




















2   Chapter 0

Preparing the Arduino Board
Whether you use an Arduino Nano, a Pro Mini, or one of their clones, there 
is a good chance your board will arrive with the header pins separate and 
unsoldered. All of the boards I�ve purchased came that way (see Figure 0-1).

Figure 0-1: An Arduino Nano clone board with headers and a breadboard, which I use 
as an aid to soldering. 

Before you can use an Arduino or clone, you need to solder the header 
pins. The strips of headers that come with a processor board usually have 
more pins than required, and the �rst step is to trim them to the number 
you need. The black plastic retainers are grooved to make cutting easy. I 
use a simple set of diagonal cutters to cut the plastic (see Figure 0-2). 

Figure 0-2: The Arduino Pro Mini clone, with the header pins trimmed to length.  
The 5-pin strip �ts on the end of the board.
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The next step is to insert the header pins into a breadboard, spaced so 
the holes in the processor board will �t over the pins. Insert the long end 
of the header pins into the breadboard, as shown in Figure 0-3. There are 
four rows of holes left empty between the two rows of header pins�that 
is, three rows plus the space in the center divide�so the processor board 
will �t.

The �nal step is to place the processor board over the short end of the 
header pins, as shown in Figure 0-4, and solder. 

Now your board has all its pins and is ready to be wired up.

Affixing the I2C Board to the LCD 
Many projects in this book also use a liquid crystal display (LCD) with an 
inter-integrated circuit (I2C) interface (see Figure 0-5). The LCDs used in 
this book can be purchased with or without the I2C adapter board, though 
I have often had to buy the LCD and the adapter board separately. 

If the adapter board isn�t already attached to the LCD, connecting the 
two is about the same as preparing the Arduino board. The adapter board 
usually comes with header pins installed, so all you have to do is insert them 
into the display and solder them.  

Connecting the display and the adapter usually works without any prob-
lems, but in some cases the adapters may have circuitry that almost touches 
the display board. To avoid connections shorting out, I suggest putting elec-
trical tape on the back of the LCD to insulate it from the connections on 
the I2C adapter board. 

Figure 0-3: The header pins have been 
inserted into the breadboard in prepara-
tion for soldering the Nano clone. 

Figure 0-4: The Nano clone in place on the bread-
board and ready for soldering
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Figure 0-9: The sketch window with the Upload button clicked

Connecting and Programming an Arduino Pro Mini
The Arduino Pro Mini (or clone) works much the same as the Arduino 
Nano, but it doesn�t have a built-in USB interface, opting instead for a 
transistor-transistor logic (TTL) connection. The easiest way I found 
to upload code to the Pro Mini was to remove the processor chip from 
an Arduino Uno, as shown in Figure 0-10, and use the Uno board as a 
programmer. 

The processor-free Uno can be connected to the computer directly 
via USB, so it can provide power as well as programming signals to a 
Pro Mini board connected to it. The USB cable for an Arduino Uno is a 
standard USB cable with a regular (type A) USB connector on one end 
and a square (type B) USB on the other (see Figure 0-10). More informa-
tion about USB cables can be found at https://www.sparkfun.com/pages/
USB_Guide/.
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Making Your Own PCBs
There are a number of techniques for making PCBs after you design one. 
As I�ll discuss in Chapter 2, the most common method is a subtractive 
approach, in which copper is selectively removed from a foil-clad phenolic 
or epoxy/glass board to leave a pattern on the board. The copper can be 
mechanically milled off, but if you want to make a PCB at home, the most 
common�and least expensive�approach is to chemically etch the pattern.

When chemically etching a PCB, a circuit pattern is printed on the 
blank board with a resist, a chemical that prevents the copper from being 
removed by the etchant in treated areas. The etchant is an acid that attacks 
the untreated copper on the clad board. Figure 0-15 shows a copper board�s 
transition into a PCB.

make a �purpose-built� microcontroller board, which will likely require 
multiple layers, a ground, and VCC plane, ExpressPCB will probably �ll the 
requirements. 

To use the program, simply go to the ExpressPCB website, download 
the free software, and install it. The ExpressPCB website has several tuto-
rials on using the software, which I recommend you take advantage of. 
There is a companion free software program, ExpressSCH, which is a sche-
matic capture program for writing your own schematic diagrams. While 
the features are not as well integrated as they could be, using the programs 
together has helped with circuit design.

N o T e 	 All the PCB designs in this book have been prepared using ExpressPCB design software, 
and they are all available at https://www.nostarch.com/arduinoplayground/. To 
view or change the PCB drawings, you will have to download the software. 

Another advantage of using ExpressPCB is that you can take the same 
�le you develop for making the circuit board yourself and send it out to 
the company�s factory for �nishing. I did that for a few of the projects in 
this book�in most cases, after making my own and wanting to clean up 
the board. I found the results more than satisfactory. The factory-prepared 
boards offer plated-through holes�if you build your own double-sided 
boards, soldering on both sides of the board is necessary. They also include 
a solder-plate �nish and can be made with a solder-resistant coating and 
silkscreen image printed on the board. Figure 0-13 shows a board I made 
using ExpressPCB.

Figure 0-13: A professionally �nished PCB, with solder-resistant coating and  
silkscreening. I used this board to make the Ballistic Chronograph in Chapter 8.

A Tip  For M anu Fac T uring  MulT iple  DiF F eren    T Board  S

You can use ExpressPCB�s MiniBoard service to make more than one board for 
very little cost. The mandatory size for a board to qualify as a MiniBoard�
and thus, to get the discount�is 3.8×2.5 inches, and when you bring up the 
program, a yellow guide box automatically displays an area of that size. In 
preparing PCBs such as the one in Figure 0-14, I combined several smaller 
boards into one large �board� by copying and pasting the small boards into 
the maximum size for the MiniBoard price. 

Figure 0-14: Three different boards for one MiniBoard order. The board for 
the Ballistic Chronograph is on the top left, and the pH Meter�s is on the bot-
tom. The top right is for an optical tachometer, which didn�t make it into the 
book. For one price, you get three copies of each board. All you have to do 
is cut them apart. 
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You�ll need small drill bits to drill the PCB. I recommend an assortment of 
10 tungsten-carbide drills with 1/8-inch shanks, which are available from 
Electronic Goldmine (part #G15421). A similar assortment is available from 
Amazon, and I have purchased several sets of these at very modest prices. 

Connectors Used in This Book
Throughout this book, I�ve tried to simplify the use of connectors and mini-
mize the number of different connectors used. But whether you make your 
own PCBs or not, you will always need some way to interconnect modules 
like LCDs, I2C adaptors, sensors, and so on; and sometimes you will have to 
assemble your own connectors. 

The connectors I use quite frequently are a family of connectors on 
0.100-inch centers, a standard that works both for male and female headers 
on PCBs and for stand-alone connectors for some cable assemblies. While the 
units I use in this book were purchased from Pololu Robotics and Electronics 
(https://www.pololu.com/), the same or similar units are available from many 
other suppliers, including Jameco, Newark, Mouser, Digi-Key, and so on. 

Figure 0-19 shows a few basic connector con�gurations I�ve used. 

Male crimp pins Female crimp pins

15-pin female header

4-pin right-angle 
header

Single connector housing

Quad connector housing 4-pin male header

Figure 0-19: A few basic connectors

The male and female crimp connectors are the workhorses in most 
cables I make. However, these connectors must be crimped onto the wire 
they connect. To crimp a pin, you can use a professional crimping tool (see 
Figure 0-20), which results in a nicely �nished crimp (see Figure 0-21). 
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You can create cables that plug into male headers with female crimp 
pins. These are useful for connecting parts of a PCB with a cable and for 
connecting an Arduino board to a shield. 

Headers and housings are available in sizes from a single-pin wide up to 
10 pins, 15 pins, and beyond. Most projects in this book that involve hand-
made connectors use 2- and 4-pin connectors. 

Using SOICs
Making connectors for through-hole headers is �ne, but through-hole inte-
grated circuits with pins on 0.100-inch centers are becoming harder to get. 
While manufacturers continue to make many ICs in the older format, new 
designs are often available only as surface-mount components. These new 
packages are known as small-outline integrated circuits (SOICs). Figure 0-23 
shows two SOIC components next to an 8-pin DIP IC, for a size comparison. 

Figure 0-23: A standard DIP package (top) compared to two tiny SMD ICs, a 5-pin Linear 
Technology LTC1799 in a TSOT-23 package (middle) and a 3-pin Maxim MAX7375AUR 
in a SOT-23 package (bottom), next to a dime for scale
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Two 10-kilohm resistors
One 470-ohm resistor
(Optional) One audible annunciator, Mallory Sonalert or similar
One 4×20 LCD
One I2C adapter, if not included with the LCD (see �Af�xing the I2C 
Board to the LCD� on page 3)

N o T e 	 I purchased a 16×2 LCD and its external I 2C board separately and soldered the 
two together. However, many online vendors offer the same display and I 2C adapter 
already soldered for about the same price or less than the two boards separately. Check 
eBay in particular. 

One 9V battery
One 9V battery clip
One 3.5 mm jack (if remote switch is used)
One Hammond 1591 BTCL enclosure
28-or 30-gauge hookup wire
22-gauge solid conductor wire

Downloads
Before you start this project, check the following resource �les for this book 
at https://www.nostarch.com/arduinoplayground/:

Sketch �le  Reaction.ino
Drilling template for case  ReactionEnclosure.pdf

Reaction vs. Reflex
People often confuse reactions and re�exes, so I will start by de�ning both. 
Re�exes are involuntary, automatic responses to a stimulus. In a re�ex action, 
the stimulus bypasses the brain and travels from the source of the stimulus 
to the spinal cord and back to the receptor that controls the response, with-
out any cognitive acknowledgment. (Though I know many people for whom 
almost all stimuli�and information�seem to bypass the brain, often just 
getting lost instead.) Think of the doctor hitting your knee with a patellar 
hammer to trigger your knee-jerk re�ex.

Reactions, on the other hand, take the stimulus to the brain to be pro-
cessed, and then a return reaction travels to a receptor to result in some 
motor action. This process takes somewhat longer than a typical re�ex, 
though some athletes are said to have reaction times so fast that it�s possible 
their response is more similar to a re�ex than a reaction. 
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What Happens in the Loop
Now let�s look at the sketch�s loop. After void loop() initiates the start of the 
program, the program calls digitalWrite(4, HIGH) to turn off the active light. 
Then, the LCD screen is cleared, and text is written to the LCD to indicate 
that the system is armed and ready for a player to push the reaction button as 
soon as the red LED illuminates.

Next, a random number between 5 and 25 is generated, and the pro-
gram calls delay(5000) to count every �ve seconds from zero to the random 
number. As soon as the random number is reached, three things happen: 
�rst, the annunciator lamp illuminates; second, an internal timer is started 
in the Nano; and third, the display then changes to read �Mash the React 
Button.�

N O T E 	 A wider range of random numbers might make this game even more interesting for 
players. You can easily experiment by changing the random number count, the delay, 
or both.

The Nano is then instructed by while(digitalRead(7) == 1); to wait until 
the reaction button is depressed. After the button is depressed, the Nano 
calculates the reaction time with reacttime = stop_time - start_time. This 
time will be displayed on the LCD and used to select the appropriate com-
ment in the score() function. Also, if the player�s reaction time is less than 

On Wri   T ing Code To Se T Up LCDS

There are a few points to note about the setup of the LCD. The sketch uses a 
LiquidCrystal library, LiquidCrystal_I2C.h. If this library is not included in your 
Arduino IDE, you can easily download it using the instructions provided in the 
reference section on the Arduino website (http://www.arduino​.cc/reference/). 

In addition, each I2C device comes with its own I2C address. This allows 
several I2C devices to be used on a single serial line. Usually the device docu-
mentation provides the address�in the case of the I2C LCD I used, the address 
was 0x3F. Thus, when the sketch initiates the LCD, the code looks like this:

LiquidCrystal_I2C lcd (0x3F, 20, 4);

However, different displays come with different addresses. If you have an 
I2C device that you do not have an address for, you can easily �nd the address 
by hooking up the device to an Arduino, downloading a scanner sketch from 
http://playground.arduino.cc/Main/i2cScanner/, and running the sketch. The 
scanner sketch should display the I2C address on the serial monitor.

Many projects in this book use similar code to work with an LCD, so refer 
to this box any time you need a refresher on how that code works.
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A n  A u T oma   T ed   A gi  T a T or  

F or    P C B  E T c H ing 

This project uses the Arduino micro
controller to sense change in a motor�s 

current drain (the rate at which the motor 
uses electricity) and then reverse the direction 

of the motor. There are numerous applications for the 
measurement and use of current drain, and this project 
provides an example method that can prove useful in 
the development of future electronics projects. 

�Making Your Own PCBs� on page 13 illustrates different ways to 
design and make circuit boards at home for a very modest cost using read-
ily available and environmentally safe household products. Part of this 
process includes etching the copper off a clad board. The process is more 
ef�cient when the board is agitated in the etching solution, resulting in a 
laminar �ow of liquid across the surface of the board in both directions. 
Depending on the chemical activity of the etchant and thickness of copper 
to be etched, this process can take anywhere from 10 or 15 minutes to well 
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The ability to receive an input, process the information, and produce 
an output is the fundamental function of any microcontroller. In this case, 
the Arduino starts the motor turning, waits until it detects the motor draw-
ing more current than usual, and then reverses the motor�s rotational direc-
tion. This simple function has a number of different applications: you could 
use the voltage drop to provide a safety turn-off for an overloaded motor, 
create a system to limit motion, and more.

Required Tools
One 6-32 tap
Drill and drill bits
Needle-nose pliers

Parts List
One Arduino Nano or clone
One SN754410 quad H-bridge IC, with socket if desired (Note that if you 
use the socket, you lose whatever value the PCB offers as a heat sink.)
One printed circuit board (PCB) or perf board
One current-limiting resistor (You should have a selection available for 
experimentation, from 1 ohm to 10 ohm. A 1/8 W resistor will work for 
smaller motors, but get a 1/4 or 1/2 W resistor for larger loads.) 
Two 330-ohm, 1/8 W resistors
Two LEDs, one red, one green
One LM7805 voltage regulator
One plastic enclosure (I recommend the Hammond 1591 XXATBU.)
Two 2-pin female headers to connect the motor to the shield
Four 4-pin female headers to plug the Nano into 
One small solder lug 
One 3.5 mm, 2-conductor jack and plug 
One SPST toggle switch 
One plug-in wall adapter with an output of 5 to 12V at 200 mA or better
One gear head motor (I used a 6V motor, the Amico 20 RPM 6VDC.)
Two M3×0.5 mm screws with threaded spacers
Limit wires, preferably 0.039 piano wire or spring wire
Scrap brass or aluminum
One 4-40 or 6-32 screw
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Motor Digital multimeter
200 mA scale

Power supply/battery

Black lead Red lead

Positive terminalNegative terminal

Figure 2-6: Connection diagram for measuring the current drain of the motor

To check the current drain, hold the shaft of the motor to slow it, and 
watch the readout on the multimeter. You can get an accurate indication of 
the number of ADC steps by plugging your readout in to Ohm�s law, calcu-
lating the voltage, and converting into steps, as I did. 

N O T E 	 In the sketch, I use a value of 100 as the threshold for reversing. You could also calcu-
late the absolute value of the voltage drop by multiplying 100 by 0.0049V:

100 0 0049 0 49steps V per step V� �. .

Remember, the exact threshold depends on the type of motor you 
use. Different motors will have different current capabilities and may even 
require a different value resistor. Also, note that the value of current drain 
is not precise. The nature of permanent magnet motors is such that the cur-
rent drain under load will be a range, not an exact number. 

As the current increases, the voltage drop increases until it reaches 
the point where the microcontroller is instructed to do something. At that 
point, the difference in analog voltage that appears between A0 and A1 is 
above the preset threshold, which will set the Arduino into action. Once the 
threshold is reached, the Arduino tells the H-bridge to reverse the current 
to the motor. 

Using an H-Bridge
You�ll likely encounter an H-bridge driver in future projects because it�s a 
very versatile part and can serve numerous functions. There is quite a selec-
tion of H-bridge chips available, but I�ve been using the Texas Instruments 
SN754410 quad H-bridge. It�s popular because it operates over a wide volt-
age range and is extremely �exible�and inexpensive. The logic operates at 
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Shield Design Notes
If you lay out your own shield, there are a few design factors you should 
de�nitely keep in mind. 

Analog Inputs
Be certain to connect the A1 and A0 inputs to the correct sides of resis-
tor R1, according to the schematic in Figure 2-3. A1 should attach to the 
power supply side and A0 to the H-bridge side. In the sketch, to compare 
the analog values, we take the difference as analogdifference = analogValue1 – 
analogValue0, with analogValue1 as the input at the high end of the resistor. In 
this case, analogValue0 is A0, and analogValue1 is A1. 

Grounding and Heat Sink 
Pins 4, 5, 12, and 13 are ground on the H-bridge, and they are also a heat 
sink to keep the chip from overheating. A small area on the proposed shield 
is included to increase the heat sink area. If you�re using a relatively small 
motor�such as the 6V, 20 mA unit�no more heat sinking is required. If 
you�re using a much larger motor or driving a heavy load, consider using 
the second side of the PCB as a heat sink.

The Voltage Regulator 
This project uses its own 5V regulator to supply power to the Nano. A 9V, 
200 mA plug-in wall adapter is connected to the voltage regulator LM7805 
on the shield, which reduces the voltage from about 9V to 5V. An external 
regulator is included so a more powerful regulator than the one built into 
the Nano can be used. Make sure to connect the pins of the regulator cor-
rectly (see Figure 2-10). 

You could feed a 7.5V DC or 9V DC wall supply directly to the VIN pin 
of the Nano and use the onboard regulator, which worked with my motor. 
But if you use a larger motor�or higher-current LEDs�it might tax the 
onboard regulator and could conceivably burn it out. 

The higher the voltage of the power supply, the more work the regula-
tor has to do to bring it down to 5V. Overtaxing the regulator could cause 
it to heat up and fail. For example, feeding the regulator 12V is probably 
at the high end for 5V regulation. A 9V input is better, and a 7.5V input 
is better yet. If the regulator chip gets warm, add a heat sink to the tab. A 
small piece of aluminum is often suf�cient, but a regular heat sink can be 
used. And while it�s good to have the supply voltage as close to the output 
voltage as possible, remember that the regulator needs at least 1V above 
the regulated output to work, so it must be fed with at least 6V, which is a 
5V-regulated output plus 1V. Input voltages above 12V are feasible, too, but 
just be sure not to exceed the limits of the device.  
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The Schematic
While I wanted the Regulated Power Supply to be relatively robust, I didn�t 
want it to be overly complex or hard to build. The hair-wired and bread-
board versions did well in temporary or emergency applications when used 
with a digital multimeter (DMM), but I sought to build something more per-
manent that would have its own voltage and current readout, and that would 
stay on the workbench or sit on my desk as a regular addition to the tool set. 
Figure 3-4 shows the full schematic for the Regulated Power Supply. 

Arduino Pro Mini
16-2 LCD/I2C display
U1: LM317
U2: LM7805 
R1: 1.2-ohm, 5 W resistor (two 2.2-ohm resistors in parallel)
R2, R4, R7: 10-kilohm, 1/8 W resistor
R3, R5, R8: 6.8-kilohm, 1/8 W resistor
R6: 470-ohm, 1/8 W resistor

R7: 10-kilohm, 1/8 W potentiometer
C1: 68 µF tantalum capacitor
C2: 1 µF tantalum capacitor
C3, C4, C5: 0.1 µF ceramic capacitor
SW: SPST switch
D1: LED
R11: 470-ohm, 1/8 W resistor

Figure 3-4: Schematic for the Regulated Power Supply 

I use three sets of voltage dividers in this circuit. The �rst looks at the volt-
age at the output of the regulator, which is ultimately displayed on the LCD. The 
other two divide the voltage in front of and behind the voltage-dropping resis-
tor so that the amperage can be measured according to the formula I = V/R, 
where V is the voltage drop across resistors R1 and R9, and R is the value 
of those two resistors combined. Could I have eliminated one set of voltage 
dividers? Yes, by joining A0 and A1 together. I thought, however, that I might 
want to change those values at some point to increase the accuracy of the 
ammeter by bringing the value closer to the Arduino reference voltage, so I 
did not join them in my version of the project. 
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The Breadboard
As in all of my Arduino projects, I began with the standard breadboard. 
To make life easy, I used a standard potentiometer with pins that would �t 
into the 0.100-inch-spaced breadboard holes. With a little effort, a standard 
16 mm rotary potentiometer (R7 in the schematic) with printed circuit 
board connectors will just about �t into every other hole in a breadboard. 
Figure 3-5 shows an overhead view of the �nished breadboard before you 
power it.

R1
LM317

R6
R2

R4

LM7805

R5R3

Figure 3-5: The breadboard for the Regulated Power Supply. The capacitors in the 
schematic�C1, C2, and C3�are not included in the breadboard but should be 
included in the completed unit.

Preparing the Arduino Pro Mini and LCD
The Arduino Pro Mini may or may not come with the male headers attached. 
If it doesn�t, you�ll have to solder them yourself (see �Preparing the Arduino 
Board� on page 2). Make sure the number of header pins in your strip 
matches the corresponding holes in the Pro Mini; you may have to cut the 
strip to the proper number of pins if the included strip is too long. Trim two 
strips of headers to size and place the long ends of the two header strips into 
a breadboard, spaced so that the Pro Mini board will �t over them. Put the 
Pro Mini in place, and solder all the header pins. Then, take two header pins 
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(use the surplus from the longer header or purchase these separately), insert 
them in the A4 and A5 holes in the Pro Mini, and solder. These are the pins 
used for the LCD.

Finally, install �ve header pins on the edge of the board (at the TX0 and 
RXI end). Some boards come with straight headers, others with the long pins 
bent at a 90 degree angle. In most of the applications, I have found it easier 
to work with straight headers. You can use right-angle headers, but it may 
be more dif�cult to plug in the connector for programming the board, so I 
recommend replacing any right-angle pins with straight ones. You also might 
want to take a 1/2-inch length of 22-gauge wire and solder it to the short end 
of the RST pin so it sticks up. A female header connector will connect to this 
during programming. 

You will now have to get the LCD/I2C assembly ready. If you purchased 
the display and adapter separately, you will have to assemble them. Go to 
�Af�xing the I2C Board to the LCD� on page 3 for instructions. If you 
purchased the display with the I2C adapter, it�s ready for assembly. 

Building the Breadboard
Here�s the step-by-step guide to putting together the breadboard: 

1.	 Insert wires to connect the two positive (red) rails together. 
2.	 Insert wires to connect the two negative (blue) rails together. 

W A R N I N G 	 Be careful not to cross the two and connect the positive rails to negative rails. That 
could cause a short circuit and damage the hardware. 

3.	 Insert the 10-kilohm rotary potentiometer into the breadboard.
4.	 Insert the LM317, with or without heat sink attached, near the poten-

tiometer, as shown in Figure 3-5. (See Figure 3-6 for the pinout of the 
LM317.)

Input

Output
Adjust

Figure 3-6: Pinout of the LM317 regulator

5.	 With the potentiometer shaft facing you, connect the leftmost pin and 
center pin of the potentiometer together, and then connect both to the 
adjustment (ADJ) pin of the LM317.

6.	 With the potentiometer in the same orientation, connect the rightmost 
pin to the blue negative rail (ground). 

7.	 Connect a 470-ohm resistor from the output pin to the ADJ pin on the 
LM317.
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8.	 Connect a 1.2-ohm resistor (R1 in Figure 3-4�I used two 2.2-ohm 
resistors in parallel) from the output pin of the LM317 to a load of your 
choosing. For test purposes, I used a 1/8 W resistor and connected a 5V, 
30 mA incandescent indicator lamp for the load. (You may want to use 
the actual R1 and R9 resistors that you will use in the �nished unit, so 
you can adjust the sketch before completing the unit.)

9.	 Connect the input pin of the LM317 to the 12V system input voltage. 
This is the wire going from the LM317 to the upper alligator clip in 
Figure 3-5.

10.	 Connect the blue negative rails to the negative side of the input power 
(probably a wall plug).

11.	 Insert the LM7805 into the breadboard, as shown in Figure 3-5. (See 
Figure 3-7 for the pinout of the LM7805.)

Output

Ground
Input

Figure 3-7: Pinout of the LM7805 regulator

12.	 Connect the output pin of the LM7805 to the red positive rail of the 
breadboard.

13.	 Connect the input pin of the LM317 to the input pin of the LM7805. 
This is the point at which the input voltage from the power source will 
be connected.

14.	 Connect the ground pin of the LM7805 to the blue negative rail of the 
breadboard.

15.	 Insert a 6.8-kilohm resistor, and connect one side to the blue negative 
rail. This is resistor R3; the other side will connect to resistor R2. See 
Figure 3-5 for a top view of the breadboard.

16.	 Insert a 10-kilohm resistor (R2) into the breadboard with one side con-
nected to the LM317 output pin and the other side connected to resis-
tor R3 from step 15. 

17.	 Connect resistor R1 from step 8 from the output pin of the LM317 
to a blank hole in the breadboard. This row will be the output of the 
regulator. 

18.	 Connect the voltage divider: �rst, insert a 10-kilohm resistor (R4) into 
the breadboard. Then, connect one side of resistor R4 to the same row 
as R1 (you�ll have to use a jumper wire) and the other side to an empty 
row on the breadboard.

19.	 Insert a 6.8-kilohm resistor (R5) into the board with one side con-
nected to the open side of R4 and the other side of R5 connected to the 
blue negative rail.

20.	 Insert the Arduino Pro Mini in the breadboard so that it straddles the 
center break, as shown in Figures 3-4 and 3-5.
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float amp;
float amp_3;
float amp_4;
float amp_disp;

void setup() {
  lcd.init();
  lcd.backlight();
}

void loop() {
  volt_two = analogRead(low_side_res);
  volt_three = (volt_two*5)/1024.0;
  volt_disp = volt_three*(10000+6800)/6800; //Actual voltage reading
  amp_3 = analogRead(low_side_res_2);
  amp_4 = analogRead(hi_side_res);
  amp = amp_3 - amp_4;
  amp_disp = amp *5/1024*(10+6.8)/6.8/1.22*.9; //Calculation of amperage I=V/R
  //*0.9 = adjustment for random error in ref voltage in pro mini

  lcd.setCursor(1,0);
  lcd.print("Volt    ");
  lcd.setCursor(12, 0);
  lcd.print(volt_disp);
  lcd.setCursor(1, 1);
  lcd.print("mA     ");
  lcd.setCursor(11, 1);
  lcd.print(amp_disp*1000,2);
}

First, this sketch imports some libraries and sets up the LCD (see �On 
Writing Code to Set Up LCDs� on page 36). It then de�nes a series of 
variables, all �oats, to use when setting the voltage, reading from the ana-
log pins, calculating values to display on the LCD, and so on. The setup() 
loop is very short: it has only two lines for initializing the LCD. The main 
loop() reads the battery voltage and current, and performs the necessary 
calculations to display on the LCD. The volt_disp value is the voltage to be 
displayed on the LCD. 

The Shield
While the circuitry is not overly complex, using a shield will simplify many 
of the connections for driving the LCD and constructing the voltage dividers, 
and it will make the assembly of the Regulated Power Supply easier than 
point-to-point wiring. Figure 3-8 shows the shield I designed, though you 
could also design your own, of course. The PCB �le is available at https://
www.nostarch.com/arduinoplayground/. 

While I used two layers to construct the shield, with a little effort and 
a slightly larger board, the circuitry could be accommodated on a single 
layer. 
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Figure 3-8: The PCB shield used in the Regulated Power Supply. Black is the top 
layer, dark gray is the bottom layer, and light gray is the silkscreen layer. 

The shield doesn�t need to be populated in any particular sequence, 
but some components will be easier to �t before others. I suggest soldering 
in this order: 

1.	 First, insert 2.2-ohm, 5 W resistors R1 and R9 into the PCB. These 
are voltage-dropping resistors that create the voltage for the amme-
ter (mA), which provide a total resistance (R1 in the schematic) of 
1.1 ohms at 10 W. The resistors are a little longer than the con�gura-
tion on the board, so you�ll have to bend the leads to make them �t. 
When the Regulated Power Supply is running close to its maximum rat-
ing, expect these resistors�and the LM317 itself�to get a little warm.

2.	 Capacitor C1, a 68 µF tantalum capacitor, will be a tight �t for the 
holes. To make sure it doesn�t interfere with the LM317, install the 
capacitor �rst. Then, install the LM317, making sure to leave room for 
the heat sink. Remember that the heat sink is likely to get pretty warm.

3.	 Make sure to install the LM317 with the pins correctly oriented accord-
ing to the pinout in Figure 3-6 and the schematic in Figure 3-4. If you 
use the provided shield �les, the thick line on the LM317 silkscreen 
corresponds to the metal tab on the IC. If you insert the part the wrong 
way, the system won�t work, and the part could burn out. It would also 
be a pain to remove. 

4.	 Install the LM7805 regulator in the upper-right section of the PCB, 
and make sure it matches the pinout in Figure 3-7 and the schematic 
in Figure 3-4. You can use the heavy line in the silkscreen image of the 
PCB as a guide. 
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Figure 3-9: The completed Regulated Power Supply

Bear in mind, though, that while the case is not delicate, the paint is 
easy to scratch, so be careful. It�s also a little pricey�coming in around 
$20�but as I will have it on my workbench all the time, I thought it was 
worth it. Of course, you could also use a different enclosure of your choos-
ing and modify the templates provided with this book accordingly.

Preparing the Enclosure
If the front panel of the enclosure is sloped, you will need to put a piece 
of scrap wood behind the areas you need to center punch and drill to 
help hold it in place. Make sure to measure, center punch, and drill holes 
carefully. 

The templates for this project are shown in Figures 3-10 and 3-11, and 
they can be downloaded from https://www.nostarch.com/arduinoplayground/. 
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Figure 3-11: Front and bottom of the Regulated Power Supply enclosure 
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Here is how I suggest you prepare the enclosure:

1.	 Center punch and drill holes for the potentiometer, on-off switch 
(1/4 inches), and power indicator LED. See Figure 3-10 for the front 
panel dimensions. 

2.	 Center punch and drill the hole for the power input jack in the rear of 
the panel (see Figure 3-10).

3.	 Drill holes for the output binders and 3.5 mm jack on the front of the 
case, as shown in Figure 3-11.

4.	 Carefully measure and mark the cutout for the LCD, as shown in 
Figure 3-10. Center punch and drill 1/2-inch holes in the corners of 
the LCD screen area to help initiate saw cutting. You can eyeball this 
based on the diagram in Figure 3-10 or download a PDF �le of the 
template. Either trace the image onto your enclosure with carbon 
paper or simply mark the corners with a center punch and connect 
the punch marks. 

5.	 Carefully cut out a hole for the LCD. There are a variety of tools you 
can use to do this. I �rst drilled holes A and B and then used a keyhole 
saw with a �ne hacksaw blade (available at local hardware stores) to cut 
between the holes. Remember that the cutting occurs on the outward 
thrust, so you needn�t keep pressure on the blade on the return stroke. 
You can clean up the burrs with a �le. 

6.	 Carefully �t the display into the window, and �le where necessary to 
get a secure �t. The backlight protrudes on one side of the display, so 
in order to avoid crushing the backlight, you can use nuts as spacers to 
keep it separated from the panel. 

7.	 Drill holes F, G, H, and I, and fasten the display in place. As you do so, 
check carefully that the spacer nuts are wide enough (4-40 nuts come 
in different dimensions), and, if necessary, use two nuts or a nut and a 
washer to space out for the backlight. 

Mounting the Circuit Board
Once you have assembled and tested the shield and mounted the LCD, 
install the potentiometer, on-off switch, LED, and power jack. Then it�s 
time to mount the shield in the enclosure. Originally, I drilled four holes 
in the board so that I could screw it into the enclosure, but I�ve found that 
3M double-sided mounting tape also does the trick. I mounted the entire 
board, heat sinks and all, with a 1 1/4-inch length of the 3/4-inch wide 
double-sided adhesive. (The manufacturer claims it will hold 2 pounds.)

The adhesive is relatively aggressive, so before applying it, make sure 
you plan carefully where you want to mount the board so it will not be in 
the way of other components. I mounted the board upside down on the top 
section of the case so all components and connections were on the same 
platform (see Figure 3-12). 



4
A  Wa  T c H  Winder    

If you�re a collector of automatic, or self-
winding, watches, you�re probably famil-

iar with watch winders and what they do. 
But why have a watch winder in a book on 

Arduino microcontroller projects? The answer to 
that will become increasingly clear as we look at the
technology in this project. Further, over the course of this project, we�ll 
take a quick look at some automatic watch lore and how these seemingly 
anachronistic devices have survived and prospered in the digital age. Even 
if you do not collect such treasured timepieces, this project may just inspire 
you to start your own collection.
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Why a Watch Winder? 
Because, as a collector, you own more than a single automatic watch, you 
might want to think about keeping the watches that aren�t currently on your 
wrist wound. If you read up on mechanical watches and winders, you will 
�nd many pros and cons (probably more pros) of using a watch winder. 
One big pro is that multifunction watches can take a long time to set if 
they run down. There are also arguments that if a mechanical watch sits 
in one position and doesn�t run, the lubricant tends to migrate to a low 
point. Regular motion from a watch winder or from being worn keeps the 
lubricant distributed and in the bearings where it belongs. While many sub-
scribe to this viewpoint, there is no real evidence either way. 

There is yet another compelling argument for a watch winder. As a col-
lector, it�s nice to be able to display more of your collection than just one-at-
a-time on your wrist. Many of the commercial winders available come inside 
exotic wood cases to show off the watches. But inexpensive winders tend not 
to be reliable, and the expensive ones are, well, expensive. 

I took a chance and bought one of the more economical models and 
put two of my mechanical watches�a real and a faux Rolex�in it and �g-
ured I was done. But after less than six months, the winder failed. I took 
it apart, and it appeared to be very poorly designed and made. Even if I 
replaced the failed motor, the rest of the mechanism would probably not 
be reliable. While using the winder, the faux Rolex did not wind all the way 
and did not keep good time. 

At that point, the question was whether to dig deep in my pockets for 
the $400 or $500 winder (there are even models that sell well in excess of 
$1,500, $2,000, or more) that promises reliability or to try to do better. 
So the gauntlet was, metaphorically, thrown down. The challenge was to 
design and build a reliable watch winder that would provide both a show-
case for my watches and have the �exibility and control over timing that 
I wanted in a robust mechanical format. Arduino was the obvious choice 
for controlling the frequency of watch turns, and the mechanics went 
around that.

As you build your Watch Winder, you will �nd a lot of room for per-
sonalization both in the mechanical construction and the sketch. While 
a watch winder is a utilitarian device made to keep your watches wound, 
this version provides an elegant display platform for your timepieces�and 
it is itself a work of art, a kinetic sculpture. You can see the �nal result in 
Figure 4-1.

Because I selected Arduino as the logical timing element, I had to plan 
the other electronics and software around that. We will revisit the H-bridge 
circuit from the PCB Etcher (see �Using an H-Bridge� on page 48) to drive 
the motor in both directions, and we�ll use transistors for increased drive 
for the high-output LEDs. We�ll also use a Hall effect sensor to measure the 
rotation of the watches. 
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Figure 4-1: The �nished Watch Winder. Unfortunately the black and white image doesn�t 
do it justice: the brightly colored LEDs illuminate the device using the acrylic as a light 
guide to transport the various colored LEDs. 

The sketch developed for this project uses functions and arrays to �ash 
the LEDs in repeating patterns. The sketch also instructs the controller to 
read the state of the Hall effect sensor, which is either zero or one. Knowing 
this state allows the controller to decide when to wind the watches and to 
keep count of the number of turns to ensure that the watches don�t get 
over- or underwound. 
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T He M yS T iQue oF T He Au Toma T ic WaTcH

The automatic watch was invented in the early 1920s and was commercial-
ized several years later. Over the next several years, many improvements 
were made until it reached the level of sophistication of today�s instruments. 
Automatic watches operate by using a pendulum attached to a ratchet assembly: 
the ratchet assembly winds the watch�s mainspring as the pendulum swings. A 
built in slip-clutch mechanism prevents overwinding. See Figure 4-2 for a look 
inside one of these watches.

Figure 4-2: An automatic watch with the back removed,  
exposing the pendulum and the fulcrum (the screw in the  
center), which combine with a ratchet assembly to wind  
the watch�s mainspring

Automatic watches from just about all watch manufacturers enjoyed broad 
success for several decades. However, in the early 1960s, Bulova developed 
its Accutron tuning-fork electronic watch, and the digital quartz electronic 
watch from Pulsar followed shortly after.1

Despite the in�ux of electronic watches (and now smart watches), leading 
makers of mechanical watches have survived�and even prospered�in this 
age. Today, automatic watches are sold anywhere from under $100 to tens or 
even hundreds of thousands of dollars.

Why would someone pay a premium for a watch that is not particularly 
accurate, is heavy, is often bulky, and has to be kept wound when not in use? 
I�m sure the answer is different for every collector, but I�d guess that they, like 
me, enjoy the elegance, prestige, sophistication, sense of history, and �ne 
mechanical machinery that can�t be achieved with its electronic counterparts�
though the iWatch comes close in some respects. And like any collectible, one 
automatic watch is never enough�which brings us to the Watch Winder. 

1. The transition from mechanical to electronic watches has been described as a prime 
example of Thomas Kuhn�s concept of a paradigm shift, which he describes in his 1962 
book The Structure of Scienti�c Revolution. 
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Required Tools
Drill and drill bits 
Tapered reamer set 
Small vise-grip pliers
Center punch
Weld-On 4 and Weld-On 16 acrylic bonding �uid 
Assorted sandpaper, including grades from 220 to 600 and grade 1500 
for �nal polish
Jewelers rouge or other liquid plastic polish
(Optional) Circular saw
(Optional) Thread-locking �uid
(Optional) Wire-wrap tool
(Optional) Rotary tool (For example, you could get a Dremel tool with 
an abrasive cutoff wheel.) 

Parts List
If you want to build a Watch Winder like the one pictured, you will need 
several pieces of acrylic and some other hardware, which I detail in this 
section. 

Acrylic 
The following acrylic parts can easily be cut from a standard sheet of 
acrylic. Without the disks, which I recommend you purchase separately, 
everything can be cut from two 12×12-inch acrylic sheets (one 3/8-inch 
thick, one 1/4-inch thick). If you prefer, you can �nd vendors that will laser-
cut acrylic to your dimensions. (ZLazr, among many others, is equipped to 
do that.) It will cost a little more than doing it yourself but will make it both 
cutting and �nishing easier. 

Four pieces with dimensions 1/4 × 2 × 1 1/2 inches (long sides of the 
watch basket; can be 3/8 inches)
Four pieces with dimensions 1/4 × 1 × 2 inches (short sides of the watch 
basket; can be 3/8 inches)
Two pieces with dimensions 3/8 × 3 × 2 inches (bearing holders of bear-
ing box)
Two pieces with dimensions 3/8 × 2 × 1 1/2 inches (mounting side of 
bearing box)
One piece with dimensions 1/4 × 1 × 2 inches (motor mount)
Two round pieces, 3/8 inches thick and 5 inches in diameter (watch 
basket ends)



94   Chapter 4

Two pieces with dimensions 1 1/2 × 5 × 1/4 inches (side supports for 
stand)
One piece with dimensions 3/8 × 3 × 5 1/2 inches (base for stand)
One piece with dimensions 3 × 1 1/2 × 3/8 inches (lightbar)
One piece with dimensions 2 1/2 × 2 1/2 × 3/8 inches (shield 
mounting)
Two 3.5 mm standoffs with M/F M3-05 threads (motor mounts)
Three 1.5 mm standoffs with M/F M3-05 threads (shield mount)

There are several online vendors you could purchase the acrylic for this 
project from; just search for acrylic sheet on Google to �nd one near you. In 
the United States, http://www.zlazr.com/ seems to be good. At the time of this 
writing, I talked with the owner personally, and he said he can handle the 
kind of cutting required for this project with no problem. 

Other Hardware and Circuit Components
One Arduino Nano or clone 
One Hall effect switch, such as Melexis US5881LUA (Dimensions for 
side supports should be 1 1/2 × 5 × 1/4. See �Building the Stand� on 
page 115.)
One driveshaft, 8 inches long and 1/4 inches in diameter with 28 threads 
per inch (I suggest brass because it�s easy to work.)
Two ball bearings (R4A-2RS)
Six jam nuts, 1/4-inch-28
Two decorative bolts, 1/4-inch-28, 1 inch long (I used chromed Allen 
bolts.)
Ten ZTX649 transistors
One SN754410 quad H-bridge 
Ten 470-ohm resistors
One 10-kilohm, 1/8 W resistor
One 0.1 µF ceramic capacitor (C1)
One 10 µF tantalum capacitor (C2)
One custom shield as described in �The Shield� on page 108, or 
perf board (You can also have the shield custom fabricated from 
ExpressPCB; see �Making Your Own PCBs� on page 13.)
One gear head motor (I used a 6V, 20 RPM motor called the Amico 20 
RPM 6VDC 0.45 A.) 
One LM7805 voltage regulator
Fourteen LEDs, in assorted colors (I purchased both clear and frosted 
versions. The higher-output units tended to be clear.)
Assorted hookup wire and wire-wrap wire 



A Watch Winder   95

Ten stakes for LED wire wrap or soldering (Try Pololu item #966 or 
Electronic Goldmine item #G19870.)
One length brass round that�s 3/8 or 1/2 inches in diameter and 
approximately 3/4 inches long (I used one with a 3/8-inch diameter. 
Brass stock is readily available in 6- and 12-inch lengths, which can be 
cut to size with a hacksaw.)
One 6-inch length of piano wire that�s 0.39 inches in diameter
One niobium, or neodymium, magnet, approximately 3/8 inches round 
and 1/8 inches thick
One �at-head 4-40 screw
Six M3×3/8-inch screws
Seven M3-05×1/2-inch screws
(Optional) One Amico H7EC-BCM counter
(Optional) Eight 270-ohm resistors (Use these when you build the 
breadboard prototype if you choose to follow my exact instructions in 
�The Breadboard� on page 98.)

Downloads
Before you start building, go to https://www.nostarch.com/arduinoplayground/, 
download the resource �les for this book, and look for the following �les 
for Chapter 4:

Templates  MotorMountAndBearingBox.pdf, BaseAndLightbar.pdf, 
WatchBasket.pdf
Mechanical drawing  MotorAssembly.pdf
Shield  WatchWinder.pcb
Sketch  WatchWinder.ino

Basic Watch Winder Requirements
Some initial research suggested that a watch winder should rotate a watch 
between 600 and 1,200 revolutions per day to keep it in top shape. But that 
is not completely correct. I subsequently discovered that the range was actu-
ally much wider, and according to at least two websites of leading automatic 
watches, watches cannot be overwound because they have a built-in protec-
tion system. I also learned that watches should be rotated both clockwise 
and counterclockwise to keep lubricant in the right places and to avoid 
possible uneven wear over a very long period of time. There is a wealth of 
information about this subject on the web, both on sites for individual watch 
manufacturers as well as on sites for watch winders.
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Apparently the total number of turns is the important part, not neces-
sarily the sequencing of the turns or getting exactly the same number of 
turns in each direction. (There is a possible downside to winding, if a watch 
is wound too much over an extended period.) That doesn�t sound so daunt-
ing, right? I thought so, too. 

Using an Arduino to Control Winder Revolutions
A purely utilitarian watch winder just has to serve its function, rotating the 
watches so the pendulums swing. But it�s more interesting to have a winder 
with extra features. As mentioned in �Why a Watch Winder?� on page 90, 
some winders are dressed up with fancy exotic wood boxes to display the 
watches. 

However, this is an Arduino project, and extra technical features and 
LEDs should re�ect the �exibility and versatility of the platform. In a devel-
opmental model, the original sketch instructed the electronics to turn a 
motor �rst in one direction and then the other, using delays to ensure that 
the requisite 600 to 1,200 revolutions occurred each day.

But it turns out that some watches need more than the minimum 
number of revolutions, and some can get away with less. The easiest way to 
change the number of revolutions is by adjusting the various delays in the 
sketch as needed. You could even add hardware to the circuit to allow you 
to adjust the number of turns per day with a potentiometer, as I describe in 
�Design Notes� on page 124. 

To drive the motor itself, I used an H-bridge IC. It accepts control logic 
from the Arduino and lets you reverse the polarity to the motor from a 
single power supply to allow the motor to rotate in both directions. 

N o T e 	 For more information on H-bridges, see �Using an H-Bridge� on page 48.

Using a Hall Effect Sensor to Monitor Rotations
Then, there was the matter of how to meter the number of turns the device 
made to assist the timing and give some more information to the sketch. 
The number of turns per unit time is a function of the motor, and while the 
timing I provided for the motor speci�ed could conceivably work, it might 
not be consistent for all motors. 

For example, I sampled three motors of the same model at the same 
voltage, and each ran at a slightly different speed. Further, if you elect to 
substitute another motor with a different rotational speed, the rotation 
count would be different. And, in beta testing, one user experienced dif-
�culty running a 6V motor on 5V. (See �Motor Voltage� on page 126.) 
Because the number of turns per unit time is a function of the motor, 
these inconsistencies could present a problem if timing alone determined 
the total number of rotations; some mechanism to monitor the number of 
revolutions is needed. 
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To assure consistent timing, I decided to meter the number of turns 
the device made. Thus, I attached a small magnet to the rotating shaft that 
turns the watches and mounted a Hall effect device, or a sensor that detects 
a magnetic �eld, in line with the magnet. A small reed switch could be sub-
stituted for the Hall effect sensor if you wanted.

When the watch and the magnet rotate, the Hall effect switch turns on 
only when in close proximity to the magnet, causing the switch to turn on 
and off once per rotation. Each time the Hall effect switch changes state, 
the Arduino increments an internal counter. Combined with the sketch, 
this ensures the proper number of turns per day is made in all cases, regard-
less of the speed of the motor. Unlike the reed switch, the Hall effect switch 
does not require any buffering or debounce, as discussed in �The Sketch� 
on page 102, because a Schmitt Trigger is included in the device�s circuit. 
If you elect to use a reed switch, you may have to add the debounce into the 
sketch.

When using a Hall effect switch with a permanent magnet, you just 
have to be careful how you move the magnet around. Some mechanical 
watches are damaged by close proximity to a strong magnetic �eld because 
the hairspring becomes magnetized, resulting in a change in physical char-
acteristics that cause timing to be off. While the magnet speci�ed is small 
and unlikely to cause a problem, I strongly recommend you keep any mag-
net at least an inch away from any watch�mechanical or electronic.

The Schematic
Figure 4-3 shows the schematic diagram of the circuit used for the Watch 
Winder. Notice that the output from the Hall effect device has a pull-up 
resistor tied to the positive supply. This holds the input to Arduino pin A0 
high until the Hall effect switch, or reed switch, encounters a strong enough 
magnetic �eld, which closes the switch and brings the pin low. The Hall 
effect device uses what is essentially an open collector on its output, so with-
out the pull-up resistor, the collector would be left �oating and could give a 
false trigger.

The two capacitors prevent the LM7805 regulator from oscillating on 
its own and drawing excessive power. Although I looked at both the input 
and the output of the regulator with an oscilloscope and saw no oscillation, 
I decided to add the capacitors as a preventative measure. I selected them 
based on previous projects, and they work well. 

I was trying to develop a spectacular look for the Watch Winder, as be�ts 
some of the timepieces it holds, so I used higher-power LEDs, as described in 
the �Parts List� on page 93. These LEDs have a light output of as much as 
100,000 to 200,000 or more millicandela (MCD). But that raised yet another 
problem. The Arduino Nano�s processor chip, an ATmega328, can source 
or sink only 40 mA per output pin. Further, the entire chip is rated at only 
200 to 300 mA for its entire current drain. Because the 100,000+ MCD LEDs 
draw around 30 to 60 mA each, something had to be done. 
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Figure 4-3: The Watch Winder circuit. The transistors connect to the digital outputs of the Nano, while A0 is 
tied high through the 10-kilohm resistor. 

One 1 A transistor per LED is included in the schematic to pick up the 
load. The collectors of the NPN transistors�the positive side�go to VIN 
rather than the 5V that powers the Nano and H-bridge, so the LEDs take 
no toll on the voltage regulator, even though the emitters follow the base 
and send 5V to the LEDs. 

The Breadboard
Just like other projects we�ve discussed, the Watch Winder started out as a 
breadboard, shown in Figure 4-4. This allowed me to sound out the tech-
nology and do the preliminary tuning of the sketch.
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After you complete the breadboard, upload the WatchWinder.ino sketch 
to the Arduino. Just follow the instructions in �Uploading Sketches to Your 
Arduino� on page 5.

The Sketch
The Watch Winder employs functions and arrays to show different �ashing 
sequences on the LEDs without rewriting the sequence each time. There 
are also some excruciatingly long delays: about 829 rotations in 24 hours 
translates to a motor at 20 RPM being on for approximately 32.5 minutes 
out of 1,400 minutes in the day. This means that if the sketch were to han-
dle an entire day of turning, it would be idle for 1,367.5 minutes a day. 

But you can divvy up the rotations so that the sketch can be repeated 
and need only some fraction of the 24 hours to complete. For example, if 
an hour is selected as the length of time it takes for the sketch loop to com-
plete, the motor has to do some 24 turns. It could do 12 each way or some 
other combination. 

In the following sketch, I also made an effort to make the lights and 
motor movements as visually interesting as possible, leaving very little time 
when nothing is happening�but that�s an artistic choice. 

/*This gives about 829 revs/day*/
 
const int HallPin = A0; //Identify those things that will not change
const int CWpin = 12;
const int CCWpin = 13;

const int LED11 = 11;
const int LED10 = 10;
const int LED9 = 9;
const int LED8 = 8;
const int LED7 = 7;
const int LED6 = 6;
const int LED5 = 5;
const int LED4 = 4;

int autoDelay = 1000;
int timer = 500;
int timer2 = 3000;
int repeats = 10;

int previous;
int HallValue = 1; //Response from the Hall effect sensor
int time = 0;
int state;
int count = 0;
int q = 0;
int i;
int j;
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Overview of the Motor Assembly
When you�ve had enough fun watching the LEDs blink on the breadboard, 
watching the motor start and stop, and playing with the sketch, it�s time 
to address the mechanical side of this project, which offers a few special 
challenges. This winder won�t be functional until the motor has something 
to turn; see Figure 4-9 for a detailed diagram of the motor, motor mount, 
transmission, bearing box, and driveshaft, which comprise the turning 
assembly. 

Jam nut

Ball bearing

Vinyl tubing

Piano wire

Motor shaft

Bushing
Set screw

Piano wire

Motor

Figure 4-9: The construction entails making a small box that retains the bearings through 
which the driveshaft is mounted and held in place by jam nuts. The motor, mounted on 
standoffs, is connected to the driveshaft, and the watch basket will be attached to the 
other end of the driveshaft. 

The driveshaft will need to be mounted through the bearings, and the 
two can be held together with jam nuts. I chose a fairly standard R4A-2RS 
bearing, which is a relatively common part and has a 3/4-inch outer diameter, 
a 1/4-inch inner diameter, and a 9/16-inch thickness. I suggest ball bear-
ings because the prebuilt winder I bought used the brass bushing of the 
motor as the only bearing, and that�s what failed. Because the inside diam-
eter of the bearing was 1/4 inches, I decided to use a standard threaded 
rod at a 1/4-inch × 20 tpi (turns per inch) or 1/4-inch × 28 tpi rather than 
attempt to press-�t a 1/4-inch bar into the bearing. 

N O T E 	 I used jam nuts to fasten the rod to the bearings because they were thinner and less 
obtrusive looking than regular nuts, but you could also use standard nuts. 

Construction 
Construction of the winder provided a number of challenges, particularly 
working with the acrylic material�which was unfamiliar to me before this 
project. Though there were some rough spots to get over, I learned by trial 
and error some ways to get the job done. Figure 4-10 shows the completed 
Watch Winder on its side.
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Figure 4-10: The completed Watch Winder on its side, showing the base fabrication, 
bearing box, motor mount, and watch basket

The toughest part was cutting the acrylic and drilling the holes for the 
ball bearings. There are several ways to cut acrylic, and none of them is 
particularly easy. If you use a supplier that will laser-cut the acrylic parts for 
you, this will be a lot easier. Several companies offer that service for a little 
more than the price of the raw materials. I mentioned one of them, ZLazr, 
earlier. 

If you have access to a circular saw, that�s about one of the easiest DIY 
approaches. Otherwise, just about any saw will do. I�ve used a hacksaw, 
which works better than most if you take your time. (If you go too fast, the 
acrylic will heat up and start to melt, causing the saw to bind.) I even know 
some people who have had success scoring and snapping the acrylic sheet. 
Just use whichever approach works best for you. 

See �Acrylic� on page 93 for a list of acrylic shapes needed for the bear-
ing box, the watch basket, and the stand. Cut these pieces now, if you�ve not 
done so already, and take the following steps to build the pieces. 

Preparing the Motor Mount and Bearing Box Acrylic
First, print the motor mount template from this chapter�s folder (see 
Figure 4-11), cut it out, and align it on the acrylic for the motor mount 
using the centerline. 
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some extra sanding was required on roughly cut sections. Additional sand-
ing was required on the opposing piece to make everything �t together as a 
rectangle�or as a cube in the case of the bearing box. 

Figure 4-14: Using a tapered reamer to enlarge the bearing hole  
to the �nished dimension 

Use a liquid polish or jewelers rouge to achieve the �nal polish. Make 
sure to remove all the wax from the polish from the surface before bond-
ing. Try not to round the edges of the sections so the thinner bonding 
agent (Weld-On 4) will work well. You want to assure that you have suf�-
cient bonding surface in contact to make a secure bond.

Bonding the Acrylic for the Bearing Box
Now, it�s time to use a bonding agent to connect the pieces of your bearing 
box. Fortunately, bonding the acrylic actually turned out to be somewhat 
easier than I anticipated.

Where the edges are smooth but not too badly rounded, Weld-On 4 
thin bonding �uid should work quite satisfactorily. It partially dissolves 
the acrylic and forms an actual weld. The most dif�cult part is keeping the 
�uid from running where it shouldn�t go. If you have larger gaps, or have 
rounded the edges, try Weld-On 16, which has a higher viscosity and a clear 
acrylic �ller, to �ll gaps and voids where necessary. 

In both cases, you should follow the instructions on the product, but 
here�s how the acrylic weld works in general: just clamp the dry pieces of 
acrylic together, and then, using a needle applicator included with the 
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bonding agent, apply a thin layer of acrylic cement to each joint. Capillary 
action will draw the cement into the joint. For joints where the surfaces are 
a little more uneven, you can apply the thicker Weld-On 16 to one surface 
and then attach it to the other surface. Clamping is required for only a few 
minutes, but allow several hours for �nal curing.

The system doesn�t need a lot of strength, but it should not fall apart 
when touched. For the parsimonious, a paint stripper like Klean Strip also 
works well to bond the acrylic. (The chemical behind the bonding agent in 
Weld-On is methyl chloride, which is the key ingredient in the paint strip-
per.) Klean Strip is less than one-fourth the price of Weld-On. 

N O T E 	 There are several tutorials on bonding acrylic on the web, too. If in doubt, look one 
up, and experiment with a few scrap pieces of acrylic �rst before trying it out on the 
pieces you worked so hard on. 

After bonding the bearing box, as shown in Figure 4-9, and bonding 
the side pieces to the bottom, check the alignment. Run the threaded 
rod through the bearings, and put the jam nuts in place without over-
tightening them. Make sure the bearings don�t bind. If they are not well 
centered, this can happen, but usually, they will align themselves as you 
tighten the jam nuts a little. If your alignment is off, you may need to 
adjust the holes a little with the reamer and touch up with some acrylic 
cement, but I never ran into that problem. For now, remove the driveshaft 
from the bearing box.

Building the Stand
The stand is the least complex part of the project. It comprises the two 
side supports, 1 1/2 × 5 × 1/4 inches, and the base, 3/8 × 3 × 5 1/2 inches. 
I included the lightbar, 3 × 1 1/4 × 3/8 inches, and the shield mounting, 
2 1/2 × 2 1/2 × 3/8 inches, with the stand (see Figure 4-15).

First, drill 1/4-inch holes in each side support a 1/2 inch from the 
top, centered left to right. Then, bond the two side supports to the base 
1 1/2 inches in from the edge of the base that will be the back. Next, drill 
the holes for the LEDs in the lightbar. I used �ve LEDs (red, blue, white, 
yellow, and green) that were 10 mm in size. You can use whatever color 
combination you choose. 

Finally, drill and mount the shield. To �nd the center of the piece, mark 
from corner to corner. Then, in the center, drill a #43 hole and tap for a 4-40 
screw. Drill a corresponding hole, centered and 2 inches from the rear edge, 
in the base. Next, use the shield itself, or the drawing from the ExpressPCB 
print, as a template to drill a hole for the three mounting screws. In design-
ing the board, I failed to leave room for a fourth screw. However, three are 
more than suf�cient, as there is no mechanical force on the board. I used a 
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Standoffs

Figure 4-20: Motor and motor mount connected to bearing box with stand-
offs. The standoffs are threaded into the bearing box while the motor mount 
is fastened with 3 mm × 1/2-inch screws and washers. The bearing box is 
mounted to stand with 1-inch-long, 1/4-inch × 28 screws and nuts.

Making the Watch Basket
There are many ways to construct the part of the project that holds the 
watches. I chose to make my watch basket from acrylic. The construction is 
relatively straightforward, though it does require some patience. First, take 
two 5×3/8-inch acrylic disks and carefully mark the center on each. Drill 
1/4-inch holes in the center of each. Then, on what will be the top disk, 
mark the rectangles shown in Figure 4-21 (left). 

If you�ve not done so already, cut the rectangular acrylic pieces I 
described in the �Parts List� on page 93 for the watch boxes and assemble 
them following the same instructions given under �Bonding the Acrylic for 
the Bearing Box� on page 114. (In most of the samples I�ve made, I used 
1/4-inch acrylic; however, 3/8-inch acrylic works �ne.) Then, carefully mark 
out the openings on the disk (see Figure 4-21). Now, bond the watch baskets 
to one disk, as shown in Figure 4-22. Then, cut the openings to match up 
with the inside of the watch baskets. 
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I placed the electronics directly under the bearing box, between the 
uprights holding the entire assembly to the base. Then, I mounted the 
board on a separate piece of acrylic screwed to the base with a �at-head 
4-40 screw. 

Keeping the Watches in the Basket
To hold the watches in the watch basket, I simply cut a block of �ne foam 
sponge, and it worked well. If you want something a little dressier than 
a sponge, you can sew small pillows that you put the watch band around. 
I don�t have any sewing ability, so I stuck with the sponge. 

N O T E 	 The open frame works well overall, but it could collect dust. If you have a fastidious 
streak, you could build an acrylic box to cover the entire winder from 3/16-inch-thick 
acrylic sheet. Or you could just buy a can of dust spray, as I did. Some have also sug-
gested to me that the entire winder could be mounted on a piece of hardwood, such as 
walnut or some other decorative hardwood, to add a �nishing touch. 

Design Notes 
Now that you�ve seen how I built the Watch Winder, I�ll walk you through 
some key design decisions I made that you might want to do differently. 

Total Rotation Adjustment
It�s possible to vary the total number of turns the Watch Winder makes 
without changing the sketch, though I chose not to do this. 

You can use a potentiometer to create a variable voltage and input it 
to one of the analog inputs of the Arduino. Then, you can substitute that 
value for one of the delays in the sketch to vary the number of revolutions 
per day. Here�s how to install the potentiometer and the tweaks you�d need 
to make to the sketch.

Hardware Changes
Connect the upper and lower terminals of a potentiometer to the positive 
and negative rails of the system. Solder pads have been included on the 
shield for this purpose. You needn�t use a full-size potentiometer; a small 
trimmer (10 turn is best) will do nicely, and it saves a lot of space. Connect 
the potentiometer�s center pin (in the shield) to an analog pin of the Nano. 
Because the Hall effect switch uses pin A0, I suggest using analog input A1. 
Solder points have been provided in the shield.

Software Changes
On the sketch, there are several things you must do. First, tell the Nano that 
input A1 is in play. Go to the top of the sketch to add the following: 

const int revSet = A1;
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provide some animation, calling for the watches to turn a varying number 
of times�sometimes shorter but more often. I even added a �ping-pong 
effect.� 

Because the half of my brain dealing with artistic matters apparently 
never developed, I�ll leave the placement of the LEDs to you. On the unit 
in Figure 4-1, there are four in the bearing box and �ve in a lightbar, but 
you could place them anywhere. 

I arbitrarily chose nine LED channels, and in some cases, I used two 
LEDs per channel. I used two LEDs for each direction of the motor�the 
two channels, D12 and D13, that serve double duty driving the LEDs as well 
as driving the motor. D2 and D13 power two LEDs each. D4 through D10 
power the other LEDs, the two behind the watch basket�D9 and D10, each 
with two LEDs�and the �ve out in front in the lightbar�D4�D8. D11 is 
reserved for future developments you may want to include. 

Motor Voltage
One beta tester of the Watch Winder experienced dif�culty running a 6V 
motor from the 5V supply. The complaint was insuf�cient torque. The solu-
tion, should you run into this problem, is to run the second supply (VCC2) 
of the H-bridge directly from the 9V supply. To do this, you are either 
going to have to cut the traces to pin 8 or remove that pin and solder it 
separately to the 9V supply. Because the motor runs so intermittently, there 
is little risk of burning it out. It may not be an elegant solution, but it works. 
Incidentally, out of about 20 different motors sampled, that was the only 
one that experienced that problem. And as addressed earlier, the higher 
speed of the motor at the higher voltage will have no, or little, effect on the 
number of rotations. 

How Many Rotations Does the Watch Winder Make?
If you really have to know how many rotations the Watch Winder makes, 
here�s a solution. The internal counter serves to sequence the sketch but 
does not accurately re�ect the total number of revolutions the motor makes. 
While we could have counted the rotations internally, it would have required 
a separate readout or being hooked up to the serial monitor. But if you need 
to keep count, you can add a small external counter. Because you will need it 
only on rare occasions when changing the revolution count, you can plug it 
in�a provision is made in the shield�when you need it and save it for other 
projects when you don�t. The external counter in Figure 4-25 is self-powered 
and costs under $8. See the �Parts List� on page 93 for details.

The external counter is not required; however, it could be a nice acces-
sory to include for this and other projects. It is not included in the design 
because it is used only on occasion and can be plugged in. I used a two-pin 
female header on the shield�the connections are labeled GND and X-ctr 
on the screen layer of the shield�and included a two-pin plug on wires 
from the counter. The count connection goes from ground to pin 4 of the 
counter and from the Hall effect sensor to pin 1. You can add a reset button 
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The basic distance calculation is not much different from determining 
the distance of a storm by counting the seconds between a lightning �ash 
and a thunderclap. Each second represents a distance of 1,125 feet, or about 
0.2 miles. Given that sound travels at 1,125 feet per second in air at sea level, 
if there�s a �ve-second delay between a lightning �ash and the thunderclap, 
you can determine that the storm is roughly a mile away. In the case of the 
Garage Sentry, once you know how long it takes for the sound to make a 
round trip and know the speed of sound, you can calculate the distance 
according to the time-speed-distance formula:  

Distance = Speed × Time

How the Garage Sentry Works
This project takes advantage of ultrasonic sound, which, unlike thunder, is 
above the hearing range of most individuals. If your hearing is good, you 
can detect sound ranging from about 30 Hz to close to 20 kHz, although 
hearing attenuates quickly above 10 kHz or 15 kHz. 

N o T e 	 For reference, middle C on the piano is 261.6 Hz. Young children (and most dogs) 
can often hear high frequencies, but hearing, especially in the upper registers, deterio-
rates quickly with age.

The ultrasonic transceiver module used in this project sends out pulses 
at a frequency of about 25 kHz and listens for an echo with a microphone. 
If there is something for the signal to bounce off, the system receives the 
return echo and tells the microcontroller a signal has been received and 
to calculate the distance. For the Garage Sentry, the unit is placed in the 
front of the garage, and the signal is sent out to bounce off the front�or 
rear if you are backing in�of your vehicle. To calculate your car�s distance 
from the ultrasonic transceiver, the Arduino measures the time it takes 
for the signal�s round trip from the transceiver to the target and back. For 
example, if the Arduino measures a time of 10 milliseconds (0.010 sec-
onds), you might calculate the distance as:

Distance ft
s

 s  ft� � �1125 0 010 11 25. .

Ah, but not so fast. Remember the signal is traveling to the car and 
then back to the microphone. To get the correct distance to the vehicle, 
we will have to divide by two. If the controller measures 10 milliseconds, 
then the distance to your car would be:

Distance

ft
s

 s
ft�

�
�

1 125 0 010

2
5 625

, .
.
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Distance r

Reflected wave

Original wave

Sender/
receiver

Object

Figure 5-4: In this project, sound is transmitted from a sender, bounces off an object, 
and is received. 

The arithmetic to calculate the distance between the sender and the 
object is not dif�cult. You take the number of microseconds it takes for the 
signal to return, divide by the 73.746 microseconds it takes sound to travel 
an inch, and then divide by two because the signal is going out and coming 
back. The full arithmetic for this appears later in �Determining Distance� 
on page 141.

The sketch provides a response in inches or centimeters depending on 
your preference. We�ll use inches for setting up the distance for the alarm, 
but converting to centimeters simply requires a remapping of the analog 
input and setting the numbers a bit differently. The sketch also does the 
basic arithmetic for determining the centimeter measurement for you.

With the high-level overview out of the way, let�s dig in to how you�ll 
wire the Garage Sentry.

The Breadboard
The entire Garage Sentry �ts on a small breadboard, so you can set it up, 
program it, power it with a battery, and walk around to test it out. As you 
play with it, I�m sure other applications of ultrasonic technology will come 
to mind.  

The breadboard I assembled, shown in Figure 5-5, is powered by a 9V 
battery. Usually, you could wire the battery directly to the VIN of the Nano 
and use the Nano�s built-in voltage regulator. But you�ll power the Nano 
with a USB cable when you program and test it for the �rst time, so on the 
breadboard, you�ll set up the positive and negative rails for 5V for both the 
Nano and the ultrasonic module. To avoid risking damage to the Nano or 
the module and avoid overcomplicating the build, I included a single-chip 
external voltage regulator (LM78L05) so the entire breadboard runs on 5V. 
Take a look at Figure 5-6 to see how it�s wired up. 
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7.	 Connect TRIG of the HC-SR04 transducer to pin 15 (D12) of the Nano.
8.	 Connect ECHO of the HC-SR04 transducer to pin 14 (D11) of the Nano.
9.	 Insert two ZTX649 transistors into the breadboard. Select an area 

where all three pins of each transistor can have their own row. 
10.	 Connect pin 12 (D9) of the Nano to the base of transistor Q1.
11.	 Connect pin 13 (D10) of the Nano to the base of transistor Q2.
12.	 Connect the collectors of both transistors to the red positive rail.
13.	 Connect the emitter of transistor Q1 to one end of a 270-ohm resistor.
14.	 Connect the other end of the 270-ohm resistor connected to the emit-

ter of transistor Q1 to a blank row on the breadboard.
15.	 Connect the emitter of transistor Q2 to one end of another 270-ohm 

resistor. Connect the other end of the 270-ohm resistor connected to 
the emitter of transistor Q2 to another blank row on the breadboard.

16.	 Connect the + (long end) of LED (D1) to the 270-ohm resistor and the 
other end to the blue negative rail.

17.	 Connect the + (long end) of LED (D2) to the 
second 270-ohm resistor and the other end to 
the blue negative rail.

18.	 Connect one end of the 20-ohm potentiometer 
to the red positive rail.

19.	 Connect the opposite end of the potentiometer 
to the blue negative rail.

20.	 Connect the wiper (center) of the potentiometer 
to analog pin A0 (26) of the Nano.

You should be good to go! If you use the AC 
connection, simply connect it to the VCC connection 
of the Nano. 

To add a battery connection, include the 78L05 
with its center pin to ground (negative rail), the 
input to the positive side of the battery, and the out-
put to the positive rail (see Figure 5-7). Connect the 
negative terminal of the battery to the negative rail. 

The Sketch
Once the breadboard is complete, the sketch can be loaded onto the 
Nano. Download the GarageSentry.ino �le from https://www.nostarch.com/
arduinoplayground/. To load the �le onto the Nano, follow the instruc-
tions outlined in �Uploading Sketches to Your Arduino� on page 5. 
Remember to select the correct board type. Once it�s loaded, the unit 
is ready for experimentation.

InputOutput
Ground

Figure 5-7: Pinout of 
the 78L05 regulator  
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The Deluxe Garage Sentry
That�s it! Or is it? 

I have been using the standard model in my garage for several months; 
it does what it�s supposed to do and does it well. But it seems like some-
thing�s missing. The alarm goes off when you reach the desired spot in the 
garage, but why not have it give you a little warning before you get there so 
you can slow down as you approach the stopping point? 

The idea is to have the system warn you at some pre-established dis-
tance from the stopping point so you don�t have to stop suddenly. It isn�t 
much extra effort to add two more LEDs to go off at different distances. 
Figure 5-13 shows the Deluxe Garage Sentry.

Red and blue LEDsGreen LED Amber LED

Sockets for Arduino Nano

Green LEDAmber LED

Figure 5-13: The Deluxe Garage Sentry sets off three stages of alarms.  

Now, let�s discuss how to assemble the Deluxe Garage Sentry.

The Deluxe Schematic
Hand-wiring everything in the standard version is tedious. So for the 
deluxe version, I developed a shield (PCB) that holds the LEDs, potentiom-
eter, Nano, transistors, and current-limiting resistors. Adding the LEDs and 
extra transistors required some changes in the circuitry. Figure 5-14 shows 
the revised schematic.

Note that this circuit drives the transistors as emitter followers. As 
such, the base shows a high resistance, and therefore no resistor is required 
between the Arduino and the resistors Q1 through Q4. If you were driving 
using a common emitter, however, you would need a resistor, as current 
would �ow through the base-emitter junction, short out the driver, and 
burn out the transistor.
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Needle �les (See Figure 6-20. While only one is required, they usually 
come in sets.)
Triangle �le 

NoT e S oF C au T ion

If you create the Battery Saver as described in this chapter, it should work well. 
However, it is always possible for Murphy�s Law to cause a problem, so here 
are a few points to consider before you build. 

Should the Battery Saver fail, it can be reset, but in the meantime, it will 
remove all power to the vehicle�s electrical system. Do not use the Battery Saver 
on any system where an electrical failure could cause catastrophic problems 
(such as on an aircraft) or result in bodily harm or property damage. That said, 
I have used the following unit in a car, on three agricultural tractors, and on 
two boats for well over a year (and earlier versions for several years) with no 
failures.

The Battery Saver includes a very high-current switch. It is possible that, 
under certain conditions, a resistance could develop such that when current 
is applied, the switch becomes extremely hot�perhaps hot enough to be a 
�re hazard. (For what it�s worth, this has never happened even on prototype 
versions.) All efforts have been made to eliminate problems like this�for 
example, the block that holds the Battery Saver�s copper contacts is made of a 
�re- and melt-resistant phenolic material�but overheating remains a hazard. 
Always check the heat of the Battery Saver before you touch it to make certain 
that it is not hot enough to burn you. Even the reset plunger could become 
warm enough to burn if the vehicle or Battery Saver malfunctions. 

This last warning is speci�c to mariners. If you keep your boat in the 
water, chances are it has a built-in bilge pump and automatic �oat switch to 
keep it a�oat when you�re not aboard. If you have multiple batteries, make 
sure the bilge pump is wired to a battery that isn�t in the circuit with the Battery 
Saver, as in Figure 6-2. Otherwise, �nd the wire that provides current to the 
bilge pump/switch, and simply bypass the Battery Saver. 

Figure 6-2: Wiring the Battery Saver on a boat
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Parts List
This parts list might look somewhat like a scavenger hunt, but everything 
can be found easily from a variety of sources. Getting the particular size 
or quantity, however, may be challenging, so read the list carefully to make 
sure you have everything before you start. And before shopping, look ahead 
to Figure 6-13 on page 170 to see some of the more unusual parts, like the 
copper contacts.

One Deek-Robot Pro Mini Arduino clone 
microcontroller board (There are several 
available, and some have different pin-
outs�particularly for pins A4 and A5. 
Figure 6-3 shows the pinout for the one I 
used. Other units with different pinouts 
should work, but the connections on the 
shield must be changed.)
One LM7805 voltage regulator
12V solenoid (This project uses an 
Electronic Goldmine G19852.) 
One 10-kilohm resistor
One 5.6-kilohm resistor
One 4.7-kilohm resistor
One 470-ohm resistor
One 4.7V Zener diode
One 1N4002 diode or equivalent
Two ZTX649 transistors
One 1/2-inch phenolic sheet
One 6×3/4×3/16�inch copper bar, which is part of a high-current switch 
(This is actually a piece of copper bus bar that is generally used in large 
electrical installations. See Figure 6-4 for an example. To �nd this, you 
may need to do a little digging with an online search for copper bus bar. I 
bought a piece that was 3 feet long.)

Figure 6-4: A copper bus bar, drilled out for the Battery Saver

Figure 6-3: Pinout of the 
Deek-Robot Pro Mini 
Arduino clone
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One ABS plastic enclosure, like the Hammond 1591 STCL
Two 1/4-inch brass rounds (You�ll use one of these as the pylon.)
A small piece of sheet metal to use as the release
One e-clip 
Four 1/2-inch, 4-40 �athead screws 
One 3/8-inch, 4-40 roundhead screw
3 oz of Permatex Silicone RTV sealant
One matching pair of inline connectors (You can buy simple, cheap, 
inline connectors online, or you can make your own. I used Pololu�s 
1×2 connector housing and male and female crimp pins, shown in 
Figure 6-5. See �Connectors Used in This Book� on page 18 for 
crimping techniques. You can also use telephone-style chicklets if 
you can �nd them.) 

Figure 6-5: A pair of mating connectors used to connect the solenoid 

28-gauge hookup wire
One solder lug (If you can�t �nd one, you can work around it by taking 
the power wire from the Arduino and wrapping it under the head of 
the screw, as shown in Figure 6-7.)
One battery cable to �t your storage battery on one side and a lug to 
attach to the Battery Saver on the other 

Downloads
Sketch  BatterySaver.ino
Templates  ReleaseLever.pdf, BatterySaverEnclosure.pdf
Shield  BatterySaver.pcb

The Schematic
While the circuit is relatively simple, as shown in Figure 6-6, there are a 
couple of key design elements to be aware of. 















170   Chapter 6

I soldered the monitor LED directly to the board so it could be seen 
through the enclosure. However, you could also solder wires to the board 
and place the monitor LED in a location where it might be more visible out-
side your vehicle. 

Construction
Building the rest of the Battery Saver involves a few mechanical challenges 
and requires the wits of a scavenger. Figure 6-13 shows all the parts of the 
Battery Saver laid out. There is nothing complex about any of the parts. 

Screws

Phenolic block

Groove for e-clip

E-clip

Hold spring

Release spring

Copper
contacts

Main switch 
contact

Solenoid
connector

Solenoid

Case

Arduino
Pro Mini
and shield

Pylon
Release 
lever

Release
groove

Figure 6-13: The components of the Battery Saver, completely disassembled. The cover of 
the enclosure is under the clear box. Note the short screws for fastening the spacer to the 
solenoid, so they don�t damage the solenoid coil. 

There are only a handful of components in the Battery Saver: the enclo-
sure, the phenolic contact support, the shield and Pro Mini controller, the 
copper contact assembly, the solenoid and mounting, the release lever and 
pylon, the release rod, and the springs and e-clip. The assembly instructions 
that follow are a little involved, but if you get stuck, just use Figure 6-13 to 
keep things in perspective. When you�re done, the Battery Saver should 
look like Figure 6-14.
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Figure 6-16 to cut the grooves. Use two 4-40×3/8-inch �athead screws on 
each side to screw the phenolic piece in place. 

Figure 6-16: Dremel tool with small circular saw blade attached

With the phenolic contact support screwed in place, hold the drill as 
close to vertical as possible in the center of the largest face of the contact 
block. Drill a 1/4-inch hole that lines up with the 1/4-inch hole you previ-
ously drilled in the top of the enclosure. The easiest way to do this is to 
mount the contact support block and then use the hole in the top of the 
enclosure as a guide to drill the hole in the block. After drilling, put the 
contact support aside until you�re ready for the copper contact assembly.

N o T e 	 The enclosure is not a perfect rectangle because some relief is included to allow it to 
come out of the mold easily. Factor this in as you line up to drill the center hole. When 
I drilled the hole, I held the enclosure in a vise to eliminate the effect of the relief. 

Preparing the Copper Contact Assembly
The copper contact assembly requires only a handful of holes. Cut a 4 3/4-
inch section of the 3/16×3/4�inch copper bar, and drill the holes along the 
center of the 3/4-inch dimension, as outlined in Figure 6-17. 

A B C D E F G

1 1/16" 3/4" 1/2" 1/2" 3/4" 1 1/16"

Figure 6-17: The base of the copper contact assembly, showing holes and spacing
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Figure 6-20 shows both the needle �le used and the shape of the release 
groove. (You might want to use a hacksaw �rst to make the groove, and 
shape the upper side with a �le.)

Figure 6-20: A close up of the release groove in the bottom  
of the release rod (top) and the small needle �le used to  
make the groove (bottom)

The shape of the release groove is not overly critical, but make sure 
there is a slight bevel on the top side. The swirls you see on the shaft were 
made with 400-grit sandpaper I used to smooth the rod so it slides smoothly 
through the phenolic block and hole in the case and contact piece. 

Making the Release Lever and Pylon
The release lever is made of a small piece of light-gauge steel sheet metal, 
approximately 0.060 inches thick. Use the pattern in Figure 6-21 to cut 
the lever. In this book�s online resource �les, you can �nd a PDF �le of the 
lever template. Because the template is pretty small, you might try bonding 
the template to a blank piece of similarly sized stock, holding it in a pair of 
pliers (vise grips work well), and shaping the piece on a grindstone. Once 
you�ve bonded the template to the stock, you can also use a �le to shape it. 

0.25 in 

0.6875 in 

0.375 in 

0.5 in

0.8125 in 
1.01 in

Figure 6-21: The release lever template 
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Installing the Battery Saver into a Vehicle
Connecting your Battery Saver to your vehicle takes only minutes. First, 
disconnect both the positive and negative terminals from your battery. 
Then, connect a short battery cable from the positive side of the battery 
to the input side of the Battery Saver. Take the output side of the Battery 
Saver and connect it to the cable that originally connected to the battery. 
Connect the black wire to the negative terminal that will be reconnected 
to the battery. 

Mounting the entire enclosure will depend on where and how your 
vehicle�s battery and/or battery box are located. In many cases, the Battery 
Saver can simply hang from the battery cables. In other applications, I�ve 
used a heavy-duty cable tie to wrap around the entire battery and Battery 
Saver to hold it in place. In some cases, double-sided Velcro works well. 

Operating the Battery Saver
In operation, once the Battery Saver is installed (see Figure 6-24), restore the 
ground connection to the battery and hook that ground connection to the 
Battery Saver. Then, set the Battery Saver by depressing the reset button�
that is, the top of the release bar�until the unit is armed. You should hear 
or feel a click as you depress the reset button and the release lever engages. 

Figure 6-24: The Battery Saver installed in my Boston Whaler runabout. The battery hooks 
up to the battery post and to the positive connection for the motor and accesssories. The 
ground lead of the battery was fed through the back of the battery box. The reset plunger 
is readily accessible.

Normal Operation
As long as the battery is fully charged and above the threshold voltage, 
the �on� indicator will blink at the rate established in the timer() function, 
which is approximately once every 2.2 seconds. When the battery voltage 
drops below the threshold level, which is set at approximately 11.9V via 
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W H y Mea  Sure  pH?

In the past, pH was a relatively obscure measurement, con�ned to the labora-
tory bench and industrial environments (for quality control, process control, 
measuring and controlling waste ef�uents, and so on). However, more people 
have started using scienti�c measurement in areas that have traditionally relied 
on rote instructions or trial-and-error experimentation, like home winemaking 
and beer brewing, hydroponics, home agriculture, hydroculture, and baking. 
All of these applications can bene�t from accurate pH measurement, and they 
don�t even include the more mundane task of managing the chemistry of your 
swimming pool, koi pond, fountain, or aquarium. 

For example, in baking, dough needs a low pH to rise. The pH of foods 
also impacts two of the four tastes: low-pH, or acidic, foods tend to taste sour, 
while higher-pH, or more alkaline, foods taste bitter. Lemon juice is an example 
of sour, and broccoli rabe or dark chocolate can be considered bitter. In home 
gardening, pH is an important soil characteristic for particular crops. Simple 
adjustments in pH can make aquarium water clear and reduce scum deposits 
on the glass sides, and a balanced pH in ponds keeps �sh healthy and reduces 
algae. And the list goes on. 

Required Tools 
Soldering iron and solder
Drill and drill bits
Keyhole saw 
Center punch
File
2-56 tap
Heat gun or hair dryer (for heat-shrink tubing)

Parts List
You�ll need the following parts to build your Custom pH meter:

One Deek-Robot Pro Mini Arduino clone (Other Arduinos should 
work with the project in general, but not with the shield template pro-
vided for this book. I used an Arduino Nano clone for the breadboard 
because of the built-in USB interface. In the completed unit, I switched 
to the Pro Mini to conserve space.)  
One LM35 (D) temperature sensor
One Texas Instruments TL072 dual op-amp (The pinout is shown in 
Figure 7-2.)
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Integrating the High-Impedance Probe
Recall that the pH probe delivers a DC output voltage that swings from 
�420mV to +420mV, giving approximately 60mV per unit of pH. This out-
put is delivered at very high impedance, and the circuit must accept the 
probe�s high-impedance input without adding spurious signals, reduce the 
impedance to a manageable level, and amplify the input so it can be read 
by the analog inputs of the Arduino. The circuit also has to provide a way 
to adjust the voltage that goes to the display in order to calibrate the probe 
in terms of both offset and gain (see �Offset and Gain� on page 194 for a 
crash course).

To handle the high-impedance probe output, the input of the op-amp 
must have a very high impedance, typically in the teraohm (1×1012 ohms) 
range, to read any voltage at all. The input of the op-amp must also have a 
low input current (the two go together); this is typically around 10 picoamps 
(1×10�12 amps), though some op-amps offer input current below 25 femto
amps (1×10�15 amps). It�s also good if the op-amp has very low drift (that is, 
tendency to change output with no change in input). 

General Design Notes
The Custom pH Meter is designed to work from a power supply of 9V, 
selectable between a battery and a plug-in module via a power switch (see 
the schematics in Figures 7-6 and 7-7). Because the input from the AC 
source could be suspect, the Custom pH Meter uses an external voltage 
regulator rather than the regulator built into the Pro Mini. An LM7805 
with bypass capacitors at both the input and output worked well in previ-
ous projects, and this project uses the same regulator. This regulator sup-
plies positive 5V to the inverter, the op-amp circuitry, and the Arduino. 
The power switch is a three-position switch, where the center is off, one 
position selects the battery, and the other selects AC power. 

Because the pH probe provides an output of –420mV, this circuit has to 
be able to handle a bipolar (above and below ground) voltage. The simplest 
way to achieve that is to use an op-amp with positive and negative supplies 
and a ground in the middle, which in turn requires a power supply that 
can provide those voltages. The LMC7660 voltage inverter is the solution: 
it converts the positive 5V from the voltage regulator to +5V and �5V, with 
ground in the middle. Thus, the op-amp can handle the input signal as 
long as it doesn�t go above +5V or below �5V. 

N o T e 	 Most voltage inverters are very similar to the LMC7660 and require minimal exter-
nal components�in this case, only two capacitors. This circuit uses tantalum 
capacitors because of their compact size and reliability, but electrolytic capacitors 
could be used.
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OF F Se T and  G ain

To demonstrate how offset and gain work, Figure 7-8 illustrates the continuum 
of voltage used in this project, from �5V to +5V. 

+5V

�5V

0V

Gain

Gain

Offset

Offset

Buffer

Buffer

A

A2

B

Figure 7-8: An illustration of what happens to the voltage  
when changing the gain and offset on the Custom pH Meter

Imagine that when the voltage from the pH probe is ampli�ed, there is a 
voltage range A. In this illustration, voltage A represents half the supply volt-
age, ranging from �2.5V to +2.5V for a total of 5V. If the gain is adjusted, 
the voltage range will still center on 0V but will increase or decrease to some 
voltage range B. Adjusting the gain will always increase or decrease the lower 
and higher ends of the selected voltage sector equally, provided the original 
sector is within the total voltage range. 

The entire voltage sector can also be shifted within the continuum by 
adjusting the offset, as illustrated in Figure 7-8. The range of voltage A2 still 
encompasses the same total voltage as range A, but its minimum and maximum 
voltages are different. In this instance, the center of the voltage range is shifted 
from 0V to 2.5V, such that voltage A2 swings from 0V to 5V. 

This offset can be any voltage within the supply range, but in practice, it�s 
best not to run the voltage to the voltage rails (the maximum and minimum of 
the supply voltage). Instead, leave some buffer between the rails and the volt-
age range a project needs. 

�The Sketch� on page 205 shows that the Custom pH Meter maps the 
voltage within the limits of the supply to the Pro Mini (0V to +5V) to be an aver-
age of the gain selected. The �nal gain and offset adjustments for this project are 
made using the prepared buffer solutions and the potentiometers in the circuit.
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Some Notes on IC Selection
Before settling on an IC for any project, it is a good idea to test multiple ICs 
to see which works best in your situation. When sampling chips, I suggest 
keeping notes on the pros and cons of each chip. For example, these are my 
notes on op-amp possibilities for the Custom pH Meter:

TL072  Worked well; a good all-around solution
TLC2262  A good all-around solution; a toss-up between this and 
the TL072 
OPA129  Worked well, but not available in DIP
LMC6001  Worked well, but a little pricey for no advantage, at 
around $20
LMC6042  Probably would have worked, but was dif�cult to set up
LMP7702  Probably would have worked, but a little pricey and was 
dif�cult to set up

After trying several op-amp circuits in the public domain with mostly dis-
appointing results, I used a generalized circuit to test each of these op-amps 
in turn, and for each test, the circuit required a certain amount of tuning 
to work. This tuning included changing the circuitry to stabilize gain and 
minimize spurious signals and stray voltages. The Texas Instruments TL072P 
op-amp proved the best option, and once I made that selection, I adjusted the 
circuit further to optimize it for the Custom pH Meter. The TLC2262 also 
would have worked well; I used it in some prototype samples. 

The other op-amps I sampled might have worked as well, or almost 
as well, if optimized like the TL072; however, that would have been time 
consuming for a marginal or zero gain. The �nal Custom pH Meter circuit 
represents a best effort within self-imposed limitations, like budget. For 
example, a top-shelf op-amp, like the Texas Instruments OPA627/637, prob-
ably would have worked well, but the chip alone had a price tag between 
$25 and $50, depending on the version. That would have brought the total 
budget for the project to well over $100, a self-imposed limit. The decision 
to continue the project itself was already problematic because of the probe�s 
cost ($36 at the time of writing); however, I believe the probe�s capabilities 
warrant the expense.

Preparing the LCD
Before you build the circuit on a breadboard, make sure the LCD is prepared 
for prototyping. Though the LCD used in this project can be purchased with 
the I2C adapter board, I have often had to buy the LCD and the adapter 
board separately, as was the case this time. When you buy them separately, 
the adapter board usually comes with header pins installed, and all you 
should have to do is insert them into the display and solder them. �Af�xing 
the I2C Board to the LCD� on page 3 describes this process.
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Figure 7-10: This circuit provided the test voltage for the  
Custom pH Meter. 

In Figure 7-9, the pH probe is held by an inexpensive burette clamp 
attached to an old machinist�s magnetic gauge holder. The probe was too 
thin to �t in the holder, so I wrapped some foam around the probe to 
clamp it. 

Preparing this breadboard turned out to be a little messier and more 
convoluted than usual because there�s a lot on the board. As shown in 
Figure 7-9, I used a large breadboard that included four vertical bread-
boards and a strip across the top for positive and negative rails. Initially, 
I used an Arduino Nano clone to build the Custom pH Meter on the 
breadboard. In the �nished version, however, I suggest using a Deek-
Robot Pro Mini board to reduce the size. Both Arduinos use the same 5V, 
16 MHz Atmel 328 processor and other components. In keeping with the 
requirement to have the shortest possible connection to the input of the 
op-amp, the BNC connector is situated to provide a relatively direct con-
nection to the noninverting input of the op-amp. The voltage regulator, 
an LM7805, is located in the upper right of the breadboard and is pow-
ered with either a 9V alkaline battery or a 7.5V to 12V wall adapter.

Here are the steps I took to construct the breadboard: 

1.	 Connect all vertically oriented positive and negative rails (marked by 
red and blue stripes, respectively) to the horizontal positive and nega-
tive rails across the top of the breadboard. 

2.	 Mount the power inverter chip (LMC7660) on the upper-left side. 
3.	 Mount capacitor C3 (10 µF) between pins 2 and 4 of the LMC7660. 

(Make sure to observe polarity: connect the positive side to pin 2 and 
the negative side to pin 4.)

4.	 Mount capacitor C4 (10 µF) between pin 5 of the LMC7660 and the blue 
negative rail. (Make sure to observe polarity: the plus side of the cap goes 
to the blue negative rail.) 

5.	 Connect pin 3 of the LMC7660 to the blue negative rail.
6.	 Connect pin 8 of the LMC7660 to the red positive rail.
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severe environmental and industrial environments. If you are taking pH 
readings at extreme temperatures, you may want to include the formula in 
your sketch.

N o T e 	 If you�re curious, you can read more about how to compensate for pH probe read-
ing errors due to temperature at http://www.qclscienti�c.com/electrochem/
phtemp%20comp.html.

The Sketch
The Custom pH Meter sketch, like many others in this book, comprises 
parts of other sketches and examples. I�ve included comments throughout 
that describe how the most signi�cant pieces work. This unit was tested on 
and used with the Arduino IDE version 1.0.5-r2. 

//Custom pH Meter Sketch
//Smoothes both temperature and pH

#include <Wire.h>
#include <LiquidCrystal_I2C.h>
/* Visit http://playground.arduino.cc/Main/I2cScanner for code 
   you can run to figure out your LCD's I2C address if 0x27 doesn't work. */
LiquidCrystal_I2C lcd(0x27, 16, 2); //16x2 display
//There are a couple of libraries out there. The one I used was 
//simply Liquid Crystal_I2C for a generic type display.
const int numReadings = 10;
const int numReadings2 = 20;
const int meterOut1 = 5;  
const int meterOut2 = 6;  

float readings[numReadings];      //The readings from the analog input
float readings2[numReadings2];

int index = 0;                    //The index of the current reading
int index2 = 0;
float total = 0;                  //The running total
float total2 = 0;

float average = 0;                //The average
float average2 = 0;

int pHpin = A0;
int tempPin = A1;
int meterdrive1;
int meterdrive2;

int pHvalue = 0;
float val;
float val2;
float tempC;
float temp2;
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The Shield
The Custom pH Meter shield, shown in Figure 7-13, is designed to minimize 
noise from the pH probe to the input. The Pro Mini and the LCD in this 
project can generate a little electrical noise; thus, all of the active analog 
input components are at one end of the PCB, while the Pro Mini and inter-
face to the display are at the opposite end of the board. The inverter IC and 
associated components are located under the Pro Mini to conserve space.

Figure 7-13: The shield PCB has headers soldered in place only for the pins this project 
uses on the Pro Mini. The voltage inverter and capacitors are located under where the 
Pro Mini will plug in. 

For this project, I decided to use a double-sided circuit board. This 
made the PCB layout a lot simpler than trying to squeeze everything on one 
side, and it allowed the ampli�er, buffer stage IC, and associated compo-
nents to be arranged in close proximity. You can see the layout �le for this 
shield, which you can download with the rest of this book�s resource �les, in 
Figure 7-14.

Figure 7-14: The top traces in the shield layout are the darkest, the bottom traces are sec-
ond darkest, and the silkscreen layer is the lightest. Notice that the silkscreen layer shows 
boxes around various components.

Figure 7-15 shows the completed printed circuit board before and after 
population. When populating this board, make sure to take precautions to 
prevent static electricity damage to the TL072. Because of this chip�s very 
high input impedance, it is particularly sensitive to static discharge from 
handling. I used a socket to hold the op-amp so in case it got damaged, 
replacing it would not be a major job. 
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Figure 7-15: The shield PCB before and after population. The voltage inverter and associ-
ated components are under the Pro Mini. The populated version is shown with the display 
connected. 

Also note that many resistors on this PCB are mounted vertically to save 
space and reduce lead length and circuit-board-trace lengths. I used 0.100-
inch female headers to mount the Pro Mini, which leaves plenty of room for 
the components underneath. It is not necessary to fully populate the board 
with headers to �t all the Pro Mini�s pins; you just need enough to mechani-
cally support the Pro Mini and provide the necessary electrical connec-
tions. I found it helpful to place headers at the very end of at least one side 
to align the pins and simplify my aim when plugging in the Pro Mini board. 

Construction
Be sure the sketch is loaded onto the Arduino, and solder all components 
to your PCB now, including wires for power and ground and for the jack for 
the (optional) temperature sensor. Place the op-amp into its socket now as 
well, but bend pin 3 of the op-amp so that it sticks out. You will need to be 
able to access pin 3 in a later stage of the construction process. 

When the Custom pH Meter circuit is soldered and the sketch is loaded 
onto the Arduino, only one step remains in terms of actual construction: 
putting everything inside a protective box. This section describes some sug-
gestions for an enclosure and for how to mount the circuit board inside. 
Figure 7-16 shows the �nished enclosure.
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Figure 7-16: The �nished Custom pH Meter in the enclosure. This close-up  
illustrates the positioning of the holes for the offset (labeled Ofst) and gain  
(labeled Scale) calibration adjustments.

The Custom pH Meter Enclosure
Your choice of enclosure will depend on how you want to use the Custom pH 
Meter, whether or not you elect to include an analog meter, and the level of 
portability required. I selected a standard ABS clear plastic box with outside 
measurements of approximately 1.3×2.45×4.4 inches. The space was some-
what tighter than I planned, but I was able to squeeze in the printed circuit 
board, display, switch, connectors, and battery. 

Making Room for the Display
This project�s enclosure is a Hammond Manufacturing case, model 1591 
BTCL. Figure 7-17 shows a drawing of the top of the plastic box, marked 
with lines for cutting the display hole and drilling the mounting holes. 

1.0 in

2.64 in

0.5 in

0.078 in

0.172 in

0.156 in

0.956 in

Top

Figure 7-17: Template for the cover of the enclosure, showing an opening for the 
16×2 display (shaded area) and where to drill mounting holes
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2.	 Connect the remaining two connectors to pins 2 (D2) and 4 (D4) on 
the Nano. 

3.	 Make a slot or hole in the side of the enclosure, and run the Pololu 
connector with the sensor channel connections through it (see 
Figure 8-11).

Figure 8-11: A slot in the enclosure for threading the four-pin sensor channel connec-
tor through. The connector is mounted with double-sided adhesive

4.	 Connect one side of the clr pushbutton to GND and the other side to 
the RST (reset) pin on the Nano.

5.	 Finally, connect the battery, screw on the top of the enclosure, plug in 
the sensor channel, and �ip the switch to turn on the device. 

You should be all set to use your Chronograph Lite. Go to �Final Setup 
and Operation� on page 252 for instructions on using the Chronograph 
Lite. 

The Full Ballistic Chronograph
While the Chronograph Lite worked well and I used it to successfully mea-
sure projectile speeds, I had a nagging feeling that it could be better. If 
you�re using the device for slow-speed projectiles�that is, 600 fps or less�
the accuracy of the Chronograph Lite is more than enough. But the restric-
tion to 4 microseconds of resolution resulted in what I perceived to be a fair 
amount of error in feet-per-second (fps) at higher speeds, so I decided to 
construct the Full Ballistic Chronograph.
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This is another case where I opted to outsource the PCB construction 
after I had made and re�ned the �rst sample myself and made sure all criti-
cal connections could be soldered on both sides of the board. Figure 8-17 
shows the raw board as it was received from the service bureau. 

Figure 8-17: The Full Ballistic Chronograph circuit board before population

Soldering the Full Ballistic Chronograph
Once you have all your parts, follow this guide to build the Full Ballistic 
Chronograph:

1.	 Prepare the oscillator adapter board by soldering the headers in place. 
Solder the chip to the adapter using one of the approaches suggested in 
�Using SOICs� on page 20.

2.	 Begin populating the PCB. I usually like to start with the components 
that go under the Nano�in this case, the oscillator adapter board, 
resistors, crystal, and CD4011. Place them in the PCB, as indicated in 
Figure 8-15. Next, I like to include the headers that the Nano plugs 
into. Once again, it�s not necessary to fully populate all the headers for 
the Nano. While on occasion I do use a full complement of headers, I 
tend to populate only those with connections, as well as a pair at the 
very top, in order to simplify alignment when plugging in the Nano. 
Additionally, there should be enough to mechanically support the 
Nano. Solder these headers in place now.
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four-conductor Pololu connector at each end. These connectors are 
not polarized and do not have a detent, so they can be relatively easily 
unplugged or plugged in the other way. Before you plug them in, make 
sure to line up the color-coded wire. 

N o T e 	 I initially attempted to use a length of four-conductor telephone cable, but it was too 
stiff and caused problems.

The channel and completed chronograph can be connected easily. 
If you used colored wire, you�ll know that the plug is connected correctly 
because it is not polarized. 

Final Setup and Operation
Once you�ve �nished assembling the unit and sensor channel, it�s time to 
take it out on the range and give it a try. Both the Chronograph Lite and 
the Full Ballistic Chronograph have been designed to operate from bat-
tery power, so you don�t need to plug them in. Set up the umbilical cable to 
connect the sensor channel to the chronograph unit, and then mount the 
channel to the weapon securely (see Figure 8-27). 

Figure 8-27: The completed Full Ballistic Chronograph with the acceleration channel 
mounted to a Crossman 0.177 caliber pellet gun

Once the channel is attached to the weapon, carefully align the barrel 
of the weapon with the LED/detectors in the channel by using a straight 
dowel the same diameter as the bore of the barrel or by making a simple 
adapter that uses a straight length of tubing (see Figure 8-28). 
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Required Tools 
Drill and drill bits
Keyhole saw
Soldering iron and solder
File

Parts List
In addition to the Arduino Pro Mini, you�ll need a Linear Technology oscil-
lator chip and a small handful of other components. Here�s the complete 
parts list: 

One Arduino Pro Mini or clone (There are several available, and some 
have different pinouts�particularly for pins A4 and A5. Figure 9-4 
shows the pinout for the particular clone that I used. Other units with 
different pinouts will work, but the connections on the shield may have 
to be changed.)

Figure 9-4: Pinout of the Deek-Robot  
Pro Mini Arduino clone

One LTC1799 oscillator chip and breadboard-compatible adapter 
board, like the 5-SOT-23 adapter board shown in Figure 9-5 (See 
�Using SOICs� on page 20 for tips on how to use a surface mount 
chip like this.)
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Eight 4-40 nuts
One piece of double-sided foam tape
One 9V battery
Assorted 28- or 30-gauge hook-up wires 
(Optional) Four banana plug jacks or three BNC connectors 
(Optional) One 3.5 mm jack 
(Optional) One 9V, 100 mA, 110V wall power supply (for more informa-
tion see �Battery Power� on page 278)

Note that I elected to use banana plug jacks for the I/O on the front 
panel, though this is a bit old fashioned and probably not the best prac-
tice. You could replace the two output connectors with a BNC connector 
as is used in the pH meter project, which is a little more pricey and elimi-
nates the need for a ground, as the BNC connector has a center conductor 
and a shielded ground surrounding it. The banana jacks have only one 
conductor each.  

Downloads 
Sketch  SquareWave.ino
Front panel template  SquareWaveEnclosure.pdf
PCB foil pattern  Generator.pcb

The Schematic
The Square-Wave Generator circuit in Figure 9-7 doesn�t call for a lot of 
different components. However, before you start building, note that the 
Arduino Pro Mini has a very different pin con�guration than the Nano. 
It is also worth noting that there are many versions of the Pro Mini avail-
able, so check the pinout of the version you buy. The particular Arduino 
I suggest in the parts list has the pinout detailed in Figure 9-4. Read 
�Important Notes on the Pro Mini� on page 263 for a description of key 
differences. 

In the schematic, notice the switches: SW1, SW2, SW3, and SW4. SW2 
provides the divide-by-10 display. SW3 allows you to use the frequency 
counter with an external source instead of the signal generator. SW1 con-
nects the 1, 10, 100 divider for the master clock (the switch has a center-off 
position that doesn�t have a connection) for the LTC1799 oscillator. SW4 is 
the power switch; its center is off, and the other two positions are for either 
external supply or battery.
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Figure 9-7: Schematic of the Square-Wave Generator 

Important Notes on the Pro Mini
Before you build the breadboard, note that one major pinout difference 
among Pro Mini boards is the placement of pins A4, A5, A6, and A7. Some 
versions locate all four analog inputs on the short side of the board, while 
the Deek-Robot used in this project splits them (see Figure 9-8). It places 
A4 and A5 near the other analog pins, but not in line with them, and A6 
and A7 are on the short side of the board. Pins A4 and A5 are used to drive 
the I2C bus for the display. 

There are some other minor differences between the Pro Mini and 
the Arduino Nano, but one of the most prominent is that the Pro Mini 
does not include a USB interface, so you have to program it using an 
external serial interface of some kind. There are several serial adapters 
on the market using FTDI technology. (FTDI is an abbreviation for Future 
Technology Devices International, a privately held Scottish semiconductor 
device company specializing in USB technology.) 

An alternative to using FTDI-based, purpose-built serial adapters is 
to use another microprocessor board to program the Pro Mini. I use an 
Arduino Uno clone to program my Pro Mini because it�s inexpensive, it 
allows me to remove the processor chip so I don�t end up programming 
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14.	 Connect the center of switch SW2 to an empty row on the breadboard. 
(I used one between the Pro Mini and the HCT4017).

15.	 Connect one end of switch SW3 to the same empty row you used in 
step 8, which should be connected to the center of switch SW2.

16.	 Connect the center of switch SW3 to digital pin 5 (D5) on the Pro Mini.
17.	 Pin 3 of switch SW3 will serve as the input if you use the breadboard in 

the frequency-counter-only mode.

N o T e 	 SW4, the AC/battery on/off switch, does not need to be con�gured in the breadboard, 
as the circuit can receive power from the computer while programming the Arduino. 
The LM7805 is not used in the breadboard con�guration for the same reason.

18.	 Check your LCD. If it includes the I2C subassembly board soldered to it, 
you�re okay to continue. Otherwise, solder the I2C board to the display 
as described in �Af�xing the I2C Board to the LCD� on page 3.

19.	 When your LCD is ready, you will need four male-to-female connector 
wires to hook it up. (In the �nished version, you can make a small wire 
harness for it, including wires for VCC, GND, SCL, and SDA.) I usually 
color code these with red and black for positive and ground, green for 
SCL, and yellow for SDA. Plug the VCC wire into the red positive rail, 
the negative into the blue negative rail, SDA to A4 on the Pro Mini, and 
SCL to A5 on the Pro Mini.

Finally, build your programming circuit or plug in your FTDI adapter, 
load the sketch onto the Pro Mini, and you�re all set to go.

The Sketch
The Square-Wave Generator sketch simpli�ed somewhat as I iterated on the 
project. The result is a mercifully compact program, thanks to the integra-
tion of the LTC1799 and the FreqCount.h library (available from the Library 
Manager section of the Arduino IDE). 

/* Square Wave Generator Sketch. Gives a proper reading with multiplier.
 * Parts of this sketch are derived from Paul Stoffregen’s public domain
 * example code.
 */
#include <FreqCount.h>
#include <LiquidCrystal_I2C.h>
#include <Wire.h>

unsigned long freq = 0;
float impulse;

LiquidCrystal_I2C lcd(0x27,20,4);
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where the oscillator would normally connect. I have used this very success-
fully for a variety of applications, particularly when I wanted a quick fre-
quency reading somewhere outside my shop. 

There is no circuitry to protect the processor, so just be careful. The 
unit is meant to use inputs that are standard TTL levels�0 to 5V. The 
Arduino is relatively sensitive and can detect signals at somewhat lower 
levels. If you plan, however, to use it with very low-level inputs�that is, 
less than 0.5V�then you should build some kind of prescaler or preamp 
circuit. 

If you plan to use the Square-Wave Generator as an independent fre-
quency counter, you might want to consider using a preamp to provide the 
ampli�cation and prevent damage to the processor. A simple one appears 
in Figure 9-17, using one-sixth of a 74HC14 Hex Schmitt-trigger inverter. 

Figure 9-17: Optional preamp/buffer for input  
to frequency counter 

Using a preamp will help protect the input of the Arduino because the 
output of the preamp will be limited to the supply voltage. 

Battery Power
While this project was initially designed for use with an external power sup-
ply, it can be easily converted to battery power. The total current drain with 
the LCD backlight lit is just under 100 mA. The capacity of a zinc manga-
nese battery is approximately 500 mA hours. Thus, you can expect a life of 
about 5 hours. Alkaline batteries will tend to do better. 

To accommodate the battery power, I simply replaced the power switch 
with one that had a center-off position. I wired one outer terminal to the 
AC-based power jack, the other outer terminal to the positive terminal of 
the battery, and the center terminal to the positive rail on the PCB shield. 
The negative terminal of the battery goes to ground. That con�guration is 
shown in the current schematic. If you use the enclosure I suggest, a battery 
should �t conveniently. You can use double-sided adhesive to attach a bat-
tery holder.
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24.	 Connect power and ground to the respective red positive and blue 
negative rails.

Now, you�re all set to go with the most basic con�guration. To add the 
digital display: 

1.	 Connect the power and ground of the LCD�s I2C adapter to the respec-
tive red positive and blue negative rails.

2.	 Connect the SDA pin of the LCD�s I2C adapter to A4 (22) on the Nano.
3.	 Connect the SCL pin of the LCD�s I2C adapter to A5 (21) of the Nano. 
4.	 Upload the appropriate software code to the Nano. 

If you want to play with the high-accuracy temperature sensor:

1.	 Remove the LM35 from the circuit (or you can leave it in�it will not 
affect anything).

2.	 Place the high-accuracy sensor in a location where the pins will not be 
affected by anything.

3.	 Connect the power pins of the I2C connection on the MCP9808 sensor 
to the blue negative rail and 5V�pin 27, or the red positive rail�on 
the Nano, respectively.

4.	 Connect the SDA pin of the I2C connection on the MCP9808 sensor to 
A4 (22) on the Nano.

5.	 Connect the SCL pin of the I2C connection on the MCP9808 sensor to 
A5 (21) on the Nano.

6.	 Upload the software to the Nano with the high-accuracy sensor version 
of code.

Now you�re all set to go. 

N o T e 	 This particular breadboard�s positive and negative power rails are not continu-
ous. The �rst 15 are connected, the next 20 are connected, and the last 15 are con-
nected�but not to each other. I used jumpers to connect the rails as needed. 

The Sketches
There are two versions of the sketch: one for the LM35 version of this proj-
ect and one for the MCP9808 version. You can pick a sketch to use based on 
which version of the Chromatic Thermometer you�d like to build, but both 
sketches comprise three basic sections.

After the boilerplate section of loading libraries and preliminary setup, 
the �rst component of each sketch deals with the temperature sensor itself. 
The second section deals with setting up the temperature and LCD readout 
(if used). The �nal element of each sketch details the conditions to turn 
the LEDs on and off to indicate the temperature. I have annotated the code 
with comments where appropriate. 
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The shield includes pads for the MCP9808 chip (installed in Figure 10-9) 
if you elect to solder the chip directly to the board. If you use the MCP9808 
chip rather than the breakout board without another connection to the I2C 
interface, you will have to provide 10-kilohm pull-up resistors to the SDA and 
SCL lines. These are not included in the shield layout but can easily be added 
to the I2C port connections since they would be unused. In the implementa-
tion in Figure 10-9, the 10-kilohm resistors are on the LCD adapter because 
there will be an LCD adapter plugged into the I2C port, eliminating the need 
for the pull-up resistors. 

While the shield �les included for this project provide for direct attach-
ment of the LEDs to the PCB, there are many instances where you may 
want to separate the PCB from the LEDs. For example, I made one version 
where I spaced out high-intensity, 10 mm LEDs an inch apart on a decorative 
piece of wood to create a more dramatic look. To do something like that, 
you�d want to solder long wires to the LED leads and then solder those to 
the PCB. The cathodes of all the LEDs can be wired together, and only the 
anodes need be connected to the board individually. 

Construction
If you haven�t soldered your components to the shield PCB or a prototyping 
board, do so now, and remember to assemble the LEDs with the correct 
polarity. The �nal con�guration of the Chromatic Thermometer depends 
very much on your �nal application, so I will not go into a lot of speci�c 
detail on constructing this project. 

For example, if you want to use a remote temperature sensor, you will 
want a jack or another appropriate connector. You may also want to cut a slit 
in the enclosure to accommodate a wire for the sensor, as well as another 
for a long power connection. And if you are going to build the Chromatic 
Thermometer with only the LEDs and no LCD, you would probably mount 
the electronics inside the enclosure differently. Similarly, if you build the 
high-accuracy version, you may need to adjust how you �t your parts into 
the enclosure. The Chromatic Thermometer shown in Figure 10-10 uses the 
LM35 sensor with the 16×2 LCD.

I used a small box I found on Amazon (originally sold to hold baseball 
cards) to enclose the whole thing and mounted the sensor directly to the 
shield in the three holes to accommodate it in the PCB. If you don�t want 
the LED on the Nano to show, you can unsolder it, or simply cover it with a 
small piece of black electrical tape. 

Whether you use the 3 mm LEDs or the heftier, high-output 5 mm 
LEDs, using some kind of spacer works well for making sure the LEDs are 
lined up at the height you like. When I mounted the readout LEDs to the 
shield, I placed a sliver of unused PCB material to hold all of the LEDs at a 
uniform height (see Figure 10-11). You could use cardboard just as easily, 
and if you want a different height, just use a taller or shorter spacer.



300   Chapter 10 

Mod: Try  DiF F eren    T L E DS

The Chromatic Thermometer shown in Figure 10-8 uses 3 mm LEDs. I ordered 
3 mm LEDs on eBay in 10 different colors, but the leads were a little short. 
Subsequently, I ordered 200 5 mm LEDs in a selection of 10 different colors. 
These also had short leads, but they were brighter and worked well. I did have 
to �le the edges of some of the LEDs where there was a little extra �ashing from 
the mold so they would �t within the 0.200-inch spacing (a little more than 
5 mm) on the PCB. However, I could not �nd enough different-colored high-
output 5 mm LEDs. 

For one experimental version, I used six different-colored high-output 
5 mm LEDs, repeated the colors at the extremes, and went back to the sketch 
to create blinking patterns to differentiate the similar colors. That version of the 
Chromatic Thermometer worked well, and the high-output LEDs made it quite 
noticeable. 

To attract even more attention, you can use high-output 10 mm LEDs. They 
will not �t on the shield PCB shown here, however, as I only spaced the LEDs 
out by 0.200 inches. That spacing allows for most 3 mm and 5 mm LEDs, but 
not 10 mm ones. See Figure 10-12 for a size comparison.

Figure 10-12: From left to right, 10 mm, 5 mm,  
and 3 mm LEDs shown next to a metric ruler

To use 10 mm LEDs, you will have to mount them elsewhere and connect 
them to the PCB with wires. For inspiration, look at the lightbar for the Watch 
Winder in Chapter 4. 
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