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Abstract

Motivated by the necessity of guiding and monitoring students when assembling electronic circuits during
in-class activities, we propose BlinkBoard, an augmented breadboard that enhances synchronous and remote
physical computing classes. BlinkBoard uses LEDs placed on each row of a breadboard to guide, via four
distinct blinking patterns, how to place and connect components and wires. It also uses a set of Input/Output
pins to sense voltage levels or to generate voltage output at user-specified rows. Our hardware uses an open
protocol of JSON commands and responses that can be used directly via a command line interface to control
the hardware. Alternatively, these commands can be issued within a front-end graphical application hosted on
a computer for a more user-friendly interface, and to ensure bidirectional and real-time communication
between the instructor’s guiding and monitoring panel, and all the students’ remote BlinkBoards. The
BlinkBoard hardware is a [ofdable and simple, partially due to a customized circuit configured via a hardware
description language that handles the LEDs’ patterns with minimal load on the Arduino microcontroller.
Finally, we briefly show BlinkBoard in use during a workshop with high-school students and an undergraduate
design course.
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Specifications table

Hardware name

BlinkBoard

Subject area

Educational tools and open source alternatives to existing infrastructure

Hardware type

= Electrical engineering and computer science
= Prototyping toolkit for education

Closest commercial
analog

No commercial analog is available. Related research is highlighted in the text.

Open source license

MIT License

Cost of hardware

64 USD (rounded up)

Source file live reposi-
tory

Hardware files, HDL, firmware:
https://doi.org/10.5281/zenodo.6824753

or https://github.com/makinteractlab/BlinkBoard
GUI application (optional control software):
https://github.com/makinteractlab/BlinkBoardApp




1. Hardware in context

It is well known that the most e [edtive education is conveyed when students learn by making, rather than
passively listening to information as bystanders or mere receivers [1]. This is particularly true for education that
facilitates tinkering with electronics — a subject referred to as physical computing or interaction prototyping [2].
With physical computing, students of various backgrounds are encouraged to learn via projects by constructing
circuits, often on a breadboard, with electronic parts, sensors, and actuators, whose behavior is typically
programmed with microcontrollers such as the Arduino®, Raspeberry Pi?, or BBC micro:bit® boards.
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Figure 1: BlinkBoard is a physical computing prototyping toolkit that allows an instructor to guide (via visual
patterns shown in hardware) and monitor in real-time how remote students construct circuits in a virtual
classroom. instructor can monitor voltage levels at specific points of all students’ circuits, or for a
specific student B THe instructor uses slides showing step-to-step schematics instructions on how to place
and connect the components of a circuit, while the BlinkBoard hardware visualizes these instructions in real-
time directly on the breadboard via LED patterns.

Hands-on activities have contributed to the popularity and growth of the physical prototyping toolkits,
outreaching makers of various age groups (including children) and of various non-engineering backgrounds (e.qg.,
design, art, etc...). However, at the same time, the necessity of physical proximity that enables these activities
has also hindered the outreach to communities that are remote or have no access to traditional face-to-face
education. In fact, while it is relatively easy to supervise the students’ hands-on progress for face-to-face classes
and labs [3], developing online courses where experimentation plays an important role and that can support
an indeterminate number of users from around the world (i.e., MOOC — Massive Open Online Courses) is
significantly challenging [4].

Specifically, there are two types of challenges. The first challenge is that the instructor needs to be able to
guide the students about how a circuit should be assembled. This was achieved in previous work by visualizing
step-by-step instructions on how to connect electronic components using Augmented Reality [5, 6, 7], Virtual

Ihttps://www.arduino.cc
2https://www.raspberrypi.org
Shttps://www.microbit.org



Reality [8], breadboards instrumented with LEDs [5, 9], and videos [10, 11] or graphical interfaces displayed
on a computer [12, 10]. The second challenge is to enable an instructor to monitor the students’ progress
and to check whether the students completed an exercise or encountered problems. Since individual monitoring
rarely scales up for large classes, previous systems focused on the automatic detection of circuit problems with
various types of interfaces [13, 14, 10]. The VISIR (Virtual Instrument Systems in Reality) remote lab[11] is
a particularly interesting example that is deployed in dozens of universities [15], which supports monitoring of
students’ progress during exercises with electronics. At its core the VISIR is an instrumented breadboard that
allows wiring and measuring of electronic circuits remotely on a virtual workbench that replicates a physical
circuit, bridging between remote digital schematics and the physical instantiation of a circuit on a server.

Motivated by these challenges and by prior work, we see an opportunity to integrate solutions that provide
both in-situ guidance of circuit assembly and monitoring of students’ progress to quickly identify
breakdown problems [13]. We present BlinkBoard, an open-source hardware platform that allows an instructor
to remotely guide students on how to assemble a circuit step-by-step, using blinking patterns of LEDs to visualize
connections directly on a breadboard (similarly to [5]). Furthermore, BlinkBoard enables a two-way implicit
communication channel between the instructor and each of the students’ remote breadboard, by sampling
digital and analog values from the circuit and sending them back in real-time to the instructor’s dashboard
for supervision (Figure 1.1). The key dilerence with previous work [5, 10] is that BlinkBoard supports a real-
time bidirectional link between instructor and remote students, o Lering at the same time both guidance and
monitoring. Because the prototype is meant for in-class education, the hardware is low-cost (= 64 US$), easy
to fabricate, and both hardware and software are open-source. Furthermore, compared to systems like VISIR,
which share a similar goal, we take a di [erknt approach. While with VISIR the students interact with a digital
representation of the circuit schematics using a software tool, and the circuit is physically “wired” remotely,
in our approach the students interact directly with the hardware, while the instructions of how to assemble
a circuit (the underlying schematics) are digitally dispatched from a remote server. In this paper, we mainly
focus on describing the BlinkBoard hardware that supports this interaction, but we also explain how to operate
the (optional) controlling application for in-class usage.

2. Hardware description

BlinkBoard is a custom shield for the Arduino UNO?, housing a custom printed breadboard (25 rows x 2
columns) and 50 LEDs placed on the side of each row as a visual indicator used for guiding the user about how
to place components or wires. These LED indicators can be individually turned on or o [—dr set to blink at two
di Lerkent frequencies (slow and fast pattern).

As shown in Figure 2, the LEDs are driven by three integrated circuits (Xilinx XC9572XL CPLDs —
Complex Programmable Logic Devices) configured with custom logic that, similarly to shift registers (e.g.
74HC595), can be cascaded and controlled in real-time via a latched serial-in interface. The circuits of the LED
controllers running on the CPLDs were custom-designed and configured using the Verilog Hardware Description
Language (HDL). In our configuration, the LEDs can be turned on, o [_or set to blink in a continuous loop
at two predetermined frequencies (2.5Hz or 5Hz) directly in hardware and without keeping the microcontroller
occupied. In practice, this means that the Arduino is used only to configure the behavior of the hardware when
needed and in real-time, while all CPU cycles are left for listening to incoming commands sent over USB serial.
The behavior of these controllers is further described in the next subsection.

We chose to use CPLDs with custom logic rather than discrete o [=the-shelf components (e.g., shift-registers
like in prior work [5]) to minimize the number of components to be placed on the PCB (easier to design, cheaper
to assemble), and to reduce the cost of parts and passive components (e.g., only require bypass capacitors).
The Xilinx XC9572XL CPLDs, with their 72 macrocells and 1600 usable gates, allow developers to experiment
with di[erknt features without having to re-design new boards to accommodate for changes and updates. We
iteratively built the logic of the circuits based on basic building blocks (i.e., Verilog modules) to implement the
shift register and the blinking of the LEDs (e.qg., using clock divisions). We chose these CPLDs rather than more
powerful FPGAs for simplicity (e.g., requiring fewer supporting parts), and because the XC9572XL chips o [en

“https://docs.arduino.cc/hardware/uno-rev3
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Figure 2: BlinkBoard electronic schematics

the Xilinx ISE Design Suite® instead of the most recent Vivado Design Suite®.

Shttps://www.xilinx.com/products/design-tools/ise-design-suite.html
Shttps://www.xilinx.com/products/design-tools/vivado.html
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Figure 3: Simplified representation of the logic blocks described in the HDL on each of the three CPLDs.

The rest of the circuit (see Figure 2 for an overview of the schematics) contains a 555 timer chip (U4) to
generate the 5Hz basic blinking pattern (58% duty-cycle), and a DAC — Digital to Analog Converter (U5) —
for analog output. Six pins are exposed on the left side of the BlinkBoard to allow users to sense analog input
(three analog pins of the Arduino) and three output pins (two digital pins connected to the Arduino and one
analog pin connected to the DAC). As for the breadboard rows, each of the six pins has an LED indicator on
the side. The shared ground between the BlinkBoard and the user’s circuit is provided via the ground (GND)
bus of the breadboard (power buses are placed on the top of the breadboard, each with an LED indicator next
to a + and - symbol). Finally, six JTAG pins are exposed for programming the CPLDs.

BlinkBoard implements two types of safety mechanisms to protect the software firmware and the hardware
from students’ unintentional mistakes. Students might accidentally upload a di Cerent firmware on the Arduino
that controls the BlinkBoard shield instead of another target device connected via USB. To avoid this situation, a
capacitor (C15) is placed on the RESET pin of the Arduino, which e [edtively prevents a user from inadvertently
overriding the firmware. To protect from erroneous wiring that might cause excessive current, BlinkBoard
leverages the built-in protection mechanisms of the underlying Arduino board. Specifically, the Arduino UNO
mounts a surface-mounted resettable fuse (Bourns MF-MSMF050-2) for overcurrent protection (500mA), which
prevents damage in case of accidental short circuits at any of the BlinkBoard’s exposed pins. In this sense,
BlinkBoard achieves piggyback fault-tolerance on the Arduino’s design, without additional costs to the hardware.
Although this is clearly a compromise and end-users can still damage the BlinkBoard hardware, we consciously
opted for this design which trades o [sbme security for simplicity and economic viability (e.g., ideally, a broken
Arduino or hardware can be replaced at a low cost).

2.1 LED controllers design

Our custom LED controllers are 8-bit Serial-In, Parallel-Out Shift Registers devices, each capable of indepen-
dently controlling 20 LEDs (the total number of LEDs is 60: 50 LEDs for the rows, 2 for the power busses, 6
for the 170 pins, and two 2 status indicators). Figure 3 shows a simplified diagram of the logic blocks of our
design, where, for clarity, we only show a single LED output (instead of 60 output LEDs). The code and the
graph with the complete design can be found in the online repository.

Each controller takes a serial input (DATA, CLK) and a LATCH pin, like a typical shift register. The
RESET pin allows resetting the hardware. The input pins are shown highlighted in in Figure 3. The
shifted-in 8-input data (highlighted in blue) is interpreted as a 5-bit address for the LEDs and a 3-bit op-code
to select one of the four patterns: on, o[ 3low (2.5Hz), and fast (5Hz). The third unused bit is for future
extensions. The fast blinking pattern is supplied directly from the 555 timer chip (PATTERN_555 net), while
the slower pattern is generated using a clock divider within the CPLD (in ). Depending on the LED
and pattern selected, the output LED (in red) is set to be the input PWM signal from Arduino (in purple)
modulated onto the selected blinking pattern. The reason for using a PWM input signal is that the brightness
of all the LEDs can be controlled with a single signal.



Command Response Explanation

{"cmd": "help"} or simply "help" List of available commands of the form {"cmd": COMMAND} |Alist of all commands and their description.
" w.e n " " ne " Check whether BlinkBoard is connected
{"cmd": "status"} {"status": "ready"} and ready.
{"cmd": "version"} {"version": "1.0"} Get firmware version.
{"cmd": "reset"} {"ack": "reset"} Reset board. Set all LEDs off.
{"cmd": "setBrightness", "value": "50"} {"ack": "brightness", "value": "50"} Set min (0) to max (99) brightness of LEDs.
{"cmd": "animate"} {"ack": "animate"} Show LEDs animation.
{"cmd": "analogRead"} {"ack":"analogRead", dReradla-malzg\/aluels!c»rpinlsAO,hA‘I,Az.By
efault read a single sample, otherwise
{"cmd": "analogRead", "samples": "5"} "AB":343, "A1":371, "A2":364} specifyhowman;samplefstoaverage.
{"cmd": "setV", "value" : "4000"} {"ack": "voltage", "value": 4000} Set voltage for the DAC (0 to 5000 mV).
{"cmd": "setHigh", p.1n : "DO"} {"ack": "setHigh", p_1n : "De"} Set pins DO, D1 or D2 high or low.
{"cmd": "setlLow", "pin": "De"} {"ack": "setLow", "pin": "pe"}
,{ucmdu: "setPwm", ||pin||: ||DG||' ||duty|| : ||90||} {uacku: "setPwm", llpinu: uDBu' udutyu . 90} Set PWM duty cycle for DO or D1 (0 to 100)
{"cmd": "setLed", "led": "1" {"ack": "setLed", "led": "1" Set a specific LED row to blink in one of
: N ! i ’ N ! these f tterns: off, on, blink (fast),
"pattern": PATTERN} "pattern": PATTERN} o pems: of on, bl (f2st
Set a special LED_TYPE to blink in one of
{"cmd": "setCmdLed", LED_TYPE: "vcc" {"ack": "setCmdLed", LED_TYPE: "vcc" these four patterns: off, on, blink (fast),
o v - : ! T w - . ! blink2 (slow). These are possible
pattern": PATTERN} pattern”: PATTERN} LED_TYPE: vce, gnd, a0, at, a2, do, di,
d2, status1, status2
{"ack":"json parse fail"} Not a valid JSON input
{"ack":"invalid command"} Invalid command

Figure 4: List of commands and responses in JSON format handled by the firmware.

2.2 Firmware operation and communication protocol

The firmware is flashed on the enclosed Arduino UNO (ATmega328P). A capacitor (C15) prevents users from
inadvertently overriding the Arduino firmware (i.e., users can override the firmware only by opening the case and
detaching the Arduino UNO from the shield). The firmware code depends only on two external open-source
libraries: the ArduinoJson 7 library for communication with the hosting PC, and the Adafruit MCP4725 8
library for controlling the DAC.

The firmware operates by expecting input commands from a hosting computer connected via serial commu-
nication over USB at 115200 baud. All commands and responses are specified in JSON format and the full list
of commands is shown in Figure 4. Commands like status and version are used to query the current status
of the hardware and the firmware version. Commands reset, setBrightness and animate turn o[all the
LEDs, specify globally their brightness level, or create an animation e [edt that lights up all the rows (i.e., the
animation is used when the system is initially powered up).

The six digital and analog pins on the side of the breadboard can be controlled with commands such
as analogRead (read A0, Al and A2 in millivolts, with optional number of samples), setV (set voltage in
millivolts on D2), setHigh, setLow (on DO, D1 or D2) and setPwm (on D1, D2, with specified duty-cycle).
Any LED indicators at the side of each breadboard row can be set to one of the four possible states (o[
on, blinking slow and fast) with setlLed. The LEDs placed next to the 1/0 pins or next to the power busses
(+ and —) or the status LEDs can also be similarly controlled using the command setCmdLed. The firmware
ensures that the command is correct and in valid JSON format, otherwise, an error would occur (”’json parse
fail” or "invalid command”) and the status LED indicating an error would turn on. The full list of commands
accompanied by practical usage examples is available on the online repositories.

2.3 Hardware Main Keypoints

This is a short list of the unique aspects of the BlinkBoard hardware and how it could be used by other
researchers.

“https://arduinojson.org
8https://github.com/adafruit/Adafruit_.MCP4725



Figure 5: 3D rendered models: the breadboard, the BlinkBoard shield, the Arduino UNO, and the outer case.

» Arduino UNO compatible shield with 60 independently controllable LEDs, each capable of multiple blink-
ing patterns built in hardware.

e The LEDs are controlled in hardware using programmable logic gates. This allows to microcontroller to
focus on other tasks (e.g., sensing user input). A similar approach could be used in future work to control
large numbers of actuators other than LEDs.

e The firmware uses an open protocol based on JSON messages for commands (cmd) and responses (ack).

e Hardware design is a result of cost-features and simplicity-complexity trade-o [S1The resulting hardware
costs 63.58 USD.

3. Design files summary

Figure 5 shows an exploded diagram of all the BlinkBoard’s components. All 3D models were designed using
Autodesk Fusion 360°. The table below contains both the CAD files and the 3D printable files in stl format.
The electronics schematics files and the Printed Circuit Board (PCB) for the BlinkBoard shield were designed
with Altium'®. We include in the online repository the source files, the PDF file with the schematics and
assembly sheets, as well as the ready-to-fabricate gerber files. The firmware for the Arduino UNO was written
in C++ using the PlatformlO! developing environment. A reference to the source code can be found in the

Shttps://www.autodesk.com/products/fusion-360
Ohttps://www.altium.com
L https://platformio.org



