreen LED display, 

the BeagleJuice includes pre-loaded Linux and allows the system to run on an Android operating 

system, and the BeagleMod offers a connection to a set of sensors such as an accelerometer, 

GPS, a light sensor, and a heartbeat sensor. With this product line, Liquidware used an approach  

 

 
Figure 3: The BeagleTouch, BeagleJuice, and BeagleMod 

 

called architectural innovation, which means that “modules are designed purposefully to connect 

to each other functionally, dramatically reducing the ‘barrier effort’ getting each module to talk 

to one another” [14]. Although Liquidware’s product line offers a display screen, Android 

capabilities, and connectivity to a range of sensors, they are limited to the few sensing and 

actuating capabilities included in the three modules and do not offer any space for involving 

other sensors.  

 The iProtoXi Aistin modules are compact, mobile, and implement Arduino software. The 

modules each hold sensors that connect the user with the Internet of Things using Aistin Bus24, 

which is the “next generation solution for IoT applications where low power and small size are 

required” [15].Shown below in Figure 4 is an example of one of these modules called the Aistin 

 

[14] 
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Figure 4: Aistin Set 868 MHz 

 

Set 868 MHz, which includes an accelerometer, barometer, and humidity sensor. Although 

Aistin offers a range of modules, they are really more of a concluding consumer product and do 

not allow for the possibility of personal prototyping.  

Voxel8, shown in Figure 5, is a company that provides a 3D printer kit that allows the 

consumer to directly incorporate electrical circuitry into physical objects. Creating three 

dimensional objects that integrate electronics into mechanical objects allows the consumer to 

take on an extraordinary range of projects. Although this is cutting edge technology, and the  

 

 
Figure 5: Voxel8 Multi-Material 3D Printer 

 

main focus of Voxel8 is prototyping, the product does not necessarily make the prototyping 

process easier for the average engineer or technically efficient hobbyist. It is a costly product, 

[16] 

[17] 
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with a starting price in the range of nine thousand dollars, which is not realistic or affordable for 

the average consumer interested in prototyping.  

The Tibbo Project System shown below in Figure 6 can be used to quickly move through 

the prototyping process to produce a wide range of presentable projects. The system “features an 

almost bare board powered by Texas Instruments Sitara processor, and a large area for Tibbit 

blocks to add features as needed, as well as an enclosure” [18]. Tibbo does a great job of  

 

 
Figure 6: Tibbo Project System 

 

providing customers with the ability to choose from a wide variety of Tibbit blocks that include 

components such as sensors, actuators, power supplies, and USB ports. These blocks can be 

rigidly attached to the bare board to quickly put together a sturdy and reliable prototype that 

looks good enough to present. The company also offers bare boards of different sizes, gives you 

the option of creating a custom board before purchasing, and gives the option of enclosing the 

entire platform in a box for additional protection.  

[19] 
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1.3 Deciding which Platform has the Greatest Advantages 

The Tibbo Project System is the existing product that has advantages that most closely 

align with the platform being created in this research. The advantages of the system should be 

implemented in the ‘Mod Duino.’ As described in the previous section, the Tibbo creates reliable 

connections between modules and the microprocessor and provides a clean and professional final 

presentation, which are some of the primary goals of this research. However, one of the major 

disadvantages of the Tibbo Project Systems is that they run off TiOS, which not many people are 

familiar with. Arduino has its own open source coding program, which many more (even 

inexperienced) engineers have been exposed to.   

The products Tibbo offers are also relatively expensive, in the range of a couple hundred 

USD. Tibbo also offers a wide range of modules that include an assortment of components, 

which would typically be a benefit. The problem is that implementing these modules can easily 

be confusing for a hobbyist. The modules provided by this company are so advanced that it 

would take a well-trained electrical engineer to understand and use them effectively. The Tibbo 

products may work better on the industrial level, but hobbyist and young engineers are much 

more likely to have an understanding of a basic microcontroller like an Arduino. Creating a 

system that incorporates an Arduino board would be much more useful for a beginner looking to 

gain experience with prototyping.  

1.4 Deciding which Microcontroller to Implement 

Arduino offers a range of microcontrollers that are in the thirty to fifty dollar range and 

are much more common in the United States when compared to the Tibbo Project System. The 

Arduino family of microcontrollers is also considered to be basic, even for beginners, which 

means individuals of all experience levels can enjoy the ‘Mod Duino.’ Figure 7 shows that out of 
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Figure 7: Arduino Board Usage 

 

the Arduino family of microcontrollers, the Uno is decidedly the most popular. Due to this fact, 

the ‘Mod Duino’ will be made to fit this specific microcontroller so that it can meet the needs of 

the largest number of people. Families of microcontrollers like Arduino and Raspberry Pi were 

previously considered to be developmental systems in themselves, but that was mostly due to the 

vast majority of tutorials and open source information available through their strong 

communities. The ‘Mod Duino’ will expand the microcontroller’s prototyping capabilities by 

adding some of the connectivity features that are so successful in the Tibbo Project System.   

A wide range of prototyping projects are able to be completed with the ‘Mod Duino,’ 

because the user should be able to use multiple modules at one time and write unique code to 

control these modules. Connecting more than one module to the base platform can be beneficial, 

especially in larger projects that need to include an array of sensors and actuators. The main goal 

of the product is simplicity through organization on the hardware side of prototyping. The sleek, 

finished look of the modules and the easy and smooth connection between the modules and the 

[20] 
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base delivers this simplicity. This solves a common problem in the current prototyping area by 

making the physical connection between a microcontroller and its sensors/actuators easy, 

reliable, and aesthetically pleasing. All the components and wiring will neatly be enclosed in the 

casing of the main board.  

1.5 Significance of Research 

The purpose of this research is to create a system that can ensure a clean and reliable 

connection between an Arduino Uno microcontroller and its compatible sensors that might be 

used in a prototype. This is significant because often times, the wiring used in “low-end” 

prototyping projects become disconnected, causing them not to work properly. Ensuring these 

connections will allow the less experienced engineer to spend more time gaining knowledge of 

different types of sensors, instead of unnecessarily spending time trouble shooting their device. 

A rigid system would also lead to a better looking prototype, because there will not be any loose 

or tangled wires. This is important because an aesthetically appealing prototype can more easily 

be presented and explained than a messy one. The system will also make the prototype portable, 

which is a challenge for current prototypes that have floating breadboards and microcontrollers 

that are solely connected by unsoldered wires.  

1.6 Outline of Thesis 

  The system will be created through the implementation of the engineering design 

process. First, this paper will define that process. Then there will be a detailed description of how 

this process will be applied specifically to the system being created. All of the hardware, 

software, and machines used to complete the prototypes made through the process will be 

explained. Next, the resulting prototype of the system will be described in full, along with an 

explanation of the tests applied to the system and a discussion of how the prototype works. 
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Lastly, the paper will describe what future work can be done to further increase the success of 

the system that has been created.  

Perhaps the most important aspect of the design process is that it is iterative. For the 

current project, it is important to keep in mind that many of the steps in the design process will 

be revisited and reworked. This is a critical characteristic in any successful design, because as 

the research progresses and a deeper understanding of the system in achieved, the objectives and 

requirements should be altered and refined to ultimately create a system that better fits the 

overall goals of the research.   
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CHAPTER 2: METHODS 

2.1 Engineering Design Process Overview 

 Any project that involves the design of an electromechanical system should follow the 

engineering design process. This process is visually summarized in Figure 8 below. The process 

 

 
Figure 8: Engineering Design Process 

 

includes the identification of a problem, background research on the problem, brainstorming of 

ideas that may solve the problem, a strategy for deciding which idea should be pursued, the  

construction of a prototype, the testing of that prototype, often times a redesign of prototype, and 

finally a mode for communicating the prototype’s design to others.       

2.1.1 Applying the Design Process  

The problem being solved and the background research of currently available platforms 

that apply to this problem have already been outlined and described above. This led to a 

description of the major goals that need to be achieved by the system, which will later be 

[21] 
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clarified through the objectives. These objectives will then be ranked through the use of a 

pairwise comparison chart. There will also be a list of constraints placed on the system that 

should not be exceeded throughout the design process.  

To develop possible solutions to the problem, first the functions of the system will be 

outlined. Then functional requirements will be defined and scores will be assigned to these 

requirements. Once the functional requirements are determined, preliminary design sketches will 

be made to illustrate the possible solutions to the problem. Through decision matrices, the 

functional requirements will be applied to the preliminary designs to choose which design(s) 

would best meet the requirements put on the system.  

Once the preliminary design(s) with the best combination of all the requirements of the 

system is identified, the prototyping stage will begin. The paper will define all the hardware, 

software, and machines used to create these prototypes. First, a more detailed drawing of the 

preliminary design will be made. Then, computer aided design software will be used to create 

three dimensional parts, and then assemblies, of the drawings. These three dimensional parts can 

then be machined into physical parts with the help of a 3D printer.      

Although Figure 8 uses arrows to show this process is cyclical, which is true, it is 

important to note that not all of the steps necessarily need to be reworked when one step in the 

process is reevaluated. It may be more appropriate to add arrows to the figure that connect, 

perhaps, the “Construction of a Prototype” oval back to the “Select the Best Possible Solution” 

oval. This is because the steps six through three may not need to be completed in order to get 

back to the “Select the Best Possible Solution” oval. For example, the requirements or objectives 

may need to be to reviewed and redefined after a prototype or two have been made, but this can 
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be done without testing, evaluating, or doing additional background research. In this way, the 

process is very much iterative.    

2.2 Initial Objectives 

 The objectives are used to more clearly define the major goals of the system. The list of 

objectives may actually seem like broad topics, which is why a metric is placed on each of the 

objectives. All of these objectives and metrics are listed below in Table 3. The initial objectives 

 

Table 3: Objectives and Metrics of the Prototype 

Objective Metric 

Final Cost 
The average cost of the main Arduino platform and module 

connections is below $50. 

Appearance 
The final product is aesthetically pleasing so that it can be presented to 

the end user/business professionals. 

Size The product is smaller than 6in x 6in x 6in. 

Weight The product weighs less than 2 lbs. 

Ease of use 
The product is easily understood and operated mainly through intuition 

(with little guidance) if user is familiar with Arduino programming. 

Reliability The system should not fail when assembled properly.  

Strength/Durability 
The materials used have a high enough strength to not break during 

typical use. 

Maintainability The system can be repaired or replaced within 30 days of request.  

Portability 
The embedded prototyping system can be moved from place to place 

without any connections being lost. 

Life Cycle The product should have a life cycle no shorter than ten years. 

Safety 
The product should be safe to use under normal operating conditions. 

No hazardous materials should be used when creating the product.  

 

are to have a system that is affordable, aesthetically appealing, small, lite weight, easy to use, 

reliable, durable, easily maintained, portable, long lasting, and safe. The pairwise comparison 

chart (PCC) in Table 4 was used to rank the objectives defined for this system in order of 

importance, by directly comparing each objective to all of the others. The results of this PCC   
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Table 4: Objectives Pairwise Comparison Chart 
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Final Cost X 1 1 1 0 1 1 1 1 1 1 9 

Appearance 0 X 1 1 0 0 1 1 1 1 1 7 

Size 0 0 X 1 0 0 0 1 0 1 0 3 

Weight 0 0 0 X 0 0 0 0 0 0 0 0 

Ease of use 1 1 1 1 X 1 1 1 1 1 1 10 

Reliability 0 1 1 1 0 X 1 1 0 1 0 6 

Strength 0 0 1 1 0 0 X 1 0 1 0 4 

Maintainability 0 0 0 1 0 0 0 X 0 0 0 1 

Portability 0 0 1 1 0 1 1 1 X 1 1 7 

Life Cycle 0 0 0 1 0 0 0 1 0 X 0 2 

Safety 0 0 1 1 0 1 1 1 0 1 X 6 

 

are that the ease of use is the most important objective. This is because the system is meant to be 

used by someone with little to no prior electromechanical prototyping experience. A low final 

cost of under 50 USD ranks second highest for a similar reason. Beginners in this space are 

generally more willing to purchase a product that is below 50 USD to get exposure to the 

prototyping process, whereas someone with more experience that needs prototyping equipment 

for production or industrial applications may want to spend more money. Appearance, reliability, 

and portability of the system are also near the top of the list because they are the characteristics 

that will help meet the overall goals of the research.   

2.3 Initial Constraints 

 Constraints are defined to place limitations on a systems design. The constraints placed 

on this system are listed in Table 5. These limitations are implemented so that the cost of the  
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Table 5: Constraints on the Prototype 

The average cost of the product should not exceed $150.  

No machines should be required to use the product.  

Use of the product should not require any additional hardware on the side of the buyer.  

Use of the product should not require any software other than the open source Arduino 

software. 

The material(s) used to create the module enclosures and the main platform should not conduct 

electricity.  

 

product does not get too high, there is no additional software or hardware (other than the 

Arduino Uno microcontroller) that needs to be purchased to operate the product effectively 

(which also helps to minimize cost), and the materials used do not cause harm to the user.   

2.4 Initial Functions 

 The functions of a system define the tasks that the software and/or hardware need to 

perform. These functions are paired with functional requirements, which more specifically define 

the task that needs to be completed. The functions and paired requirements for this system are 

described in detail directly in Table 6 on the next page.   
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Table 6: Functions and Requirements for Prototype 

  Functions Requirements 
1 Create modules that reliably encase sensors and 

actuators. 

The modules are rigid enough to pick up and 

install/mount onto platform while retaining their shape.  

2 
 

 
 
 

The platform should be capable of holding each 

module type. 

The modules are made in standard sizes in a fashion that 

allows multiple smaller modules to fit in the same exact 

volume as a larger module. 

3 
 
 
 
 
 

Implement sensors and actuators that are 

compatible with the required software.  

The sensors and actuators must cooperate with the 

input/output capabilities of the ATmega328P 

microcontroller (operate at 5 volts and 20 mA; supports 

PWM, I2C, and SPI communication). 

4 Create modules that can be easily connected to 

the platform. 

The modules can be connected to the main platform with 

normal hand force and no additional tooling. 

5 Create modules that can be easy disconnected to 

the platform. 

The modules can be disconnected to the main platform 

with normal hand force and no additional tooling. 

6 Create modules that can be easy reconnected to 

the platform. 

The modules can be reconnected to the main platform 

with normal hand force and no additional tooling. 

7 
 
 

Create a reliable connection between the 

modules and platform. 

The entire device can be rotated, moved, and dropped 

from a height of one foot without any parts becoming 

disconnected. 

8 The platform should be open to housing multiple 

modules at once. 

The platform can support at least five modules at one 

time. 

9 
 
 
 
 
 
 

Connect to power and ground. 

Each module needs to be able to be connected to a 

power source and ground on the Arduino platform 

without lose wiring. 

10 The device needs to include a microcontroller 

that is compatible with concurrent software. 

The platform needs to include all major parts of the 

Arduino Uno (not limited to the microcontroller). 

11 Data must be transmitted between the device 

and a PC (equipped with Arduino software). 

A USB plug must be incorporated within the device. 

12 The new systems will run using existing 

software. 

The new system will use Arduino software for coding. 

13 
 

The new system should come with Arduino 

tutorials.  

At least five tutorials/examples should be made for new 

users, including necessary Arduino code and hardware 

connections.  

14 Any enclosure should not interfere with any 

connections. 

Any enclosure should provide clearance or openings for 

all necessary connections. 

Optional: 

15 
 

There should be an enclosure for the system. 
The microcontroller and all other hardware should be 

globally encased. 

16 
 

There should be a form of communication 

between the user and platform. 

The device features a reset button and an LED that lights 

up on the platform when a code is successfully 

uploaded. 

 

 These functional requirements will be used to determine which preliminary design will be 

pursued. They will also be used to test the effectiveness of the final prototype of the system. This 
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is why possible scores need to be assigned to each requirement. As shown in Table 7, each 

function is given possible scores ranging from zero to two. A score of zero indicates that the 

functional requirement was barely met, while a score of two means that the functional 

requirement was met to its fullest capacity.   

  

Table 7: Function Scoring Details 

 Functions Score (0-2) 

 

 

1 

Create modules that 

reliably encase sensors 

and actuators. 

0: The modules cannot retain their shape when picked up.                                            

1: The modules retain their shape when being held, but deform when force is 

applied to install them onto the platform.                                                                         

2: The modules retain their shape when being handled and installed/removed 

from the platform. 

 

 

2 

The platform should be 

capable of holding each 

module type. 

0: Each module is encased in a module with a unique (nonstandard) size.                                                                                          

1: Every module is the same size.                                                                            

2: There are two standard sized modules so that space can be optimized.  

 

 

3 

Implement sensors and 

actuators that are 

compatible with the 

required software.  

0: The sensors and actuators used to make the modules are not compatible with 

the ATmega328P.                                                                                                

1: Some of the components used to make the modules are compatible with the 

ATmega328P.                                                                                                      

2: Every component used to make the modules is compatible with the 

ATmega328P. 

 

4 

 

Create modules that can 

be easily connected to 

the platform. 

0: The modules cannot be connected to the main platform.                                         

1: The modules can be connected to the main platform with additional tooling.                                                                                                      

2: The modules can be connected to the main platform with normal hand force. 

 

5 

Create modules that can 

be easy disconnected to 

the platform. 

0: The modules cannot be disconnected to the main platform.                                         

1: The modules can be disconnected to the main platform with additional 

tooling.                                                                                                                

2: The modules can be disconnected to the main platform with normal hand 

force. 

 

6 

Create modules that can 

be easy reconnected to 

the platform. 

0: The modules cannot be reconnected to the main platform.                                         

1: The modules can be reconnected to the main platform with additional 

tooling.                                                                                                                 

2: The modules can be reconnected to the main platform with normal hand 

force. 

 

 

7 

Create a reliable 

connection between the 

modules and platform. 

0: The modules become disconnected from the platform when the device is 

moved or rotated.                                                                                                 

1: The modules stay attached to the platform when the device moves 

horizontally, but disconnect when the device it rotated or dropped.                                                                                                                

2: The modules stay attached to the platform when the device is moved, 

rotated, and dropped. 

                                                                                                                                          Continued      
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Table 7 Continued 
 

8 

The platform should be 

open to housing 

multiple modules at 

once. 

 
 

0: The platform can support one module at a time.                                            

1: The platform can support two through four modules at a time.                                                                                                                           

2: The platform can support at least five modules at a time. 

 

9 

 

 
 

Connect to power and 

ground. 

0: None of the modules can be connected to power or ground.                           

1: Each module can be connected to power and ground through wires (that 

could potentially disconnect).                                                                                   

2: Each module can be connected to power and ground in a discrete fashion 

that does not involve any lose wiring. 

 

 

10 

The device needs to 

include a 

microcontroller that is 

compatible with 

concurrent software. 

0: The hardware used for the platform does not work with Arduino software.                                                                                                          

1: The ATmega328P microcontroller is used for the platform, but some of the 

necessary Arduino Uno components are not used.                                                                 

2. All necessary components of the Arduino Uno are included in the main 

platform of the device. 

 

 

11 

Data must be 

transmitted between the 

device and a PC 

(equipped with Arduino 

software). 

 

0: The device cannot communicate with a PC.                                                                         

1: The device can communicate with a PC through an Ethernet connection.                                                                                                        

2: The device includes a USB port that allows it to communicate with a PC. 

 

12 

 

The new systems will 

run using existing 

software. 

 

0: No code can successfully be uploaded to the device.                                      

1: Code from an open source software that is not Arduino can be successfully 

uploaded to the device.                                                                                        

2: Arduino software can be successfully uploaded to the device.  

 

13 

The new system should 

come with Arduino 

tutorials.  

0: No tutorials are included with the product.                                                                      

1: One-four tutorials are included with the product.                                                         

2: Five or more tutorials are included with the product. 

 

 

14 

 

Any enclosure should 

not interfere with any 

connections. 

 

0: The enclosure prohibits all necessary connections.                                                      

1: The enclosure provides enough of an opening for all connections to be 

made, if two or less modules are in use.                                                                      

2: The enclosure provides enough of an opening for all necessary connections 

to be made, independent of how many modules are in use.  

Optional: 

 

15 

There should be an 

enclosure for the 

system. 

0: All components of the platform are exposed.                                                                   

1: Most of the platforms components are hidden within a case.                                          

2: All of the platforms components are hidden within a case. 

 

16 

There should be a form 

of communication 

between the user and 

platform. 

0: There is no form of communication between the device and user.                                                                                                                                

1: The device features a reset button or an LED indicator.                                               

2: The device features both a reset button and an LED indicator. 

 

2.5 Preliminary Design Sketches  

 The initial plan was to separate the designs into two different categories. The first 

category is comprised of systems that could be retrofitted onto an existing Arduino Uno 

microcontroller. The second set of designs were meant to include the necessary components of 
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the microcontroller so that the device could stand (work) on its own. Almost all of the 

preliminary designs include a module. The module is meant to hold an individual sensor. The 

difference in the designs all come from how the modules would be attached to either the pre-

existing Arduino Uno microcontroller or the embedded board (depending on the category).   

2.5.1 Retrofit Existing Arduino Uno Platform Sketches 

 Listed on the following page in Table 8 are the names and sketches for these preliminary 

designs. There is also a short description of each design, which explain how they would be 

attached to the Arduino microcontroller.  
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Table 8: Preliminary Designs that Retrofit Existing Arduino Uno Microcontroller 

Name Sketch Description 

Shield 

 

This design would use header 

pins to connect a board to the 

Arduino. The top of the board 

would have extruded holes that 

the modules would snap into.  

Singular Blocks 

 

This design only involves 

individual modules. The 

modules would have a header 

pin that would connect the 

sensor to the appropriate I/O pin. 

Two additional wires would 

come from the module to 

connect to ground and the 

powere supply. 

Platform Attachment 

 

This design is similar to the 

Shield, but the attachment would 

not have extruded holes for 

modules to be attached. Instead, 

it would be a bare broadboard. 

The advantage from current 

prototyping would be that the 

breadboard has pins on the 

underside to connect direction 

onto the top of the 

microcontroller, instead of being 

attached via wire.  

 

2.5.2 Stand Alone Platform Sketches 

Listed on the following page in Table 9 are the names and sketches for these preliminary 

designs. Again, there is also a short description of each design, which explains how they would 

be attached to the Arduino microcontroller.  
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Table 9: Preliminary Designs for Stand Alone Platform 

Name Sketch Description 

Flower 

 

This design would have the 

microcontroller components 

contained in a circular housing. 

The modules with be attached 

along the outer diameter of the 

circle, similar to a USB drive. 

Bricks 

 

This design would house the 

microcontroller parts in a 

rectangular box. The box would 

have linear slits where the 

modules would be able to slide 

into and connect.  

Tibbo Style 

 

This design would also house 

the microcontroller components 

in a rectangular box, but the 

modules would connect on the 

same level as the 

microcontroller components.  

Tower 

 

This design holds all the 

microcontroller components in a 

square shape box (on the bottom 

of the picture to the left). The 

modules would have female pins 

on the top and male header pins 

on the bottom that would allow 

them to be stacked on top of one 

another.  

Continued 
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Table 9 Continued 
 

 

 

 

 

 

Triangular 

 

 

 

 

 

This design holds the 

microcontroller components in a 

triangular shaped housing 

compartment. The modules (up 

to three) would attach to any 

side of the housing.  

 

 

 

 

 

 

 

Slim Plugins 

 

 

 

 

This design holds the 

microcontroller components in 

an octagon shaped housing. A 

number of modules would be 

able to be plugged into the 

housing from the bottom.  

 

 

 

 

 

 

Basic Bread Board 

 

 

 
 

This design includes a 

breadboard that holds all of the 

components of the 

microcontroller. The modules 

would each have pins that could 

be used to mount them directly 

onto the breadboard.  

 

 

 

 

 

Circular 

 

 

This design would also hold the 

microcontroller parts in a 

circular housing (like the 

flower). The difference would 

come from the modules, which 

would form around the diameter 

of the circle and snap together 

for additional strength.  
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2.6 Initial Decision Matrices 

 A decision matrix was used to analytically determine which preliminary design best 

meets the functional requirements. The function numbers mirror those of Table 6 from Section 

2.4. Each of the requirements was given a weight between one and four (four carrying the most 

weight) based on that function’s importance in relation to the others. Then, the score that each 

design gets for a particular function is multiplied by that functions weight. The weighted scores 

are summed up for all of the requirements as a total score at the bottom of the matrix. The 

decision matrix used for the designs that retrofit an existing Arduino Uno microcontroller is 

shown here in Table 10. The result of the matrix is that the Shield design should be pursued. 

 

Table 10: Decision Matrix for Retrofitted Platform 

    Shield Singular Blocks Platform 

Attachment 

Functions Weight 

(1-4) 

Score Weighted                   

Score 

Score Weighted 

Score 

Score Weighted                   

Score 

1 3 2 6 1 3 2 6 

2 2 2 4 1 2 2 4 

3 4 2 8 2 8 2 8 

4 3 1 3 2 6 2 6 

5 3 1 3 2 6 2 6 

6 3 1 3 2 6 2 6 

7 4 2 8 1 4 1 4 

8 2 2 4 1 2 2 4 

9 4 2 8 1 4 1 4 

11 4 2 8 1 4 2 8 

12 4 2 8 2 8 2 8 

13 2 2 4 2 4 2 4 

14 3 2 6 1 3 1 3 

Optional: 

15 1 2 2 1 1 1 1 

16 1 2 2 2 2 2 2 

Total     77   63   74 
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A similar decision matrix was applied to the stand alone preliminary designs, which included the 

necessary components of the Arduino Uno microcontroller inside a main housing unit. This table 

was split into two parts, and can be found in Appendix A. The results of this matrix was to 

pursue the Tibbo Style design. A clearer depiction of the two preliminary designs that were 

chosen from the results of the decision matrices are shown below in Figure 9.  

 

 
Figure 9: Preliminary Designs chosen by the Decision Matrices 

 

2.7 Equipment Used in Prototyping 

 In the following three subsections, all of the equipment used throughout the prototyping 

stage of the engineering design process will be reported and described. These subsections include 

software equipment, electronic components, and machines, which were all critical for creating 

the prototypes for this system.  
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2.7.1 Software Equipment Used 

 Before creating a physical prototype, the design drawings need to be recreated in a 

computer aided design (CAD) program. The general CAD process is outlined here in Figure 10.   

 

 
Figure 10: Computer Aided Design Process 

 

The three dimensional (3D) CAD program used in this research is SolidWorks 2016 x64 Edition. 

Step 2 in Figure 10 was not implemented in this research, all the testing and evaluation was done 

on the physical prototype, not within SolidWorks simulations. However, all of the prototypes 

were created using SolidWorks, before they were 3D printed. SolidWorks was also used to create 

the drawings for the parts used in the final prototype.   

 

 

 

[22] 
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2.7.2 Electronic Components Used 

 The most important electronic device used in this research is the Arduino Uno. The 

technical specifications [4] given by the manufacturer for this device can be found in Appendix 

B. The detailed datasheet for the ATmega328P, the microcontroller used on this board, can be 

found from the link provided as a reference for the board’s specifications. Here, in Figure 11, the 

major components of the board are labeled. The most important components concerning this  

 

 
Figure 11: Arduino Uno Major Components Labeled 

 

research project are the microcontroller, the USB plug, and the female header pins which include 

(but are not limited to) the power, ground, analog in, and digital in and out pins. The 

microcontroller stores and executes any functioning program that can be uploaded to board 

through the USB plug. The ground connection, one of the voltage in connections, and one analog 

in or digital in connection will always be used, regardless of the sensor being connected to the 

board.  

[23] 
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 For proof of concept, sensors were inserted into the modules and connected to the 

Arduino Uno board, which will be discussed later in more detail. The four sensors used for this 

purpose were a microphone amplifier, an infrared receiver, a temperature sensor, and an LED 

(Figure 12). The first page of the data sheets for these electronic components can be found in 

Appendix C. These sensors were chosen to be implemented in the proof of concept because 

 

 
Figure 12: Microphone Amplifier, Infrared Sensor, Temperature Sensor, and LED 

 

they are relatively simple to connect to the Arduino board. Each of these sensors only has three 

male header pins, one leading to ground, another leading to power, and a third leading to an 

analog or digital pin. The small breadboard and hook up wire shown in Figure 13 were also used 

in the construction of the prototypes. The one square inch ProtoBoards are single sided perf  

 

[24] [25] [26] [27] 
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Figure 13: Square 1 Inch ProtoBoard (Left) and 22 American Wire Gauge (AWG) Hook-up 

Wire (Right) 

 

boards with “standard 0.1” spacing with a 4-40 (3mm) hole for mounting. Every three holes are 

connected with a 20mil trace” [28]. These boards were mounted inside of the modules so that the 

sensors could be electronically attached to them, while the 22 AWG wire was used to connect 

the sensors inside the modules to the Arduino Uno board.  

 The final system will also include a custom breadboard. This breadboard will be used as 

space to place any electronic components needed for a prototyping project that are not already 

included within the modules. Ideally, a custom breadboard would be created using the 

configuration of pins in Figure 14. Unfortunately, a platform (or software) for creating custom 

breadboards could not be found. Instead, Fritzing, an open source software used to create and 

manufacture custom electronic designs, was used to create this printed circuit board (PCB). The 

board is created strictly out of female header boards, to simulate a breadboard. In the 

configuration of Figure 14, the top three rows are each connected electrically in series and would 

be used as ground or voltage buses. The rest of the vertical buses (with either three or four 

header pins) can be used for things like light emitting diodes (LEDs), resistors, and integrated 

circuits (ICs).  

[28] [29] 



32 

 

 
Figure 14: Custom PCB of Female Headers from Fritzing 

 

The problem with this approach is that PCBs, unlike traditional breadboard, require wires 

to be soldered to the board for the circuit to connect properly. In other words, PCBs do not have 

sockets so wires cannot easily be removed and moved around. Without a currently available 

platform for creating a custom breadboard, the Mini Modular Breadboard from Sparkfun will be 

used for this project (Figure 15). These breadboards are 47x35x10 mm (~1.85x1.38x.40 inches),  

 

 
Figure 15: Mini Modular Breadboard 

 

which makes them ideal for the system being created in this project. These mini breadboards are 

separated into two halves. Each half has seventeen rows that are made of buses that contain five 

[30] 
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sockets. The board can be made to fit into an even smaller space, by grinding off the two flanges 

on the sides of the board. These flanges are used to connect more than one Mini Modular 

Breadboard together, but are not needed for this project, because only one of the boards will be 

used. The boards also come with a peel and stick adhesive backing which can be used to secure 

the board to the platform that will be created. This Mini Modular Breadboard will be able to 

accommodate the same components (LEDS, resistors, ICs) as the custom PCB in Figure 14. 

2.7.3 Machines Used 

Two machines were used to create the physical prototypes of the system. The first 

machine used was the Mojo 3D printer produced by Stratasys (Figure 16 on the next page). The 

Mojo is a fused deposition modeling (FDM) 3D printer, which means that it “is accomplished by 

extruding thin layers of molten thermoplastic layer by layer until a part is produced” [31].The 

layer thickness of this 3D printer is 0.17 mm (0.007 in). Due to the nature of FDM, special 

considerations need to go into designing any part that will be printed. These considerations apply 

to shrinkage, warping, holes, columns, pins, wall thickness, threads, undercuts, fillets, draft 

angles, size and orientation, assemblies, sectioning parts, living hinges, fastening hardware, 

bosses and ribs, and text [31]. Due to the basic geometry of the main platform and modules 

(described later in more detail) that will be created in this project, the fact that the original 

designs already had features that fit the recommendations for these considerations, and the 

support material of the Mojo, many of these aspects did not need to be considered. The aspects 

that were taken into account for this project were shrinkage and enlargement of features due to 

thermal expansion and contraction that goes on during FDM. To account for this, a tolerance was 

added to the platform so that the modules would fit within the width of the main platform.             
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Figure 16: Mojo 3D Printer 

 

After the models were created in SolidWorks, they were converted into a 

stereolithography (STL) file format. This file “format describes only the surface geometry of a 

three-dimensional object… and today is widely used for rapid prototyping, 3D printing, and 

computer-aided manufacturing” [33]. The STL files are opened in the ‘Mojo Print Wizard’ 

program, which calculates the layers and path that the printer needs to follow to create the part.  

Once the layers and path are determined, the parts are printed using the ‘Mojo Control 

Panel.’ The printer uses two different materials to construct the parts. The piece is made from 

ABSplus model material (P430) and the material used to combat gravity to maintain the desired 

geometry of the modeled piece is Soluble Support Material (P400-SR). To remove the support 

material after the pieces have been printed, they were placed in the Ultra 2000 cleaner made by 

UltraSonic LLC (Figure 17). 

   

[32] 
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Figure 17: Ultra 2000 - 5.2 Gallon from UltraSonic LLC 

 

 The Ultra 2000 is filled with Soluble Concentrate and water. Typically, three wash cycles 

of thirty minutes were used to clean each of the pieces. Three cycles were needed to ensure the 

internal temperature of the machine reached sixty degrees Celsius. An Exacto knife and filing 

tools were then used to eliminate any unwanted material from the pieces that was not removed in 

the ultrasonic washer. The ABSplus model material, soluble support material, and soluble 

concentrate used in this project were all purchased through Advanced Technologies Consultants, 

Inc. Example order forms for these materials, along with the specifications for each of the 

machines, can be found in Appendix D.  

2.8 Prototype Iterations 1 and 2 

 After choosing the Tibbo and Shield Style designs from the results of the decision 

matrices, prototypes of these systems needed to be made. It was decided that the Tibbo Style 

prototype was to be created first, because a matrix score of 90 (Shield Style received a score of 

77) meant that it might better fit the functional requirements of the system. This section will 

detail the attempts that were made to create this prototype, and the challenges that were 

encountered while doing so. The two major portions of the prototype are the base platform and 

the modules.  

[34] 
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 Before creating the modules, the electronic sensors needed to be soldered to the one 

square inch ProtoBoards. Below, in Figure 18, is the setup used to solder these parts onto the 

 

 
Figure 18: Soldering Setup 

 

boards. This typical setup includes an adjustable circuit board holder, the soldering iron and 

wire, and the two components that need to be permanently joined together. The resulting 

configurations for each of the four sensors can be seen next in Figure 19.    

 

 
Figure 19: Sensors Soldered to Individual ProtoBoards 
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 Once the sensors were securely attached to the boards, a 3D model of the modules was 

created in SolidWorks (Figure 20). The walls of the modules were made to be 0.1225 inches, for 

stability. The inner pocket of the modules were dimensioned to the boards, including the corner 

radii (0.078 inches), with an additional five thousands of an inch tolerance added in all 

directions. Extruded holes were also added to match the position and radius of the holes in the  

  

  
Figure 20: First Iteration SolidWorks Models: Module showing how the ProtoBoards would be 

placed (Left) and Main Platform (Right)  

 

ProtoBoards. This feature was added so that the leads on the sensors would be able to be inserted 

through the bottom of the modules. The walls of the main platform were made to be 0.25 inches 

all around, and provides a wide enough front opening for four modules to be attached. The depth 

of the main housing is great enough to fit a larger breadboard in the rear as well as the four 

modules on the closer side. Figure 21 shows the assembly of the main platform, modules, 

ProtoBoards, larger breadboard, and male header pins. The larger breadboard is meant to give 

space for the components needed to create your own Arduino to be placed. The larger 
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Figure 21: First Iteration SolidWorks Assembly 

 

breadboard is also used to connect the modules to the mock Arduino board. This assembly does 

not include the sensors or the components needed to make the Arduino. After the model was 

completed, the Mojo 3D printer was used to create the physical part (Figure 22). After 

 

 
Figure 22: First Iteration of 3D Printed Module 
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visually evaluating the module, it was decided that the solid walls of the inner pocket may cause 

the sensors to overheat. To combat this, a second iteration of the modules were created. Although 

there are two different parts (shown below in Figure 23), it was decided to consider them to be in  

 

 

 
Figure 23: Iteration 2 SolidWorks Models (Top) and Physical Prototypes (Bottom) of Module 

with Slots (Left) and Holes (Right) 

 

the same iteration because they shared a common goal. Both of the updated modules increased 

air circulation inside the inner pocket, one through the addition of slots, the other through holes. 

The main platform did not need to be altered from the one used in iteration 1.  

 The next portion of the prototype to be made was the mock Arduino Uno board. A 

tutorial provided on Arduino’s website [35] was used to attempt the recreation (Figure 24).  
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Figure 24: Attempt of the Mock Arduino Uno Board 

 

Unfortunately, the mock Arduino board was never able to be completed successfully. This was 

mostly due to a lack of understanding of the FTDI Basic Breakout board and Pocket AVR 

Programmer. Additionally, even after the second iteration of the modules was completed, there 

was one major flaw. The header pins, or leads, of the modules were not long enough to be 

inserted through the Protoboard and bottom of the module and still have enough length to be 

securely mounted into the larger breadboard that was secured in the main platform.  

2.8.1 Change in Strategy 

 These problems, along with time constraints placed on the research project, led to the 

decision to make one prototype instead of two (Tibbo style and Shield style). This new design 

would incorporate the look of the Tibbo style design, with a main platform accompanied by 

smaller modules that would fit inside it. However, instead of creating a mock Arduino board, the 

main platform would provide space for an actual Arduino Uno to be mounted securely. This 

decision was made because of the fact that many Arduino Uno’s are already in use, which make 

this a better option for existing prototypers. The new design would also include the main 

“LEGO” attachments of the Shield style design. This change in strategy allowed time for a good, 

functional prototype to be created in the time allowed.  
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2.9 Reworking Objectives, Constraints, and Functions 

Apart from the reasons described in the previous section, these specifications have also 

changed because the overall goals of the research project have been revised. The idea that it 

would be difficult to mass produce and sell the ‘Mod Duino’ due to the high cost of 3D printing, 

which is typically used for prototyping and not mass production, caused this shift. Instead of 

mass production for consumer purchase, the system will be made open source by providing the 

downloadable STL files on a public website. The change in strategy affected how the objectives, 

constraints, and functions of the prototype were altered. These reworked design specifications, 

along with a description of how they have been changed, are laid out in this section.  

 

Table 11: Reworked Objectives and Metrics of the Prototype 

Objective Metric 

Final Cost 
The STL files to print the main platform and modules should be free 

to the public. 

* Appearance 
The final product is aesthetically pleasing so that it can be presented 

to the end user/business professionals. 

Size The product is smaller than 5in x 4in x 3in. 

* Weight The product weighs less than 2 lbs. 

* Ease of use 

The product is easily understood and operated mainly through 

intuition (with little guidance) if user is familiar with Arduino 

programming. 

* Reliability The system should not fail when assembled properly. 

* 

Strength/Durability 

The materials used have a high enough strength to not break during 

typical use. 

* Portability 
The embedded prototyping system can be moved from place to place 

without any connections being lost. 

Life Cycle The product should have a life cycle no shorter than five years. 

* Safety 
The product should be safe to use under normal operating conditions. 

No hazardous materials should be used when creating the product. 

 

Above, Table 11 details the new design objectives and metrics. Any row marked with an 

asterisk (*) has not been modified from the original design specification. The original objective 
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about maintainability was retracted because now that this system would be made open source, 

there is no concern for having to replace a damaged product. The size objective was modified to 

more closely align with the prototypes that have already been made. The life cycle objective was 

also slightly modified by changing the minimum life cycle of five years, which is more realistic 

for plastic 3D printed parts. The most important change in the objectives is perhaps to the final 

cost, which has been reduced to zero USD due to the open source STL files. Keep in mind that 

this final cost only includes the two major proponents (main platform and modules) of the 

system being created through this research. 

 The newly defined constraints are listed in Table 12. Again, the rows marked (*) have not 

been changed. The maximum cost for a consumer to implement this system for prototyping 

remained at 150 USD. However, now this cost would go towards an Arduino Uno 

microcontroller, whatever costs would go into actually 3D printing the main platform and 

modules, and some low cost hardware (like sensors, ProtoBoards, electronic wire, screws). A  

 

Table 12: Reworked Constraints on the Prototype 

Maximum use of the system should not require more than $150 to the user (this 

would include an Arduino Uno microcontroller, 3D printer material, and some 

low cost hardware). 

Use of the system should not require any machines other than a 3D printer and an 

accompanying ultrasonic washer. 

No tools other than a soldering iron and screw driver should be needed to use the 

system to its fullest capacity. 

The main platform of the system cannot exceed 5in. X 5in. X 5in. due to the 

constraints of the Mojo 3D printer. 

* Use of the system should not require any software other than the open source 

Arduino software. 

* The material(s) used to create the module enclosures and the main platform 

should not conduct electricity. 
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significant change from the original constraints is that now a 3D printer and ultrasonic washer 

would not be excluded from the machines needed to use the system. Similarly, the use of the 

system will now require the use of some tools, which have been constrained to a soldering iron 

and screw driver, which are considered to be commonly owned by even hobbyists who are 

learning how to prototype. The constraint on size needed to be refined to a maximum of five 

cubic inches due to the constraints of the 3D printer being used throughout this research.  

  The last category of specifications that needed to be altered, with the changing scope of 

the research project, are the functions and their requirements. A complete list of these newly 

defined functions can be found in Appendix E. Some of these functions that no longer fit the 

overall goals of the research were removed. For brevity, only the function that was added is 

listed below in Table 13. This function was created to ensure that the system would be provided 

to the public in an open source format. The function is critical for meeting the newly defined 

goals and objectives of the research.  

 

Table 13: Reworked Functions, Requirements, and Scores for Prototype (not all listed here) 

Function Requirement Score (0-2) 

Provide a format for the 

system to be used. 

The system, along with 

instructions, should be 

open source through a 

website.  

0: A website with a description of the system is 

created, but the STL files of the system are not openly 

available.                                                                                           

1: A website with a description of the system is created 

that has the STL files for the system openly available.                                                                                    

2: A website that has a description, the STL files of the 

system, a link to additional hardware needed, and 

instructions on how to assemble the system is created. 

 

The reworked objectives and constraints better define what is going to be provided by the 

new system and what is expected out of the user. The system’s design specifications will now be 

free, but will require the use of a 3D printer, ultrasonic washer, a couple of tools, and a monetary 

allowance for necessary hardware components. The newly defined specifications fit in line with 
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the idea of creating a website that would make the STL files for the system open source. This 

will allow any student or hobbyist with access to a 3D printer to recreate the system for 

themselves. The website would also include a description of the system, directions for assembly, 

and links to the all the additional hardware used to complete the system. This type of format 

would allow individuals to purchase and implement whatever sensors they want to inside the 

modules, and would also encourage them to learn and practice their soldering skills. 
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CHAPTER 3: FINAL PROTOTYPE OF SYSTEM (3RD ITERATION)  

3.1 CAD of Final Prototype of System (3rd Iteration) 

Now that the scope and the specifications for the research have been redefined, it is time 

to step back into the realm of prototyping. A third iteration of the modules was designed and 

modeled in SolidWorks, shown below in Figure 25. These modules can be split up into three 

sections which can be described from bottom to top as the connector, pin, and sensor sections. 

These modules are taller than their iteration two equivalent to allow room for these three levels.   

  

 
Figure 25: Third Iteration SolidWorks Models of Modules: Shaded with Edges Isometric View 

(Left), Hidden Lines Isometric View (Middle), Shaded with Edges Bottom View (Right)  

 

The most obvious addition to these new pieces are the connector extrusions added to the 

bottom of the modules. These connectors will be used to attach the modules to the newly 

designed main platform that will be discussed later. The middle section, which can most clearly 

be seen in the hidden lines isometric view of Figure 25, includes the cylinders (nine by nine) that 

coincide with the holes of the ProtoBoards. The top section is again used as space for the sensors 

to be held. The slots on the side of the modules will be used as an access point for wires to be 

connected from the sensors ProtoBoard to the Arduino microcontroller.   



46 

 

After the modules were done being modeled, the main platform of the system was 

designed and created in SolidWorks. The top, isometric, bottom, and left side views of this 

platform are shown here in Figure 26. The top view shows the three areas that modules can be 

 

 
Figure 26: Third Iteration SolidWorks Model of Main Platform: Bottom View (Bottom Left), 

Top View (Top Left), Left Side View (Bottom Right), and Isometric View (Top Right) 

 

connected to the platform. These sections each have four extruded cylinders. These extrusions fit 

around the extruded cylinder and within the square connector space of the modules. The top view 

also shows the circular cutouts used to mount the Arduino Uno microcontroller and the hooks on 

the walls of the platform that are used to hold wire from the modules on the platform that are not 

currently being used. The bottom view shows the counter bores that allow nuts to be placed on 

the end of the screws used to mount the Arduino board without causing the platform to become 
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uneven. The left side view clearly shows the cutouts used for access to the Arduino boards USB 

port and barrel jack, which is necessary for code to be uploaded to the microcontroller. The 

assembly of the SolidWorks modeled parts is shown below in Figure 27. This assembly does not 

include the breadboard, the sensors, or the electrical wires. The Solidworks models of the 

Arduino Uno microcontroller board [36] and the header pins [37] were taken from GrabCAD. 

The engineering drawings for the main platform and modules can be found in Appendix F.  

 

 
Figure 27: Third Iteration SolidWorks Model Assembly 

 

3.2 3D Printed Parts for Final Prototype of System (3rd Iteration) 

The Mojo 3D printer allows the user to choose which orientation a part is to be printed in. 

Choosing different printing orientations may affect the outcome of the printed part. Within this 

iteration of modules, three different orientations were tested.  The results of these printed parts 

are shown on the next page in Table 14.  
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Table 14: Results of 3D Printing Modules in Different Orientations 

  Upright Sideways Upside Down 

 

 

 

Orientation 

 
 

 

 

 

 

Result                   

(Top) 

 

 

 

 

 

 

Result                 

(Bottom) 

 

 

 

 

As expected, the orientation affected the results of the print job. Printing the module in 

the upright position resulted in nicely formed cylinders, but made it difficult for the support 

material in the connector section to be removed. Removing this material affected the cylinder, 

which resulted in a looser connection with the main platform. Printing the module in a sideways 

orientation meant that there would be less support material to clear from the connector section of 

the part. Although this did result in better connectors, the cylinders did not print cleanly. This 

meant that the ProtoBoards could not be placed inside the modules because the pins from the 

sensors and wires could not be inserted into the holes. The solution came from orienting the part 
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in the upside down position. Similar to the sideways orientation, very little support material 

needed to be used because the connector section was now at the top of the piece. The cylinders 

also came out cleanly because they were oriented vertically, as with the upright position. The 

modules used in the final prototype of the system were printed in the upside down orientation, 

because of the advantages associated with these results. 

The main platform was oriented in the upright position (bottom flat on modeling base) 

while being printed. Even in this orientation, there was no problems with clearing the structure 

material in the counter bored holes. The top, isometric, bottom, and left side views of this 3D 

printed platform are shown here in Figure 28. Figures of the ‘Mojo Control Panel’s’ for the 

modules and main platform that show the amount of materials used and print time for each part 

can be found in Appendix D with the 3D printer specifications.  

 

 
Figure 28: Third Iteration 3D Printed Main Platform: Bottom View (Bottom Left), Top View 

(Top Left), Left Side View (Bottom Right), and Isometric View (Top Right) 
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3.3 Physical Assembly of Final Prototype (3rd Iteration) 

 Once the base platform and the three modules were printed, the ‘Mod Duino’ could be 

assembled. The first step of the assembly is to solder the necessary wires onto the ProtoBoards 

from Figure 19 that already have the sensors soldered to them. Once the soldering is complete, 

the ProtoBoards are inserted into the top section of the modules. The completed modules are 

shown below in Figure 29. The wires that are soldered to the boards are inserted through one of 

the slots on the side of the module.  

 

 
Figure 29: Final Assembly of Modules 

 

 After the modules have been assembled, the Arduino Uno is mounted to the main 

platform of the ‘Mod Duino’ with screws and nuts smaller than 1/8 of an inch, which is the 

diameter of the mounting holes on the Arduino board. Two strips of Velcro with sticky backsides 

were also added to the main platform and the bottom of the bare breadboard. The Velcro was 

used, instead of permanently mounting the breadboard onto the main platform, so that the 

breadboard could easily be detached and reattached to the platform. This will make it easier for 
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components like resistors and LEDs to be placed onto the breadboard during the prototyping 

process. The breadboard used for the ‘Mod Duino’ is similar to the one from Figure 15, but was  

 

 
Figure 30: Main Platform with mounted Arduino Uno and Velcro used for mounting the Bare 

Mini Breadboard 

 

sawed in half using a vertical band saw. The mounted Arduino board and the Velcro used to 

connect the bare breadboard to the main platform are shown in Figure 30. The breadboard was 

cut in half to fit inside the allowable space without affecting the buses that create an electrical 

connection within each of the seventeen columns (rows in the configuration of Figure 30). After 

the cut breadboard was attached to the main platform, three wires were used to connect the 

breadboard to the 3.3 volt, 5 volt, and ground pins of the Arduino Uno board (Figure 31).  

 

 
Figure 31: Creating the 3.3 Volt, 5 Volt, and Ground Buses on the Bare Breadboard 
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These connections were made to create two power buses (3.3 V and 5 V) and one ground bus on 

the bare platform. These buses give more space for power and ground connections while 

prototyping.  

 Now that the assembly of the main platform and modules is complete, the two 

components of the ‘Mod Duino’ can come together. The modules are mounted onto the main 

platform in the configuration shown in Figure 32. This figure gives four different views of the 

‘Mod Duino’ final assembly. In this configuration, only the LED module is connected to the 

breadboard. The module housing the microphone and temperature sensor are not connected to 

the breadboard, so the wires connected to these modules are held to the side by the hooks on the 

walls of the base platform. This was done in an effort to keep things within the ‘Mod Duino’ 

organized.  

 

 
Figure 32: Final Assembly of 'Mod Duino': Bottom View (Bottom Left), Top View (Top Left), 

Left Side View (Bottom Right), and Isometric View (Top Right) 
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 Once the assembly mimics that of Figure 32, the ‘Mod Duino” is ready for use.  

As discussed in previous sections, any type of sensor(s) that is needed for a prototype can be 

used within the module(s). Additionally, more than one sensor module can be used (via 

connection to the breadboard) for a given prototyping project. Shown below in Table 15 is the 

bill of materials for the complete assembly shown in Figure 32.  

 

Table 15: Bill of Materials for Final Assembly of 'Mod Duino' 
 

Description 
 

Quantity 
 

Unit 
Total Cost 

(Approximate) 

ABS (Part Material)  7.15 in3 $57.20 

S40 (Support Material)  1.38 in3 $11.04 

Arduino Uno Micrcontroller Board 1 N/A $22.00 

LED 1 Pack $2.95 

Temperature Sensor 1 N/A $3.00 

Electric Microphone Amplifier 

(MAX4466 with Adjustable Gain) 

 

1 
 

N/A 
 

$6.95 

ProtoBoard 3 N/A $4.50 

Resistor (220 ohm) 1 Pack $0.95 

Hook-up Wire  (Black 22 AWG) 1 Spool $2.50 

Hook-up Wire (White 22 AWG) 1 Spool $2.50 

Mini Modular Breadboard 1 N/A $3.95 

Screw (4-40 UNC, ~1/4 inch long) 4 N/A $1.00 

Nut (4-40 UNC) 4 N/A $1.00 

Total Cost $119.54 
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CHAPTER 4: RESULTS AND DISCUSSION 

4.1 Testing and Evaluation of Final Prototype  

 After the final assembly of the ‘Mod Duino’ was completed, testing began by verifying 

that one of the modules could be used to successfully run a program. The example code “Blink” 

provided by Arduino was used for this verification. The code for this program can be found on 

the Arduino programming software by navigating through File/Example/0.1Basics/Blink. The 

entirety of the “Blink” code can be found in Appendix G. The circuit configuration and 

schematic used to run this program is shown in Figure 33. In order for the code to succesfully be  

 

 
Figure 33: Circuit Configuration and Schematic for Arduino Code "Blink" 

 

uploaded to the Arduino microcontroller, it is important to check that the correct board and port 

are selected under the “Tools” tab. The result of running the “Blink” program using the ‘Mod 

Duino’ is shown in Figure 34. The red light emitting from the sensors in the illustration indicates   

[38] 
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Figure 34: 'Mod Duino' Running the Arduino Example Code “Blink” 

 

that the program was able to be run successfully. Uploading and running this code was used as a 

test case, and its success resulted in the assumption that prototypes involving all the other sensor 

modules would work as well.  

 In addition to verifying that the ‘Mod Duino’ is a functional prototype, the success of the 

system was measured by testing it against the research objectives and functional requirements. 

The results of this testing is shown in Table 16. All of the predefined objectives were met, other 

than the life cycle of the system. It could not be determined if this objective was met because of 

the time frame of this research, but an educated assessment would indicate that the ‘Mod Duino’ 

would remain working after five years due to the strength and resiliency of ABS.  
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Table 16: Test 'Mod Duino' Against Research Objectives 
 

Objective 
 

Metric 
Objective 

Met? 
 

Final Cost The STL files to print the main platform and 

modules should be free to the public. 






 

Appearance 

The final product is aesthetically pleasing so that 

it can be presented to the end user/business 

professionals. 





Size The product is smaller than 5in x 4in x 3in. 

Weight The product weighs less than 2 lbs. 

 

Ease of use 

The product is easily understood and operated 

mainly through intuition (with little guidance) if 

user is familiar with Arduino programming. 





 

Reliability The system should not fail when assembled 

properly. 


 

Strength/Durability The materials used have a high enough strength to 

not break during typical use. 





 

Portability 

The embedded prototyping system can be moved 

from place to place without any connections being 

lost. 





 

Life Cycle The product should have a life cycle no shorter 

than five years. 

 

Unknown 

 

Safety 

The product should be safe to use under normal 

operating conditions. No hazardous materials 

should be used when creating the product. 





 

The results of the ‘Mod Duino’ testing against functional requirements are indicated by 

the awarded scores in Table 17, which is presented at the end of this section.  The possible scores 

range from zero to two, two being the most successful. The details of each of the possible score 

can be found in Appendix E. Including the optional function, there is a total possible score of 

twenty four. After evaluating the functional requirements, the ‘Mod Duino’ received a score of 

twenty two. The first requirement about providing the platform as open source will be discussed 

in detail in the following section. All of the requirements were met to the highest standard other 

than the number of modules the platform can hold and the total encasing of the platform. The 

‘Mod Duino’ received a score of one for these requirements because it can only accommodate 
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three modules at a time and does not completely encase the modules and Arduino Uno board. 

Although they did not meet the highest standard, these functions are considered to be 

successfully achieved, and the enclosure function was originally recognized as being optional.  
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Table 17: Testing 'Mod Duino' Against Functional Requirements 

Functions Requirements Score (0 Min - 2 Max) 
 

 

Provide a format for the 

system to be used. 

 

The system, along with 

instructions, should be open 

source through a website.  

2: A website that has a description, the STL files 

of the system, a link to additional hardware 

needed, and instructions on how to assemble the 

system is created. 
 

Create modules that 

reliably encase sensors 

and actuators. 

The modules are rigid enough to 

pick up and install/mount onto 

platform while retaining their 

shape.  

 

2: The modules retain their shape when being 

handled and installed/removed from the 

platform. 

 

 

Implement sensors that are 

compatible with the 

required software.  

 

The sensors and actuators must 

cooperate with the input/output 

capabilities of the ATmega328P 

microcontroller. 

 

 

 

2: Every component used to make the modules 

is compatible with the ATmega328P. 

 

Create modules that can 

be easily connected to the 

platform. 

The modules can be connected 

to the main platform with 

normal hand force and no 

additional tooling. 

 

 

2: The modules can be connected to the main 

platform with normal hand force. 

 

Create modules that can 

be easy disconnected to 

the platform. 

The modules can be 

disconnected to the main 

platform with normal hand force 

and no additional tooling. 

 

 

2: The modules can be disconnected to the main 

platform with normal hand force. 

 

Create modules that can 

be easy reconnected to the 

platform. 

The modules can be reconnected 

to the main platform with 

normal hand force and no 

additional tooling. 

 

 

2: The modules can be reconnected to the main 

platform with normal hand force. 

 

Create a reliable 

connection between the 

modules and platform. 

The entire device can be rotated, 

moved, and dropped from a 

height of one foot without any 

parts becoming disconnected. 

 

 

2: The modules stay attached to the platform 

when the device is moved, rotated, and dropped. 

 

The platform should be 

open to housing multiple 

modules at once. 

 
 

 

The platform can support at 

least five modules at one time. 

 

 

 

1: The platform can support two through four 

modules at a time. 

 

 

 

Connect to power and 

ground. 

 

Each module needs to be able to 

be connected to a power source 

and ground on the Arduino 

platform without lose wiring. 

 

 

 

2: Each module can be connected to power and 

ground in a discrete fashion that does not 

involve any lose wiring. 

The new systems will run 

using existing software. 

The new system will use 

Arduino software for coding. 

2: Arduino software can be successfully 

uploaded to the device.  

Any enclosure should not 

interfere with any 

connections. 

Any enclosure should provide 

clearance or openings for all 

necessary connections. 

2: The enclosure provides enough of an opening 

for all necessary connections to be made, 

independent of how many modules are in use.  

Optional: 
 
 

There should be an 

enclosure for the system. 

The microcontroller and all 

other hardware should be 

globally encased. 

 

 

1: Most of the platforms components are hidden 

within a case.    

 

Total Score 

 

 

22/24 
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4.2 Publishing ‘Mod Duino’ to be Open Source 

 To fully satisfy the updated functional requirement, a website that has a description, the 

STL files of the system, a link to additional hardware needed, and instructions on how to 

assemble the system must be created. Thingiverse is the website that was used to satisfy this 

requirement. Thingiverse is a platform for engineers, designers, and prototypers of all experience 

levels to view and download each other’s digital files for use. The ‘Mod Duino’ design 

(www.thingiverse.com/thing:2627924) was added to Thingiverse under the Creative Commons 

Attribute license, which “lets others distribute, remix, tweak, and build upon your work, even 

commercially, as long as they credit you for the original creation. This is the most 

accommodating of licenses offered” [39].  

 The top of the design page, shown in Figure 35, showcases photos of the ‘Mod Duino’s’ 

final prototype, 3D printed parts, and Solidworks screenshots, as well as downloadable STL files 

for the modules and main platform. The subsequent sections included on the design page are  

 

 
Figure 35: Top of ‘Mod Duino’ Design Page on Thingiverse 
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summary, print settings, post-printing, overview and background, materials needed, references, 

and miscellaneous figures. In general, the text and figures used for these sections were taken 

directly from this thesis. However, the “Summary” is laid out in a simple bullet point style that 

provides the project’s most important pieces of information.  

Additional notes giving recommendations on print orientations for both the modules and 

the main platform are provided under the “Print Settings” section. The recommendations are 

explained, and a figure showing the results of 3D printing the modules in three different 

orientations is provided at the bottom of the web page. Instructions for creating the final 

assembly of the ‘Mod Duino’ and the results of testing the Arduino “Blink” code are included in 

the “Post-Printing” section.  

The abstract, significance, and information about the Tibbo Project System are included 

in the “Overview and Background” section. This section was placed closer to the bottom of the 

page because in this platform, information about printing and assembling the ‘Mod Duino’ are 

more important than the background research. The bill of materials and links to all of the 

components needed to assemble the ‘Mod Duino’ can be found under the “Materials Needed” 

and “References” sections. Tags were also added to the page so that anyone in the Thingiverse 

community interested in areas related to this research, such as 3D printing, prototyping, Arduino 

Uno, and modular design could more easily navigate to the ‘Mod Duino’ page.  

4.3 Printing ‘Mod Duino’ with Different 3D Printers 

 Although there are many types of 3D printers such as stereolithography (SLA), digital 

light processing (DLP), selective laser sintering (SLS), selective laser melting (SLM), electronic 

beam melting (EBM), and laminated object manufacturing (LOM) [40], fused deposition 

modeling printers will be discusses in this section because that is the type of rapid prototyping 



61 

 

machine used in this research. Here, the capabilities of a lower end 3D printers will be analyzed, 

due to the assumption that the target audience of this research is more likely to have access to 

such a machine. This analysis is done because the capabilities of a less expensive printer may 

have an effect on the creation of the final parts. In other words, the ability to create a main 

platform and modules that can be assembled and used from the open source STLs may be 

effected by the printer being used.  

 The Replicator Mini+ Compact 3D Printer offered by MakerBot in Figure 36 is the lower 

end printer that will be analyzed for comparison. A complete list of technical specifications for 

this printer can be found in Appendix D. At 1,299 USD on the company website, a person new to 

 

 
Figure 36: Replicator Mini+ Compact 3D Printer 

 

3D printing in much more likely to have access to this caliber of printer. With an available build 

volume of 4x4x5 in, this printer has space to accommodate the components needed to create the 

‘Mod Duino.’ The minimum later resolution is 0.0039 inches (0.1 mm) and the maximum layer 

resolution is 0.0157 inches (0.4 mm), which is comparable to the Mojo printer (0.007 in or 0.17 

mm). Table 18 gives an overall summary of the differences between industrial and desktop FDM 

[41] 
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3D printers [42]. The most important differences come from the part material, support material, 

and accuracy.  

 

Table 18: Summary of Differences between Industrial and Desktop FDM 3D Printers 

Property Industrial FDM Desktop FDM 

Standard Accuracy 
± 0.15% [lower limit   

± 0.2 mm (0.008 in)] 

± 1% [lower limit:       

± 1.0 mm (0.04 in)] 

Typical Layer Thickness 
0.18 - 0.5 mm           

(0.007 – 0.02 in) 

0.10 - 0.25 mm             

(0.004 – 0.01 in) 

Minimum Wall Thickness 1 mm (0.04 in) 
0.8 - 1 mm                  

(0.03 – 0.04 in) 

Maximum Build Envelope 

Large (e.g. 

900x600x900 mm      

or 35.4x23.6x35.4 in) 

Medium (e.g. 

200x200x200 mm         

or 7.9x7.9x7.9 in) 

Common Materials ABS, PC, ULTEM PLA, ABS, PETG 

Support Material Water-soluble Same as part (typically) 

Production Capabilities 

(per machine) 
Low/Medium Low 

Machine Cost $50,000+ $500-$5000 

    

4.4 Discussion on Creating ‘Mod Duino’ with Different Printers 

The 3D Mojo printer was used for this project is generally considered to be one of the 

high end desktop printers. The Mojo is part of the Idea Series of printers offered by Stratasys, 

which produces industrial printers. In actuality, the specifications and characteristic of the Mojo 

printer align more closely with an industrial printer than a desktop printer (Table 18). It is 

assumed that any industrial FDM 3D printer has higher capabilities than the Mojo, and will be 

able to create a well-functioning ‘Mod Duino’ with ease.  

As mentioned in the previous section, the layer thickness and build volume of the Mojo 

and Replicator Mini+ are comparable. The main differences between the machines are the 

material, supports, and accuracy. The material used in the Mojo is ABS while the Replicator 
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Mini+ uses PLA. In general, ABS is stronger and more resilient material while PLA “will give 

you more precise prints and better aesthetic quality” [43]. Overall, the strength lost from using 

PLA instead of ABS should not be enough to disapprove the use of the Replicator to create the 

‘Mod Duino.’  

Secondly, the Mojo uses a soluble material for supports while the Replicator uses the part 

material for supports. This means that the support material used in the Mojo can be completely 

removed by the Ultra 2000, but the support material of the Replicator may be more difficult to 

remove. This may become especially apparent while attempting to remove support material 

needed near and around the small holes in the modules. Thirdly, as shown in Table 18, the 

accuracy of the lower end machine will most likely be lower than the Mojo (as expected). Again, 

the reduction in accuracy will be most apparent within the small features of the modules.  

Without having time to locate a Replicator Mini+ or similar low end machine to actually 

print the ‘Mod Duino,’ it can be concluded from the similarity in specifications that a functional 

main platform should be able to be created with such a machine. However, due to the supports 

and reduction in accuracy of a lower end desktop 3D printer, it is more unclear as to whether 

functional modules would be able to be printed. The accuracy of a printer is not in the 

specifications for the machine, so it is difficult to determine if a functioning ‘Mod Duino’ would 

be able to be created with a lower end machine without further testing.  
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CHAPTER 5: FUTURE WORK 

 Although this project resulted in a functional prototype of the ‘Mod Duino,’ there are 

several aspects from the original objectives that can be expanded upon through future research. 

To begin with, the STL files created through this research could actually be printed with a lower 

end desktop 3D printer such as the Replicator Mini+ from MakerBot. Testing with this printer, as 

well as other popular printers on the market, would result in a better understanding of the 

applications of the ‘Mod Duino.’ Testing on additional printers would also allow the system to 

be created using materials other than ABS, such as PLA and PETG. Providing information about 

which printers and materials would result in the creation of a functioning ‘Mod Duino’ would be 

useful information to the public.     

 There are also opportunities to expand upon the system that has been created. One way to 

do this would be to design a better way to hold wires from modules that are not being used 

within a prototype, so that they do not get in the way or make the platform disorganized. The 

hook up wires used within this project were stiff enough to hold themselves against the walls of 

the main platform, but more flexible wires may not be able to be contained within the hooks on 

the walls of the main platform. Additional hooks could also be added to the back wall of the 

platform so that longer wires that are not being used would not fall onto the Arduino Uno or 

breadboard during prototyping. The platform could also be improved upon by adding space for 

an external power supply, such as batteries or DC adapter, so that the code for a given prototype 

can be run without having the system connected to a computer. The bare breadboard used within 

the ‘Mod Duino’ could also be improved upon by finding a way to custom manufacture the 

design in Figure 14. It would also be useful to provide a bigger breadboard than the one used in 

this research to allow a larger space for additional components needed for a prototyping project.  
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  The Arduino Uno was the only microcontroller board used in this project, but the value of 

the prototyping platform would increase if a wider range of boards could be used within the 

system. Further research could be done to make the platform modular to fit other boards within 

the Arduino family as well as other popular microcontroller boards like the Raspberry Pi. 

Originally, the goal was to create a product that could be sold to the general public. Due to the 

high cost of mass producing 3D printed parts, the scope of the project changed. Further research 

could be done to figure out how the ‘Mod Duino’ could be mass produced in a cost efficient 

way. This would involve researching different materials and manufacturing methods other than 

3D printing (rapid prototyping).  
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APPENDIX A: DECISION MATRICES 

 

Decision Matrices for Stand Alone Devices 

  Flower Bricks Tibbo Style Tower 

Functions 
Weight 

(1-4) 
Score 

Weighted                   

Score 
Score 

Weighted 

Score 
Score 

Weighted                   

Score 
Score 

Weighted                   

Score 

1 3 2 6 2 6 2 6 2 6 

2 2 1 2 2 4 2 4 1 2 

3 4 2 8 2 8 2 8 2 8 

4 3 2 6 1 3 2 6 2 6 

5 3 2 6 1 3 2 6 2 6 

6 3 2 6 1 3 2 6 2 6 

7 4 2 8 1 4 2 8 2 8 

8 2 2 4 2 4 2 4 1 2 

9 4 1 4 1 4 2 8 1 4 

10 4 2 8 2 8 2 8 2 8 

11 4 2 8 2 8 2 8 2 8 

12 4 2 8 2 8 2 8 2 8 

13 2 2 4 2 4 2 4 2 4 

14 1 1 1 1 1 2 2 1 1 

Optional: 

15 1 1 1 2 2 2 2 1 1 

16 1 2 2 2 2 2 2 2 2 

Total     82   72   90   80 

Figure 37: Decision Matrices for Stand Alone Devices (First Four Designs) 
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Decision Matrices for Stand Alone Devices 

 Triangular Slim Plugins Basic Bread Board Circular 

Functions 
Weight 

(1-4) 
Score 

Weighted                   

Score 
Score 

Weighted                   

Score 
Score 

Weighted                   

Score 
Score 

Weighted                   

Score 

1 3 2 6 2 6 2 6 2 6 

2 2 1 2 1 2 2 4 1 2 

3 4 2 8 2 8 2 8 2 8 

4 3 1 3 2 6 2 6 2 6 

5 3 1 3 2 6 2 6 2 6 

6 3 1 3 2 6 2 6 2 6 

7 4 2 8 1 4 1 4 2 8 

8 2 1 2 2 4 2 4 2 4 

9 4 1 4 1 4 1 4 1 4 

10 4 2 8 2 8 2 8 2 8 

11 4 2 8 2 8 2 8 2 8 

12 4 2 8 2 8 2 8 2 8 

13 2 2 4 2 4 2 4 2 4 

14 1 2 2 1 1 1 1 1 1 

Optional: 

15 1 2 2 2 2 1 1 2 2 

16 1 2 2 2 2 2 2 2 2 

Total     73   79   80   83 

Figure 38: Decision Matrices for Stand Alone Devices (Last Four Designs) 
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APPENDIX B: ARDUINO SPECIFICATIONS 

 

Table 19: Arduino Uno Microcontroller Board Specifications 

Microcontroller ATmega328P 

Operating Voltage 5V 

Input Voltage (recommended) 7-12V 

Input Voltage (limit) 6-20V 

Digital I/O Pins 14 (of which 6 provide PWM output) 

PWM Digital I/O Pins 6 

Analog Input Pins 6 

DC Current per I/O Pin 20 mA 

DC Current for 3.3V Pin 50 mA 

Flash Memory 32 KB (ATmega328P) of which 0.5 KB used 

by bootloader 

SRAM 2 KB (ATmega328P) 

EEPROM 1 KB (ATmega328P) 

Clock Speed 16 MHz 

LED_BUILTIN 13 

Length 68.6 mm 

Width 53.4 mm 

Weight 25 g 

 

  

[4] 
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APPENDIX C: SENSOR DATASHEETS 
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Figure 39: MAX4466 Low-Noise Microphone Amp Datasheet (Page 1) [44] 
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Figure 40: Electret Capsule Microphone Datasheet (Page 1) [45] 
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Figure 41: Infrared Sensor Datasheet (Page 1) [46] 
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Figure 42: Temperature Sensor – TMP36 Datasheet (Page 1) [47] 
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Figure 43: LED – Red Information Sheet 

  

[48] 
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APPENDIX D: 3D PRINTER SPECIFICATIONS AND DETAILS 

 
Figure 44: Stratasys Mojo Printer Specifications 

 

[32] 
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Table 20: UltraSonic LLC Ultra 2000 – 5.2 Gal. 

Specifications Ultra 2000 

Machine Dimensions 21.5”L x 13”W x 12”H 

Basket Frame 18.25”L x 10”W x 3.9” D 

Working Depth 5.5” 

Volume 5.2 Gal. 

UltraSonic Power 400 W 

Electrical 120 V 

Heater 500 W 

 

 
Figure 45: Example Order Form for Mojo Materials to Advanced Technologies Consultants, 

Inc.  

 

[34] 

[49] 
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Figure 46: Example Order Form for Soluble Concentrate to Advanced Technologies 

Consultants, Inc. 

 

 

 

 

 

 

 

[50] 
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Figure 47: Mojo Control Panel’ – Modules 

 

 
Figure 48: ‘Mojo Control Panel’ – Main Platform 
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Figure 49: Replicator Mini Compact 3D Printer Specifications 

 
Continued 

[41] 
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Figure 49 Continued 
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APPENDIX E: REWORKED FUNCTIONAL REQUIREMENTS 

Table 21: Reworked Functions, Requirements, and Scores for the Prototype (Entire Table) 

# Assigned 

to Initial 

Function 

Functions Requirements Score 

N/A 

Provide a 

format for the 

system to be 

used. 

The system, along 

with instructions, 

should be open 

source through a 

website.  

0: A website with a description of the system is 

created, but the STL files of the system are not 

openly available.                                                                                           

1: A website with a description of the system is 

created that has the STL files for the system openly 

available.                                                                                    

2: A website that has a description, the STL files of 

the system, a link to additional hardware needed, 

and instructions on how to assemble the system is 

created. 

1 

Create modules 

that reliably 

encase sensors 

and actuators. 

The modules are 

rigid enough to pick 

up and install/mount 

onto platform while 

retaining their 

shape.  

0: The modules cannot retain their shape when 

picked up.                                                                

1: The modules retain their shape when being held, 

but deform when force is applied to install them 

onto the platform.                                                                         

2: The modules retain their shape when being 

handled and installed/removed from the platform. 

3 

Implement 

sensors that are 

compatible with 

the required 

software.  

The sensors and 

actuators must 

cooperate with the 

input/output 

capabilities of the 

ATmega328P 

microcontroller 

(operate at 5 volts 

and 20 mA; supports 

PWM, I2C, and SPI 

communication). 

0: The sensors used to make the modules are not 

compatible with the ATmega328P.                                                                                      

1: Some of the components used to make the 

modules are compatible with the ATmega328P.                                                                       

2: Every component used to make the modules is 

compatible with the ATmega328P. 

4 

Create modules 

that can be 

easily 

connected to the 

platform. 

The modules can be 

connected to the 

main platform with 

normal hand force 

and no additional 

tooling. 

0: The modules cannot be connected to the main 

platform.                                                                   

1: The modules can be connected to the main 

platform with additional tooling.                                                                                                      

2: The modules can be connected to the main 

platform with normal hand force. 

5 

Create modules 

that can be easy 

disconnected to 

the platform. 

The modules can be 

disconnected to the 

main platform with 

normal hand force 

and no additional 

tooling. 

0: The modules cannot be disconnected to the main 

platform.                                                                  

1: The modules can be disconnected to the main 

platform with additional tooling.                                                                                            

2: The modules can be disconnected to the main 

platform with normal hand force. 

6 

Create modules 

that can be easy 

reconnected to 

the platform. 

The modules can be 

reconnected to the 

main platform with 

normal hand force 

and no additional 

tooling. 

0: The modules cannot be reconnected to the main 

platform.                                                                   

1: The modules can be reconnected to the main 

platform with additional tooling.                                                                                           

2: The modules can be reconnected to the main 

platform with normal hand force. 

 Continued 
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7 

 

Create a reliable 

connection 

between the 

modules and 

platform. 

The entire device 

can be rotated, 

moved, and dropped 

from a height of one 

foot without any 

parts becoming 

disconnected. 

0: The modules become disconnected from the 

platform when the device is moved or rotated.                                                                          

1: The modules stay attached to the platform when 

the device moves horizontally, but disconnect when 

the device it rotated or dropped.                                                                                                                

2: The modules stay attached to the platform when 

the device is moved, rotated, and dropped. 

 

 

8 

The platform 

should be open 

to housing 

multiple 

modules at 

once. 

 

The platform can 

support at least five 

modules at one time. 

0: The platform can support one module at a time.                                            

1: The platform can support two through four 

modules at a time.                                                                                                                           

2: The platform can support at least five modules at 

a time. 
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Connect to 

power and 

ground. 

Each module needs 

to be able to be 

connected to a 

power source and 

ground on the 

Arduino platform 

without lose wiring. 

0: None of the modules can be connected to power 

or ground.                                                                 

1: Each module can be connected to power and 

ground through wires (that could potentially 

disconnect).                                                               

2: Each module can be connected to power and 

ground in a discrete fashion that does not involve 

any lose wiring. 
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The new 

systems will run 

using existing 

software. 

 

The new system will 

use Arduino 

software for coding. 

0: No code can successfully be uploaded to the 

device.                                                                      

1: Code from an open source software that is not 

Arduino can be successfully uploaded to the device.                                                                   

2: Arduino software can be successfully uploaded 

to the device.  
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Any enclosure 

should not 

interfere with 

any 

connections. 

 

Any enclosure 

should provide 

clearance or 

openings for all 

necessary 

connections. 

0: The enclosure prohibits all necessary 

connections.                                                              

1: The enclosure provides enough of an opening for 

all connections to be made, if two or less modules 

are in use.                                                                      

2: The enclosure provides enough of an opening for 

all necessary connections to be made, independent 

of how many modules are in use.  

Optional: 
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There should be 

an enclosure for 

the system. 

The microcontroller 

and all other 

hardware should be 

globally encased. 

0: All components of the platform are exposed.                                                                   

1: Most of the platforms components are hidden 

within a case.                                                            

2: All of the platforms components are hidden 

within a case. 

 

  

Figure 49 Continued 
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APPENDIX F: ENGINEERING DRAWINGS 

 

 
Figure 50: Engineering Drawings for Main Platform 
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Figure 51: Engineering Drawings for Module 
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APPENDIX G: ARDUINO CODE 

 

 
Figure 52: Arduino Code "Blink" 


