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Abstract

Digital logic is often difficult to learn because of the lack of easy to understand hands-on components to learning. Part of learning digital logic is the difficult learning process involved with breadboard design. This project aims to fill this gap. Creating a large interactive breadboard will allow both students and teachers unfamiliar with digital logic to build and test functional circuits. 

The Interactive Breadboard is a programmable enlarged breadboard with enlarged components complete with its own lab manual. The Breadboard can step students through pre-written labs by detecting the location of both chips and wires, as well as detect if the correct chip is being used. The board can be programmed with user written labs to aide in the creation of new circuits.

The Interactive Breadboard is aimed for students ranging from the high-school level to the introductory college level. Higher level students can program their own designs and use the Interactive Breadboard as an aide to ensure that their designs are built properly. The Interactive Breadboard will make learning digital logic a less frustrating and more rewarding experience.
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[bookmark: _Toc355149278]Introduction
[bookmark: _Toc355149279]Purpose

Digital logic is often difficult to learn because of the lack of easy to understand hands-on components to learning. Part of learning digital logic is the difficult learning process involved with breadboard design. This project aims to fill this gap. Creating a large interactive breadboard will allow both students and teachers unfamiliar with digital logic to build and test functional circuits. The Interactive Breadboard is aimed for students ranging from the high-school level to the introductory college level. At the high school level, students will learn digital logic circuits by walking through labs programmed by their teachers. Higher level students can program their own designs and use the Interactive Breadboard as an aide to ensure that their designs are built properly. We hope that by providing this functionality to students the Interactive Breadboard will make learning digital logic a less frustrating and more rewarding experience.
[bookmark: _Toc355144188][bookmark: _Toc355149280]Specifications
The project was split up into modules as seen in Figure A 1. For individual module specifications look at section 1.3.

The interactive breadboard must require no extra special equipment to function properly, come with a complete lab manual to guide users through special programmable labs.  It also must have a special lab language so that users can create their own labs. To do this, the interactive breadboard will have special sensing hardware to detect where chips are placed and unplugged for error checking. A microcontroller will be used in conjunction with this hardware to guide users through each lab. Other features include the ability to run off of the standard 120v 60Hz outlet, have enlarged chip enclosures for easy usability, visual representation of the gates printed on these enlarged enclosures and use a grid of female banana jacks as the breadboard sockets. The lab manual provided with the interactive breadboard will also provide relevant learning material such as truth tables and diagrams.
[bookmark: _Toc355149281]Subprojects

The design of the interactive breadboard was broken into four main modules:

[bookmark: _Toc355149282]Power Supply Module

The power supply module of the breadboard will transform a 120V AC current down to ~12.6VAC and the convert the AC voltage into a 12V DC and 5V DC signal. The module also had to be designed to take on the current load from ~90 IC chips as well as power the arduino microcontroller.

[bookmark: _Toc355149283]Breadboard

The breadboard will be the enclosure containing all the hardware and the microcontroller. The breadboard will contain all the nodes needed to interact with the probe hardware so that the microcontroller can process the information. It will also have LEDs to indicate whether or not the user has connected the chips and wires correctly. An IO panel will be included with 7 segment displays to indicate the step of the lab the user is on, banana sockets for 12 volts, 5 Volts and ground, error detect LED, correct circuit LED, and buttons to proceed to next step, return to previous step and a button to check current circuit.

[bookmark: _Toc355149284]Prober

The prober must receive data from the nodes on the breadboard panel and store them in a fashion that reduces the number of pins needed to be connected to the microcontroller. It must also be able to receive data from the microcontroller so the prober knows where to probe the chip for an output and to know which LEDs it needs to power.

[bookmark: _Toc355149285]Microcontroller

The microcontroller must have enough pins for the control of the 7 segment displays, and all the other interfaces on the IO panel. Including those pins, it must also have enough pins to control the prober hardware and to receive and send information from it. The microcontroller also has to be robust enough to implement state control and algorithms that would be able to detect chips as well as guide users through self programmed labs.

[bookmark: _Toc355149286]Design
[bookmark: _Toc355149287]Power Supply Design
[bookmark: _Toc355149288]Power Supply Description

The LEDs and TTL IC 7400 series logic chips all function off of 5 volts [6]. The arduino microcontroller operates on 5 volts [9]. The project will be powered by a simple AC to DC converter. In addition to supplying internal voltage to the microcontroller and LEDs, the project will include external +5 and +12 volts DC for users to use on the board, just like many standard lab benches. Although the +12v supply will most likely not be externally, it allows for potential future additions without needing to redesign the power supply. The power flow chart can be seen in Figure A 2.
[bookmark: _Toc355149289]Power Supply Schematic and Description

The power supply will use a transformer to step 120 volts AC down to 12 volts AC. A full wave rectifier made from four 1N4001 diodes will rectify the AC current to approximately 18.6 volts DC. A simulation of the rectifier can be seen in Figure C 1.This will be connected to a ~ 4700µF capacitor to smooth out the rectified DC output. This will then go into two LM7805 5v regulators (only one picture in schematic) and an LM7812 12v regulator. Figure B 1 is the schematic of the power supply. Using these regulator provides several advantages: the project deals with very low currents, and these linear regulators are the simplest design for low currents (regulators are rated up to 1.5 amps), and they have built in thermal shutdown capability to limit current before damage can be done.  Power consumption of the chips being used can be found in Figure D 1. 

Based on measurements made, even if we go with a resistance of 220Ω (Very bright), we are just barely reaching the 1.5 amp limit of the power supply. This is also an extreme. The project should never be illuminating more than 40-50 LEDs at once, where 10-30 LEDs at once would be normal. A table showing how much current is drawn with various resistors can be found in Figure D 2. We will be using two 5v regulators for a total of 3 amps of power. Our power requirements are much lower than that.
[bookmark: _Toc355149290]Breadboard Design

The physical enclosure will consist of ¼” acrylic sheets. The top panels will be removable with screws to allow easy access to the internal wiring for construction and if any future repairs need to be done.
[bookmark: _Toc355149291]Breadboard Panel

The breadboard will be laid out in a similar manner as a standard breadboard. There will be 40 rows of 10 sockets, totaling 400 individual sockets. Like a standard breadboard, the 4 sockets flanking the center will be wired together to make one single node for a total of 80 nodes (40 on the left, 40 on the right). The two lengths of 40 nodes on the far left and far right will be wired to create 1 node each, which is usually used for VCC and ground when doing labs. ¼” holes will be drilled for mounting the banana sockets. Next to each node will be an LED (for a total of 82 LEDs). These LEDs will be used to indicate chip and wire placement while completing a lab. Each node will have a tactile switch located inside of it. When a connector is inserted to the socket, the switch will activate signaling the microcontroller of the presence of something (be it a chip or wire). A numbering convention will be used to identify each node (0-39 for left side, 40-79 on right side), as well as each socket in the node (0, 1, 2, and 3). Physical spacing and layout will be as noted on Figure B 2.


[bookmark: _Toc355149292]I/O Panel

The IO panel (Figure B 3) will be the primary way the communication path between the user and the internal circuitry. The IO panel will include several key features: 
· Main power switch or button for the entire board
· Power LED
· 3 banana sockets for DC power
· +12 volts
· +5 volts
· Ground
· 2 digit 7-segment display for display current step in a lab
· Error detected LED
· Correct circuit placement LED
· Button to proceed to next step
· Button to check current circuit
· Button to return to previous step
[bookmark: _Toc355149293]Rear Panel

The Rear panel (Figure B 4) will have a standard IEC 320 power receptacle to allow use for a standard power cable that most computers, monitors, and other electronics use. There will also be a female USB type B connector that will interface with the arduino microcontroller. This allows reprogramming of the microcontroller without the need for disassembly.
[bookmark: _Toc355149294]Remaining Panels

All other panels are laid out as shown in Figure B 5 and Figure B 6. The final product will be finished in an aesthetically appealing way with spray paint and engraved text.
[bookmark: _Toc355149295]Enclosures for TTL IC Chips

The project will include 6 enclosures for 6 different standard 7400 series TTL IC Chips:
	
· 7400 quad 2 input NAND
· 7402 quad 2 input NOR
· 7404 quad 2 input NOT
· 7408 quad 2 input AND
· 7432 quad 2 input OR
· 7486 quad 2 input XOR

The enclosure will physically resemble the chips, only much larger to interface with our enlarged breadboard. Enclosures will be constructed out of ⅛” acrylic. There will be two rows of 7 male banana plugs that will be internally wired to each pin on the chip (layout can be seen in Figure B 7). The top of the enclosure will be hinged to allow access to the inside for replacing a burnt out chip. A chip socket will be used to allow for easy replacement of chips. The enclosure will include an LED that will be connected between VCC and ground on the chip. This LED will light when the chip is properly connected to power. On the external surface of the chip, the gate symbols and wiring will be drawn on so users can easily see what is going on inside of each chip as seen in Figure B 8. A final example of the constructed chip can be seen in Figure E 1.

[bookmark: _Toc355149296]3D Models

The board can be visualized in Figure B 9, Figure B 10, & Figure B 11.
[bookmark: _Toc355149297]Switchboard

The switchboards will hold all 320 switches and 80 LEDs. There are 320 switches corresponding to the 320 individual sockets where a circuit can be built. We are no including the 80 sockets for power and ground. There are 80 LEDs corresponding to the 80 unique nodes of the board. The board is modular, allowing connection of additional boards on the top or bottom. A total of four boards are needed since each board consists of ten rows. Forty rows total are needed. 

Each switch will use a pull down resistor valued at 1kΩ. When the switch is pushed, the switch’s output will read the same as VCC (5 volts, logic high). When the switch is open, the switch’s output will read ground (0 volts, logic low). The 320 signals will go to the chip location detection shift register which is described later in this document. 

Each LED is paired with a 220Ω resistor to limit current. The LED takes the input of the LED shift registers to display an output (also described later in this document). 

The switchboard is mounted underneath the breadboard using plastic standoffs. The PCB design can be seen in Figure B 12.
[bookmark: _Toc355149298]Written Lab Manual

In addition to all the physical enclosures and circuitry, a detailed lab manual will be included with the product that will instruct users not only how to use the board, but include example labs that can be completed with the board while it guides you through it. The manual will be written completely from scratch and will integrate directly with the board as a learning tool. Full color photos, diagrams, tables, and any other relevant material will be included. People with little to no knowledge should have a basic grasp of digital logic upon completion of using this tool.

An outline of the contents:

1. Table of Contents
2. Electrical Safety
3. The Basics of Digital Circuitry: The Logic Behind 1’s and 0’s
4. Instructions on how to use the board
4. Labs:
Lab 1: NOT Gate
Lab 2: OR Gate
Lab 3: AND Gate
Lab 4: NAND Gate
Lab 5: NOR Gate
Lab 6: XOR Gate
Lab 7: Creating Larger AND/OR Gates
Lab 8: Full Adder and Binary Addition
Lab 9: Multiplexer
Lab 10: Demultiplexer
Lab 11: Comparator

[bookmark: _Toc355149299]Prober Design
[bookmark: _Toc355149300]Design Procedure
Chip Location Detection Probe

The design of the chip location detection probe required receiving 320 signals from pull down switches on the breadboard panel. To implement this, the 320 signals were broken up into four sets of 80, one set being a pair of 40 switches on opposite ends of the middle dividing line of the breadboard panel, paired up by proximity. 

Retrieval and storage of the outputs from the switches were implemented using the SN74LS166 DIP chip, which is an 8 bit parallel load shift register with a clock inhibit due to local availability. Using 10 of these registers connected in a manner where the final shift out pin was connected to the next serial input, a train of 80 bits could be formed that would be sent into the arduino microcontroller for further processing. PCB board design required ease of access to all the parallel input pins of each of the register as well as ease of access to the control pins.







LED Shift Registers

The design of the LED Shift Register required sending either an on or off signal to each of the 80 LEDs on the breadboard panel. The LED shift register was implemented using ten SN74LS164 IC DIP chips. The 8 bit parallel out shift registers were chosen due to local convenience of the ECE parts shop. By connecting the serial input pins 1 and 2 on the DIP chip to the previous serial out pin, another train of 80 bits used to drive current across the LEDs according to the arduino’s processes can be created. PCB Board design as in the above case was designed with the intent of ease of soldering and with organized parallel output pins.
Chip Type Detection Probe

The design of the chip type detection probe required probing a node on the IO panel and collecting the outputs from the chip without having the probing inputs interfering with the outputs of the chip. Implementation of this hardware was done by using the 74F675s, 74HC125s SN74LS166s which are 16 bit parallel out shift registers, quad tri-state buffers, and 8 bit parallel load shift registers respectively. Five 16 bit parallel out shift registers are connected in series so that it forms an 80 bit long parallel out shift register, with each parallel out pin connected to one of the nodes on the IO panel. Each node on the IO panel is also connected to one of the pins of an 80 bit parallel load shift register made out of ten SN74LS166s. The parallel output pins from the five 74F675s connected in series are also gated by tri-state buffers with every enable connected to a parallel output pin from another 80 bit shift register made of five 74F675s.
[bookmark: _Toc355149301]Design Details
Chip Location Detection Probe

The design of the chip location detection (Figure B 17) was not difficult. Besides connecting all the specific control pins on every chip to a common wire as shown in and connecting each of the parallel load pins to their respective switch. Since there are 40 shift registers in total used to make the whole CLD block, a rudimentary current draw can be calculated which is in Figure D 1. However connecting all four modules to the breadboard panel board was a hassle, each parallel load pin is connected to a wire on the breadboard panel.
LED Shift Register

The design of the LED shift register (Figure B 20) was relatively simple; control pins were connected together and the parallel out pins connect to each LED individually. The LEDs are labeled 0 at the top left and 79 on the bottom right. PCB design (Figure B 21) was done with ease of soldering and organized wire connections in mind. According to the data sheet for the 74LS164’s the current and power draw of this module amounts to this 10 mW/bit.

Chip Type Detection Probe

Chip type detection (Figure B 19) is implemented by connecting a parallel output pin from 74F675 shift register connecting it to a Hi-Z buffer. The output of the Hi-Z buffer is then connected to one of the nodes on the breadboard panel which is then connected to a parallel load pin on one of the parallel load shift registers. This basic circuit is then repeated across all 80 nodes with each of the Hi-Z buffers gated by a parallel out input from a 80 bit parallel out shift register made from the 74F675 IC DIP chips. Vector boards (Figure E 2) were instead used to modularize this component further, 5 vector boards representing 16 bits of the total 80 bit long string were connected with each of the shift out pins from the previous module to the next module. A PCB was designed to contain the 80 bit long string for gating the Hi-Z buffers.
[bookmark: _Toc355149302]The Microcontroller
[bookmark: _Toc355149303]Used Data Types and Structures
Defstruct Wire

In addition to the basic data types (ints, strings, bools), we have also implemented a custom Wire struct. The wire structure models a wire hooked up to an output node on the breadboard. It includes an integer for location, two strings designating inputs, an integer enumeration that determines its gate (0 = AND, 1 = OR, etc.), and its name. Every wire must have a name so that other wires may use them as potential inputs.
Required Lists and Used Lists

The requiredWires and requiredChips list are populated during the initialize state and the load next lab state. They designate the objects required to be found on the breadboard for a lab step to be complete. During the check lab state the microcontroller loops through the required lists and searches for chips and wires that satisfy the requirements. If one is found, it is removed from the respective required list and added to the used list. The usedChips and usedWires list is a list of wires and chips that are used to satisfy the lab thus far. If they are removed from the breadboard they are put back into the required list.











CLD_result, LED, Probe_data, Probe_result

There are also bitstrings that are sent/received to/from the breadboard, LED, and prober respectively to turn on or off their different parts or read in data from the breadboard. The Chip Location Detection (CLD), Prober data, and Prober results bitstrings are sent to the shift registers in the prober which have been described in the section above. CLD determines the physical location of objects on the breadboard; it is checked against an internal CLD_current array to determine if anything has been changed. LED is a bitstring that tells which LEDs on the breadboard to light up. This logic is dependent on what is currently on the board and what the user has to do for their lab step. For example, if the user has to place an AND chip the LEDs would light up all empty nodes, if the user has to connect the output of an OR to an AND’s input then all OR outputs and all AND inputs would be lit up.
CLD_current

This is the internal current array that describes what we know to be on the breadboard. In addition to allowing us to know if something has been removed (and thus our required lists may have to change) it allows us to keep track of the different types of chip legs we believe to be on the board. That is after we probe, we update the array from Unknown to, for example, [VCC AND_IN AND_IN AND_OUT…]. This is so that we can probe for wires.
[bookmark: _Toc355149304]Connections and Interfaces to other Modules

As mentioned in the prober section the microcontroller holds the prewritten lookup tables for the different chips accepted by the machine. These are the pre-computed brute forced results of the boolean tables for the different chips. The microcontroller uses these and the probe_result to determine whether or not a lab step is finished properly. 

The microcontroller, physically, is an ATmega1280 from the Arduino Mega. Our current design uses 21 out of 54 I/O pins. The connections to the prober were described above. The connections to the breadboard as follows:
	
LEDs

The microcontroller holds a bitstring of the LEDs it wants to turn on, where a 1 in the bit string is a lit LED and a 0 is an off LED. This bitstring is fed into a shift register, the shift register shifts over 80 times (once for each node) and then the LEDs load from the shift register in parallel. The bitstring that determines which LEDs are on is logically determined from the context of the lab step. If the lab step is a “Place chip” type step, the microcontroller will find every empty node locations left and light those locations. If the lab step is a “hook up CHIP_A to CHIP_B” type step the microcontroller looks through its array of placed chips, and light those locations if there are no wires present on them.
7-Segment Display

The 7 segment display is just a specialized LED setup, so it uses the same algorithm to light up the 7 segment display as needed. The 7-segment display requires two shift registers in parallel because there are 2 7-segment displays on the breadboard. The bitstring with the 7-segment display data is determined by what lab step number we are on, it is updated every time we finish a lab step.
[bookmark: _Toc355149305]State Machine and State Description

A state diagram is included in Figure B 13 for reference.
Initialize:

All internal arrays are defaulted to 0, all control pins are set to be off, all registers are cleared, and the first lab step is loaded. After all of this is accomplished we enter the LOAD/UPDATE cycle
Load/Update:

The machine loops between these two states, these states load data in from the breadboard and updates its internal data structures accordingly. The machine continuously loops between these until the check_lab button the breadboard is pressed. When it is the machine finishes updating and then goes to the lab check state. The actual order of LOADing and UPDATing is as follows.

1) All CLD Registers parallel load in data from the switches
2) CLD registers shift into the Arduino
3) Arduino looks for any changes and updates CLD_Current
a. If anything has been removed, check to see if the wire or chip that has been removed is in the Used lists
i. If it is, put it back in the Required list
4) Arduino uses CLD_current to create a bitstring for the LEDs
5) LED bit string is shifted out of the Arduino the LED registers
6) LED registers parallel load in
7) Check if the check_lab button has been pressed in any of the previous states, if yes go to check_lab
8) Else GOTO 1)





Check Lab

The Arduino looks through the Required lists and then probes the breadboard first for chips then for wires. If the Required lists are completely fulfilled we load the next lab state, if they’re not then we go back to the LOAD/UPDATE cycle The order of steps is as follows:
1) Loop through RequiredChips
a. Look throughout CLD_current for contiguous blocks that could be chips (ie location [x..x+6] must all be filled as well as the other side [x+40 .. x+46]). These are potential chips and we probe them
b. We use the locations to create a bitstring that is shifted out of probe_data
c. We receive data back in from probe_result and check against our look up tables
d. If they match it is the right chip and we remove it from RequiredChips to UsedChips
i. Then we update CLD_current from unknown chip to whatever we discovered it to be
e. Continue looping until we have looked for all chips in RequiredChips
2) Loop through RequiredWires
a. RequiredWires is a list of WireTuples that have a GATE for output and two inputs
b. First we look for any chip that fulfills the GATE for output, by searching through CLD_current (which was updated in the last step)
c. If there is a match we check to see if the inputs of the GATE output are continuous to the right type of inputs
i. Continuity checking is done by shutting down the board and then probing again with probe_data/probe_result, we shut down the board so that there is no interference with the rest of the circuit
d. If the output node fulfills the wire tuple then we have a match and we remove it from RequiredWires and place it into UsedWires
e. Continue looping until we have looked for all wires in RequiredWires
3) If RequiredChips and RequiredWires are empty we go to load next lab step, else we go back to the load/update cycle


Load Next

Here we look for more instructions, if there are no more we are done. If there are more we load them and go back to the LOAD/UPDATE cycle.

[bookmark: _Toc355149306]Verification
[bookmark: _Toc355149307]Power Supply
	Requirement
	Verification

	Supply constant +5 volts DC (+/- .5v), regardless of load
	Log 5v output with a data logging Fluke 289 multimeter. Vary load with a 0 – 100kΩ potentiometer and log the voltage while sweeping through current values by adjusting the potentiometer. Ensure voltage remains within tolerated range.






Graph  1: Voltage output is nearly constant regardless of load






	Requirement
	Verification

	Ensure short circuiting the power supply does not damage it
	1) Cause a short circuit to ensure voltage regulator shuts off when shorted and log current being drawn
2) Repeat test 1) to ensure no damage has been done after regulator cools from short circuit test.





Graph  2: Voltage regulator properly turns off when a short is introduced and quickly cools to begin use again

















	Requirement
	Verification

	Voltage regulator can supply a high current for an extended period of time
	Measure current for 60 seconds with a 3.33Ω load, which draws 1.4 amps of current (near the 1.5 amps the regulator is rated for). Ensure no drop in current during the testing period.




Graph  3: Current stayed constant for 60 seconds with 3.33 Ω Load

	Requirement
	Verification

	Prevent shock hazard
	Measure resistance of a person from one hand to the other. Using this resistance, calculate current. Ensure this current is < 5 mA, the threshold of feeling DC current in the body.



Measured human resistance: ~600kΩ

Current running through body = 5v/600kΩ = .0083 mA, much less than the 5 mA tolerated.






[bookmark: _Toc355149308]Breadboard
	Requirement
	Verification

	All nodes have continuity and are isolated from other nodes
	1) Use a multimeter to check continuity between all points in a node
2) Use a multimeter to check discontinuity between different nodes.




Picture 1: The final layout of the breadboard. Continuity check verified proper connections

	Requirement
	Verification

	Each switch outputs a logic high when pressed, and logic low when not pressed
	Connect switchboard to power. Use a multimeter to ensure ~5v is being outputted when switch is depressed, and ~0v (ground) when not pressed. Repeat for all 320 switches.



Each switch passed this verification. In the process one faulty pull down resistor was found and replaced.

	Requirement
	Verification

	All 14 switches are pressed when a chip is inserted
	Insert a chip and check the voltage coming from all 14 switches. All should read logic high.



As is, this verification did not pass. Only ~50% of the wires would be pressed with a chip inserted. The exact switches would vary from each chip, and each time a chip was inserted. The switches had very little play, and only depressed by ~1mm. The pins on the chip enclosures were also not exact enough to ensure each switch was pressed. The solution was to play a small piece of foam in each of the breadboard sockets where a chip would be inserted. This allowed for more play in the switches. When a chip was FIRMLY pushed into the socket with the foam in, all the switches would trigger ~95% of the time.


	Requirement
	Verification

	Labs in lab manual work correctly when directions are followed. Breadboard will correctly detect errors
	Test each lab from lab manual from beginning to end. Make random intentional errors throughout to ensure errors are being detected properly.



The project never reached this stage of completeness to be able to meet this requirement.
[bookmark: _Toc355149309]Prober

The main test the components needed to pass was the correct transfer of several 80 bit long strings of data. We wanted to see whether or not these shift registers on the IC mounts of the PCBs would transfer the correct data between it and the arduino. The tests needed were not quantitative in nature but just needed the functionality that was advertised from the manufacturers.
[bookmark: _Toc355149310]Testing Procedure

The procedure for testing was done in a bottom up fashion so at every level of testing, the hardware can be confirmed to be functional or not. The testing of each module is described below as well as the testing procedure for combining modules.
Chip Location Detection Probe

The testing of the chip location detection module involved first checking continuity on the breadboard with a digital multimeter for the intentional connections and then cross checking the pins to see if there were any unintentional connections. The second step was to ensure that the chips themselves behaved the way we wanted them to, since the only component used in the SN74LS166s, testing of the 8 bit parallel load shift registers involves setting the shift register to the load mode according to Figure D 6 loading in an alternating bit string and seeing if the serial output pin forces the LED connected to it to switch on and off (Figure D 3).
LED Shift Registers

The LED shift register module tests involved ones similar to the chip location detection module. Continuity testing was done in the same exact manner as the chip location probe, first testing for the intentional connections and then testing for any unintentional ones by cross checking. The second step to verify whether the chips were working the manner we intended them to, connected LEDs to the parallel outputs of the 74LS164’s, and fed in a 8 bit string of 1’s and checking whether the each light lit up individually(Figure D 5).
Chip Type Detection Probe

Verifying that the chip detection probe behaved in the intended manner involved a bottom up approach again. Continuity on the Hi-Z buffer PCB was tested using a fluke digital multimeter for intentional connections first and then unintentional connections by cross checking the pins (Figure D 4). The same procedure was done for the 5 individual vector boards. Functionality testing was done in a similar manner as the above two components. For the 16 bit parallel out shift registers testing was done by connecting LEDs to the parallel out pins with a string of 1s were fed into the serial input pin and read through the serial out pin. The pins were then changed so that the parallel outputs of these shift registers would display the shift register contents. The testing of the quad Hi-Z buffer IC DIP chips were done by enabling the gates on the Hi-Z buffers and feeding 5 V through the input of the gate. The outputs of each gate were connected to LEDs so that the LEDs would light up if the Hi-Z buffers functioned correctly.
[bookmark: _Toc355149311]Microcontroller
	Requirement
	Verification

	Clock toggles properly with 5V peak to peak for an uptime of 5 microseconds. Tolerance of ±1 V and ± 1 microsecond.
	1) Use an oscilloscope to verify Arduino is working as our code tells it to.



In Figure F 1, we see on the oscilloscope that the Arduino clock is working as we have intended. It is up for ~5 microseconds and has a peak to peak voltage of ~5V.

	Requirement
	Verification

	1) Arduino can write out HIGH/LOW at 5v/0v with tolerance ±1v
2) Arduino can read HIGH/LOW at 5V/0V with tolerance ±1V
	1) Setup test code so that we can output HIGH and LOW out of an Arduino then measure, this test code can check both.



This was our setup in Figure B 14 to test the HIGH/LOW of the Arduino. Here we used a switch that was HIGH when pressed and LOW when not pressed. We setup different pins to be HIGH or LOW when the switch was pressed. The LEDs lit up exactly as we intended in the test code we wrote.







	Requirement
	Verification

	Ensure interface to breadboard is working properly
	1) Test all connections from microcontroller to breadboard for continuity
2) Probe the interface’s OR gate and D Flip-Flop to ensure proper outputs are being sent through
3) Test outputs from microcontroller with a prober to ensure the correct bitstrings are being sent
4) Manually test the shift register’s load and shift pins to ensure correct functionality
5) Test LEDs and 7-segment display by powering them and seeing if they light up properly
6) Review shift_reg() function in code, build a small unit test to ensure code is functioning properly



To do this all we had to do was downsize our code to a single shift register instead of a train of shift registers. As shown from Figure B 15, we hooked up a shift register to our Arduino then checked to see if the data we sent out would shift properly with preprogrammed inputs. Since it did during testing, there was no reason to further question the code and we looked at the hardware for verification

	Requirement
	Verification

	1) Ensure that the machine moves to the correct state in the state machine
2) Ensure that the machine outputs the proper control pins during those states
	1) Write test case that lights up LEDs to determine which state we are in. Hook up inputs to switches, attempt all possible cases in the finite state machine to ensure proper functionality



We used the same setup as the READ/WRITE test. As shown in Figure B 14, instead we added a delay(1000); line to the end of any state shift. Then we designated an LED to each state in the state machine and an LED to each control pin. There is only one input that changes states and that is the next_lab button so we made the button control the next_lab interrupt. So we watched the LEDs light up as the machine moved through the states and outputted certain control pins. The machine worked as we intended.








[bookmark: _Toc355149312]Conclusions

Overall although the verifications sounded very simple and would guarantee the functionality of our overall project, complications occurred when communication between the team failed. After wiring together each individual module to the IO panel, the amount of wires that were present between the IO panel and only five modules made it difficult to actually test around 400 connections, not to mention that the sheer volume of wires and the occasional bad soldering job made testing an impossibility. 

However, testing for the individual components without wiring went fairly well, the CLD modules were tested to the point where we knew that all four were functioning. The LED shift registers were tested as well, although it passed through all the verifications given, when it was connected to the IO panel it appeared to have issues with the last 40 or parallel outputs, either the first shift register in the last line of 40 was dysfunctional or some sort of continuity problem with the IO panel and ground made it difficult for values to pass through.

Testing for the chip type detection came in late and although there was minor nagging voice that the design was not functional, it was not confirmed until the testing was done. Since testing the functionality of the design was late vector boards were used and a new testing procedure had to be created. The testing of the chip type detection was not completed and had to be glossed over due to time constraints.




[bookmark: _Toc355149313]Costs
[bookmark: _Toc355149314]Labor
	Name
	Hourly Rate
	Project Hours
	Total
(Rate x hours x 2.5)

	Harrison Hilgers
	$35.00
	150
	$13,125

	Simon Huynh
	$35.00
	150
	$13,125

	Norman Lee
	$35.00
	150
	$13,125

	Total
	
	450
	$39,375


[bookmark: _Toc355149315]Parts
	Item
	Quantity
	Unit Cost ($)
	Total ($)

	Female banana sockets
	400
	.10
	$40.00

	Male banana plugs
	100
	.20
	$20.00

	LEDs
	100
	.02
	$2.00

	220Ω resistor
	100
	.01
	$1.00

	7-Segment display
	2
	1.00
	$2.00

	Acrylic sheet 24x48”
	2
	10.00
	$20.00

	Black spray paint
	1
	5.00
	$5.00

	120v to 12v AC transformer
	1
	8.00
	$8.00

	Arduino Microcontroller w/USB
	1
	30.00
	$30.00

	Tactile switches
	320
	.05
	$16.00

	LM7805 5v Regulator
	2
	.50
	$1.00

	LM7812 12v Regulator
	1
	.50
	$0.50

	74HC125
	20
	1.00
	$20.00

	SN74LS166
	50
	.63
	$31.50

	SN74LS164
	10
	1.00
	$10.00

	74F675
	10
	1.00
	$10.00

	1kΩ resistor
	320
	.10
	$32.00

	Vector board
	6
	$1.50
	$9

	Total
	
	
	$258.00









[bookmark: _Toc355149316]Total
	
	Total

	Labor
	$39,375

	Parts
	$258.00

	Total
	$39,633.00



[bookmark: _Toc355149317]Conclusion
[bookmark: _Toc355149318]Accomplishments

The accomplishments that we made were not everything that we had hoped to accomplish at the start of the semester. We finished the chip location detection functionality of the shift register as well as the LED display, however we did not finish the chip type detection due to bad scheduling and overconfidence in our initial design, as well as the sheer amount of soldering and wiring that had to be done to get the whole project together and functional. The IO panel, the encasing, and the switches were completed in a timely fashion and were available to be combined with the prober hardware. The algorithms and code for the functionality of the whole breadboard was completed as well, although no testing was done for the chip type detection algorithm and the whole state machine.
[bookmark: _Toc355149319]Ethical Considerations

IEEE maintains a code of ethics for all electrical engineers to adhere to, regardless of project. Since this project is a learning tool, the product must properly convey this code of ethics to future engineers.

1. to accept responsibility in making decisions consistent with the safety, health, and welfare of the public, and to disclose promptly factors that might endanger the public or the environment;

Extensive testing will ensure that this project not only causes no harm to being or property, and that the instructions given are fact as established by electrical engineers everywhere. No false information or incorrect knowledge will be taught.

3. to be honest and realistic in stating claims or estimates based on available data; 

This project in no way guarantees that after its use, the user will have a solid grasp on the fundamentals of circuitry. Learning the material requires a great deal of teachings, and while this project aims to assist in that teaching, it is not a replacement for a formal education in the subject.

5. to improve the understanding of technology; its appropriate application, and potential consequences; 

The whole reason behind this project is because there seemed to be no other product similar to it. Should everything function as described in this document, a new learning tool could be on the market to help new people interested in electronic circuitry.

6. to maintain and improve our technical competence and to undertake technological tasks for others only if qualified by training or experience, or after full disclosure of pertinent limitations; 

Should this project ever become a marketed product, further testing and verification would be required by fully qualified educators in the subject.

7. to seek, accept, and offer honest criticism of technical work, to acknowledge and correct errors, and to credit properly the contributions of others; 

Being a student project, we are fully open to critiques and suggestions from peers, colleagues, professors, and anyone else who has knowledge in electrical engineering.

9. to avoid injuring others, their property, reputation, or employment by false or malicious action; 

Our project will be safe, even in the event of improper use like short circuiting or overloading by design to prevent damage to the user or property.

10. to assist colleagues and co-workers in their professional development and to support them in following this code of ethics.

In addition to receiving help, we are also willing to assist others in any way we can if possible while still following the IEEE Code of Ethics.








[bookmark: _Toc355149320]Safety

Since our tool is an educational tool with the possible interaction with younger children, safety is a huge part of our project. Luckily these basic digital circuits require low voltages and amperages to operate, but this does not diminish the concern for safety. We will have extensive testing for short circuit protection to ensure both safety for the user and the product in the event of a short circuit. As previously stated, the power supply uses components with internal short circuit protection. Power will shut down before damage can be done to either the user or device. We must also make sure no shock hazard is present to the user with our open terminals on the breadboard. We will have 12v and 5v lines, and their amperages will be relatively low. Even while operating at the power supplies extremes of ~1.5 amps, shock hazard from the accessible DC voltage terminals is nil. The only potential shock hazard is within the power supply itself where the 120v AC comes in from the wall. The power supply will be well enclosed and electrically insulated to ensure no shock hazard. A standard power cable will be used for easy replacement of power cables.
[bookmark: _Toc355149321]Future Work and Alternatives

Overall this project did not turn out quite as we had planned. Lack of communication led to PCBs which did not work well with each other. This turned into a huge rat’s nest of unmanageable wires. Trying to solder another board would create new loose connections. PCB design would have been much better if:

· Communication had been better between team members. We all made a lot of assumptions as to what we were going to be provided with from the other team members. This led to creating individual designs off of a PCB that was not what we were expecting.
· Better wire management. We should have designed our PCBs to not produce a huge mess of wires. Several alternatives we were presented with were using ribbon cables, or designing our PCBs with pin headers so they could plug directly into one another.
· Reduce the number of PCBs. We ended up with many PCBs that did not interact well with each other. Ideally we would have made them all into only one or two PCBs. This also would have greatly reduced the amount of wiring needed.
Other considerations were having the machine shop build the chip enclosures instead of ourselves. They would have turned out much more professional looking and been more consistent. We also should have redesigned our switch mechanism so chips would have more easily triggered all 14 needed switches.
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[bookmark: _Toc355149323]BLOCK DIAGRAMS  
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[bookmark: _Ref355133041][bookmark: _Ref355133034]Figure A 1: High Level Block Diagram
[image: C:\Users\Norman\Dropbox\Senior Design\Power flow schematic.PNG]
[bookmark: _Ref355137955]Figure A 2: Power Flow Chart
[image: C:\Users\Norman\Dropbox\Senior Design\CTD Prober Block.png]
Figure A 3: Chip Type Detection Block all the pins except the ones on the right go to the arduino, the rest feed into the breadboard panel.
[image: C:\Users\Norman\Dropbox\Senior Design\LED Shift Register Block.png]
Figure A 4: LED Shift Register Block Diagram, the pins on the left connect to the arduino, the pin on the right connects to the breadboard panel.


[image: C:\Users\Norman\Dropbox\Senior Design\CLD Probe Block.png]
Figure A 5: The chip location detection probe, pins on the left connect to the arduino, pins on the right connect to the breadboard
[bookmark: _Toc355149324]SCHEMATICS
[image: ]
[bookmark: _Ref355138265]Figure B 1: Power Circuit Schematic
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[bookmark: _Ref355139589]Figure B 2: Physical Layout of Board
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[bookmark: _Ref355139981]Figure B 3: IO Panel Layout
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[bookmark: _Ref355140371]Figure B 4: Rear Panels
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[bookmark: _Ref355140444]Figure B 5: Side Panel
[image: ]
[bookmark: _Ref355140451]Figure B 6: Bottom Panel
[image: ]

[bookmark: _Ref355141317]Figure B 7: Panel for chip enclosure

[image: http://upload.wikimedia.org/wikipedia/commons/a/a0/7400_Quad_2-input_NAND_Gates.PNG]
[bookmark: _Ref355141363]Figure B 8: Example of what will be printed on top of the 7400 NAND Chip enclosure
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[bookmark: _Ref355141423]Figure B 9: 3D Model of what the finished product will look like, viewed from the front

[image: ]
[bookmark: _Ref355141432]Figure B 10: 3D Model of the IO Panel
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[bookmark: _Ref355141440]Figure B 11: 3D Model of the rear view of the finished product

[bookmark: _Ref355141451]Figure B 12: The PCB for the switches and LEDs. A total of four of these are needed to cover the entire board

[image: C:\Users\Administrator\Desktop\Interactive Breadboard State Machine.png]
[bookmark: _Ref355144124]Figure B 13:State Control for lab guidance and chip detection
[image: ]
[bookmark: _Ref355146315]Figure B 14: Test to check if the Arduino can write an output of HIGH and LOW as well as the state control test
[image: ]
[bookmark: _Ref355146772]Figure B 15: Test to see whether values would shift out properly
[image: C:\Users\Norman\Dropbox\Senior Design\Hi-Z Buffer Board.PNG]
Figure B 16: Hi-Z Buffer PCB board, designed with ease of soldering in mind as well as ease of access to control pins for the arduino.

[image: C:\Users\Norman\Dropbox\Senior Design\CLD Probe Design.png]
[bookmark: _Ref355149126]Figure B 17:  CLD Prober Design, here you can see that the parallel input pins connect to each of the switches.
[image: C:\Users\Norman\Dropbox\Senior Design\CLD Shift Register Board.PNG]
Figure B 18: CLD Prober PCB Board, designed with organized parallel load lines and ease of access to control pins
[image: C:\Users\Norman\Dropbox\Senior Design\CTD Probe Design.png]
[bookmark: _Ref355149065]Figure B 19: Chip Type Detection Design, here you can see that the Hi-Z shift register controls the tri-state buffer and allows probing data to go through or not. The parallel load registers receive the output data from the chips.
[image: C:\Users\Norman\Dropbox\Senior Design\LED Shift Register Design.png]

[bookmark: _Ref355149111]Figure B 20: LED Shift Register Design, the parallel out pins power each LED individually.

[image: C:\Users\Norman\Dropbox\Senior Design\LED Shift Register PCB Board.PNG]
[bookmark: _Ref355149097]Figure B 21: LED PCB Board, each large circle connects to a LED which is then light up with a logic high.
[bookmark: _Toc355149325]SIMULATION DATA

[bookmark: _Ref355138479]Figure C 1: Simulation of a full wave diode rectifier

























[bookmark: _Toc355149326]TABLES
	Chip (Ω)
	Current Each (mA)
	Quantity
	Total Current (mA)

	SN74LS166
	.1
	50
	5

	74LS164
	.02
	10
	.2

	74F675
	.005
	10
	.05

	74HC125
	.008
	20
	.16

	TOTAL
	.133
	90
	5.31


[bookmark: _Ref355138957]Figure D 1: Power Consumption of Chips
	Resistance (Ω)
	Current (mA)
	Observed brightness (subjective)
	Current to run 100 simultaneously (mA)

	180
	20.30
	Extremely Bright
	2030

	220
	16.70
	Very Bright
	1670

	300
	12.26
	Bright
	1226

	330
	11.22
	Bright
	1122

	390
	9.53
	Not as Bright
	953

	470
	7.98
	Barely Bright
	798

	560
	6.69
	Barely Dim
	669

	750
	5.03
	Dim
	503

	910
	4.18
	Dim
	418

	1000
	3.76
	Dim
	376

	1.5k
	2.55
	Dim
	255

	2k
	1.93
	Very Dim
	193

	2.4k
	1.61
	Very Dim
	161


[bookmark: _Ref355139141]Figure D 2: LED Current Drawn with various resistors at 5 volts
	Chip Location Detection  Probe Requirements & Verification

	1) Arduino clock pulse runs at above 4.5 V  Vmax and below 2 V Vmin
	Ensure the clock pulses are correct by:
1) Connecting the Arduino CLD clock to an oscilloscope, observe that when a function from the arduino is called using the CLD that the pulse is has above a 4.5 Vmax and a Vmin lower than 2.
2) Connect the lines to the clock pins of the PCBs. Ensure that there is continuity between the arduino and CLD probe PCB clocks. And observe that the same signal is coming from the arduino into the PCB. 

	2) Continuity on the board and between the boards is correct 
	Ensure correct continuity on the board by:
1) Using a DMM to check for intentional continuity by checking every pin to see if there is a designed connection between them
2) Using a DMM to check for unintentional connections by running cross checks on every input and output. Paying careful attention to where the solder connections are.

	3) Shift register functionality 
	Ensure the functionality of  the SN74LS166 by:
1) Powering the Vcc and ground pins with 5V and ground respectively.
2) Connect a .5Hz square wave to the clock, ensure that it is properly connected and driving the clock pin with an oscilloscope.
3)  Zero out the shift register by loading a string of zeros into it using the load mode of the shift register.
4) Connect an LED to the shift out output.
5) Manually input a string of 10101010 check to see if the bitstring turns the LED on and off.





[bookmark: _Ref355149253]Figure D 3: Chip Location Detection R&V








	Chip Type Detection  Probe Requirements & Verification

	1) Arduino clock pulse runs at above 4.5 V  Vmax and below 2 V Vmin
	Ensure the clock pulses are correct by:
1) Connecting the Arduino CLD clock to an oscilloscope, observe that when a function from the arduino is called using the CLD that the pulse is has above a 4.5 Vmax and a Vmin lower than 2.
2) Connect the lines to the clock pins of the PCBs. Ensure that there is continuity between the arduino and CLD probe PCB clocks. And observe that the same signal is coming from the arduino into the PCB. 

	2) Continuity on the board and between the boards is correct 
	Ensure correct continuity on the board by:
1) Using a DMM to check for intentional continuity by checking every pin to see if there is a designed connection between them
2) Using a DMM to check for unintentional connections by running cross checks on every input and output. Paying careful attention to where the solder connections are.

	3) Shift register functionality 
	Ensure the functionality of  the SN74LS166 by:
1) Powering the Vcc and ground pins with 5V and ground respectively.
2) Connect a .5Hz square wave to the clock, ensure that it is properly connected and driving the clock pin with an oscilloscope.
3)  Zero out the shift register by loading a string of zeros into it using the load mode of the shift register.
4) Connect an LED to the shift out output.
5) Manually input a string of 10101010 check to see if the bitstring turns the LED on and off.

Ensure functionality of the 74F675 by:
1) Powering Vcc and ground pins with 5v and ground respectively
2) Connect a .5Hz square wave to the clock. Ensure that it is properly connect and driving the clock pin with an oscilloscope.
3) Zero out the shift register by shifting in zeros in the shift mode of this register.
4) Connect LEDs to the outputs parallel outputs of the shift register.
5) Switch in load mode, observe that every LED lights up

Ensure functionality of 75HC125 by:
1) Powering the Vcc  Pin and ground with 5V and ground respectively
2) Ground all the enable pins
3) Power the input pins and connect LEDs to output pins. LEDs should light up
4) Power enable pins see if there is a open connection between the LED  and the chip pin. 



[bookmark: _Ref355149220]Figure D 4: Chip Type Detection R&V
	LED Shift Register 

	1) Arduino clock pulse runs at above 4.5 V  Vmax and below 2 V Vmin
	Ensure the clock pulses are correct by:
1) Connecting the Arduino CLD clock to an oscilloscope, observe that when a function from the arduino is called using the CLD that the pulse is has above a 4.5 Vmax and a Vmin lower than 2.
2) Connect the lines to the clock pins of the PCBs. Ensure that there is continuity between the arduino and CLD probe PCB clocks. And observe that the same signal is coming from the arduino into the PCB. 

	2) Continuity on the board and between the boards is correct 
	Ensure correct continuity on the board by:
1) Using a DMM to check for intentional continuity by checking every pin to see if there is a designed connection between them
2) Using a DMM to check for unintentional connections by running cross checks on every input and output. Paying careful attention to where the solder connections are.

	3) Shift register functionality 
	Ensure the functionality of  the SN74LS164 by:
1) Powering the Vcc and ground pins with 5V and ground respectively.
2) Connect a .5Hz square wave to the clock, ensure that it is properly connected and driving the clock pin with an oscilloscope.
3)  Zero out the shift register by loading a string of zeros into it using the load mode of the shift register.
4) Connect an LED to the parallel out output.
5) Manually input a string of 10101010 check to see if the bitstring turns the parallel LEDs on and off




[bookmark: _Ref355149239]Figure D 5: LED Shift Register R&V
	SN74LS166
	SH/LD_NOT
	CLK INH
	CLK
	CLR_NOT

	Shift Mode 
	H
	L
	Rising
	H

	Load Mode 
	L
	L
	Rising
	H

	Hold
	X
	H
	X
	H

	Clear
	X
	X
	X
	L


[bookmark: _Ref355149162]Figure D 6:Modes of operation Table for 8 bit parallel in shift register
	SN74LS164
	CLK
	CLR_NOT

	Shift Mode
	Rising
	H

	Clear
	X
	L


Figure D 7: Modes of operation for 8 bit parallel out shift register
	74F675
	CS_NOT
(CLK INHIB)
	R/W_NOT
	SHCP_NOT (CLK_NOT)
	STCP
(SH_NOT/LD)

	Shift Mode 
	L
	H
	Falling
	L

	Parallel Out
	L
	H
	Falling
	H

	Hold
	H
	X
	X
	H



Figure D 8: Modes of operation for the 16 bit parallel out shift register





















[bookmark: _Toc355149327]Pictures

[bookmark: _Ref355141405]Figure E 1: Example of a completed chip enclcosure

[bookmark: _Ref355149038]Figure E 2: Picture of one of the vector board modules
[bookmark: _Toc355149328]TEST DATA
[bookmark: _GoBack][image: ]
[bookmark: _Ref355146139]Figure F 1: Clock Signal from the Arduino
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