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The Author’s Preface to Arduino 
Measurements in Science

Arduino Measurements in Science introduces implementing the basic techniques that 

have been developed to engage in making experimental scientific measurements. I 

hope that this book can assist students—those new to or with limited backgrounds in 

electromechanical techniques or the physical sciences—to devise and conduct the 

experiments they need to further their research or education. I also hope that the book 

is useful where there are limited financial resources available to create and develop 

scientific programs based on experimental science.

Migrating or foraging animals and insects use daylight, near-infrared light, polarized 

light, celestial indicators, chemical traces in water, the earth’s magnetic field, and other 

aids to navigate over the earth’s surface in search of food or to return home to their 

breeding grounds.

Alphabetical classifications, such as astronomy, biology, chemistry, geology/

geography, mathematics, and physics through zoology, are human concepts and 

classifications entirely unknown to travelers of the animal world. There are parallels 

between the animal kingdom’s classless usage of physiochemical parameters and 

current scientific investigations.

A significant amount of new scientific knowledge is being revealed by investigators 

educated in one classifiable discipline using the unfamiliar experimental techniques 

from another. Although written by an analytical chemist, this book is a compilation of 

basic introductory techniques applicable to any scientific discipline that requires the 

experimental measurements of basic physiochemical parameters.

I am an analytical chemist who has worked with vacuum tubes, transistors, 

integrated circuits, mainframe, minicomputers, microcomputers, and microcontrollers. 

Computing technology transitioned from BASIC, Fortran, variations of C then into 

iterations of the open source systems such as Python, Processing (the basis of the 

Arduino microcontroller integrated development environment (IDE) language), and 

Linux operating systems used in the Raspberry Pi. New and revised open source versions 

of languages, IDEs, and operating systems are available free of charge from the Internet.
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This book could be considered virtually obsolete as it is being written, but as with 

the science and technology that it describes, it is a starting point in an ever-changing 

subject. For the researcher and practicing scientist, the fundamentals of science are 

relatively constant and reasonably well understood, so a great deal of caution must be 

used when deciding that a concept or technique is “obsolete.”

The SCADA concept and its development significantly pre-date the PC. Some of 

the transistor and CMOS ICs and the 7400 series of integrated circuitry in heavy use 

today are from the 1970s. Chemical analysis and medical and physical measurement 

techniques taught and in use today date from the middle ages.

SCADA is the acronym for supervisory control and data acquisition. SCADA software 

allows a computer to supervise an electromechanical process by acquiring data from 

sensors monitoring the process being controlled. Many of the measurement techniques 

to be discussed can be considered as single element components that are not only a 

component of a SCADA system but may also be part of the developing technology being 

called the Internet of things (IoT).

HMI is the acronym for human-machine interface. The HMI can be an electronic 

device or construct that provides an interface between a computer, an experiment setup, 

and a human operator. (A graphical user interface (GUI) may serve as an HMI).

USB is the acronym for Universal Serial Bus, a written standard of specifications 

to which electromechanical hardware systems are expected to conform. The USB is a 

subsystem that lets a personal computer communicate with devices that are plugged 

into the universal serial bus. As this book was written, the USB was in its third iteration.

When a personal computer runs supervisory control and data acquisition software 

with a human-machine interface connected via the universal serial bus system, 

then investigative science experiments or other processes, experimental apparatus 

or equipment setups, either “in the field” miles away or “on the bench” next to the 

computer/workstation or laptop, can be monitored and controlled in real time.

Laptop, stand-alone desktop, cabled or wireless networked workstations together 

with internet connections now allow unprecedented flexibility in laboratory or “in-field” 

monitoring of investigative science experiments.

The options available to the experimenters for implementing SCADA systems can 

essentially be divided into three categories based upon the amount of development work 

required to achieve a fully functional system.

The auThor’s PrefaCe To arduino MeasureMenTs in sCienCe
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Complete, finished, working software systems that can measure and control 

virtually any electro-optical-mechanical system are available from manufacturers such 

as National Instruments and Foxboro. Commercially available fully functional, basic, 

software-only systems can be expected to cost in the range of several thousands of 

dollars.

I chose to develop this book on three lower-cost options for SCADA implementation 

on experiment setups.

A moderately cost implementation strategy involving the following resources was 

used to develop the exercises in this book. These resources should also be adequate for 

further experimental development of new applications.

• A PC with SCADA software. Numerous systems are available. 

DAQFactory Express and the base-level DAQFactory version from 

AzeoTech are both used in this book. DAQFactory’s base-level 

software costs approximately $250 CDN.

There are freeware versions of SCADA systems available for those 

who can adapt the software and may require extended flexibility. 

AzeoTech provides an excellent scaled-down but fully workable 

version of DAQFactory called Express with a fully functioning 

plotting facility with limited paging and scripting capabilities.

• A USB HMI. Many devices are available from many manufacturers, 

and the device chosen for this book is the model U12 from the 

LabJack Corporation. (U12 costs approximately $120. U3 was added 

later; it costs approximately $110 USD.)

The LabJack devices are provided with software in the form of a 

working version of the DAQFactory program called Express. The 

LabJack software is excellent for its graphical display capabilities, 

and for many applications in investigative sciences is more than 

adequate.

The DAQFactory Express is limited to ten lines of script code, 

five script sequences, and two display pages. The extensive 

capabilities of DAQFactory’s commercial version may be required 

for some of the project exercises in this book. If the software is to 

be purchased, the reader should start with the most basic program 

available and add upgrades as required.

The auThor’s PrefaCe To arduino MeasureMenTs in sCienCe
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• The third option is the newest and lowest cost approach to 

implementing a SCADA system that consists of the Raspberry Pi 

(RPi), its Linux operating system, the Python programming language 

with its Matplotlib library, and the Tkinter graphical user interface.

The Linux operating system, Python, and its modules are all open 

source projects and free for download from the Internet.

The Raspberry Pi project has made available the Raspberry Pi 

single-board computer (SBC) that can be purchased from many 

large electronics supply houses such as Digi-Key or Newark 

Element 14, to name only two, for $35. The Raspberry Pi board 

requires an HDMI compatible TV or computer monitor, mouse, 

and keyboard to form a full function computing system. The Linux 

operating system software, the Python programming language, 

and its modules are open source software available for free 

downloading from the Internet.

In addition to the virtually no-cost software, the Raspberry Pi 

board contains its own general-purpose input/output (GPIO) bus 

in addition to its USB input/output connection. It contains its own 

HMI requiring no additional circuitry or expense to interface to 

external electronics or experimental setups. The Raspberry Pi board 

is manufactured with an Ethernet connection and is thus network 

capable. Numerous libraries are available online and free of charge 

from the Raspberry Pi Foundation that can interface the RPi to 

sensors, robots, devices, and instruments resident in the real world.

In 2008, an open source project called Arduino made available a series of USB- 

connected microcontroller boards that allowed designers, artists, hobbyists, and non- 

electronics specialists to interface optical-electro-mechanical devices to a computer.

A basic Arduino Uno Rev 3 board can be purchased from any major electronics 

supply house for approximately $20. The software to program the microcontroller 

board is another open source project and is freeware that can be downloaded from 

the Internet. The Arduino board can be used with Windows or Linux-based operating 

systems. It is fully supported with an online forum, many tutorials, and an extensive 

range of example programs and applications. An Arduino can function as a smart 

interface for virtually any computing system.
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Experiments using SCADA-type implementations can take the form of a complete 

commercially available package, useable as received with no required development 

time. A lesser cost system requiring a moderate amount of programming using the 

DAQFactory program and commercial HMI devices such as the LabJack series of 

interfaces is also possible. Finally an Arduino, or an assemblage of low-cost hardware 

and open source software freely available for download on the Internet can be used with 

added development time to form a working system.

In addition to the software and hardware required to implement the monitoring and 

controlling system, additional ancillary equipment may be required in the form of the 

following list.

• A solderless breadboard system, appropriate power sources such as 

battery or electronic regulated supplies, and access to various IC and 

passive electronic components are required.

• A multimeter is required for troubleshooting. A stand-alone 

oscilloscope or an oscilloscope program for a PC may be required for 

more advanced work.

I presumed that you are not entirely new to this technology and can work through 

any of the measurement procedures with the aid of reference texts, online tutorials, and 

component manufacturer’s datasheets. If additional aid is required, academic course 

outlines with exercises can be located online to help you understand the base knowledge 

to implement a specific measurement technique. All science is empirical, and this book 

is no different than real-life scientific work.

You must progress from the simple to the more complicated facets of a measurement 

project, verifying and validating each intermediate step in any multiple-stage 

measurement process.

As the title states, this book deals with monitoring and measuring physical-chemical 

parameters with integrated circuitry and physical computational systems. Inexpensive 

off-the-shelf components are used to monitor and control experimental setups that 

can measure data in the form of basic physiochemical parameters in many classified 

sciences—in some cases, with astounding sensitivity, flexibility, accuracy, and precision.
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 Disclaimer
• 110-volt electricity can be lethal and will start fires.

• Soldering irons are hot enough to cause serious burns.

• This book is only for educational purposes and presents concepts 

demonstrated through experimental formats. These setups have not 

been tested for robustness and are not designed or intended for any 

form of implementation in field service.

These concepts are the basis for education only. They are 

intended as being starting points for further R&D into 

instrumental methods of monitoring experimental scientific 

apparatus to gather data or make physical measurements.

• The concept for this book came to me in the mid-1960s. In the 

interim years, various portions were developed with the technology 

available.

Although the formal assembly of this book began in 2008 using the 

integrated circuitry, physical computing, and Internet information 

resources available at that time, the document continued to 

develop as it was written using new integrated circuits, physical 

computing software, and online information sources. The 

continued availability of software or electromechanical hardware 

is never assured, and hence the practitioners of this or any science 

must learn the art of the “workaround.”
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Foreword for the Book’s Exercises

 Introduction
This work is not intended to be an introduction to data collection. Although motivated 

or enthusiastic investigators can plunge right in and try to pick up needed knowledge 

and skills on the fly, this guide is aimed at those who have at least some experience in 

working with electronic hardware and computer software. A basic familiarity with simple 

electronics and elementary programming in a structured language such as Python or 

C++ will shorten the time required to implement any of the measurement techniques 

presented.

The manufacturer’s literature for most of the data collection hardware referred to in 

this guide provides guidance and elementary activities to familiarize a new user with its 

implementation. Online sources can also provide numerous practical applications using 

the hardware at hand.

This work is devoted to making experimental physio-chemical measurements with 

equipment assembled from readily available components and physical computing 

systems. This book offers written methodologies by which experimenters can make 

fundamental measurements with electronics, electro-optical, and simple mechanical 

systems. A series of experimental measurement procedures for the basic units of 

parameters such as temperature, distance, light intensity, sound frequency, relative 

humidity, and other fundamental measurements are described together with the 

methods for powering and controlling the experimental mechanisms.

The determinations or measurements of individual basic units of interest are unit 

operations that can be combined to measure or control more complex experimental 

investigations. The following techniques represent the unit operations that can be 

assembled in experiment setups to measure the fundamental parameters monitored in 

virtually any scientific discipline.
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 Project Management
The following is a suggested general procedure for developing a supervisory control and 

data acquisition/monitoring project.

 1. In preparation for creating an experimental development project, 

whether for conducting one of the exercises in this book or for a 

new concept, you should review available up-to-date information. 

Collect published work relevant to your project if it adds to your 

depth of knowledge and helps you avoid unnecessary duplication 

of effort. Rough notes and drawings should be collected in a 

notebook (either on paper or in an electronic format).

 2. Arrange the ideas into a logical sequence of development in a flow 

chart or process diagram. Common spreadsheet software and 

word processing programs contain flowcharting capabilities. In a 

flow chart, keep the main process flow downward in the middle 

of the sheet with forward branches to the left or right and the 

backward branches to the opposite side.

 3. Revise the flow chart/process diagram until a final iteration is 

achieved.

 4. Begin assembling the hardware/electronics and corresponding 

software from the project’s simplest unit operations, debugging 

the individual modules and verifying operational status until the 

entire project functions as designed.

In all scientific reports, the documentation must be complete to the point at which 

any other researchers can duplicate the original experimental work and confirm the 

reported observations. Software code must be liberally commented for those attempting 

to duplicate the work being described and for the investigator to modify the code for 

more efficient operation or changes made to the electro-mechanical system under 

development.

To duplicate the work of another, clear definitions of units must exist. Caution is 

required in reading schematic diagrams and attempting to duplicate assembly. Discrete 

components and integrated circuitry are constantly decreasing in physical size or 

replaced with newer technology. The decrease in size means that identification markings 

on components are getting smaller also.

foreword for The book’s exerCises
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Resistor and capacitor markings may appear in several formats as combinations of 

numbers and letters, with the magnitude symbol sometimes replacing the decimal point. 

Surface mount technologies have a three-digit code in which the first two digits are the 

component value, and the third is the power of 10 of the value multiplier.

• Resistance is measured in units called ohms (Ω).

• A megohm (MΩ) is 106 or 1,000,000 ohms; typical identifications may 

be, for example, 1.5M or 1M5.

• A kilohm (kΩ) is 103 or 1,000 ohms; and typical identifications may 

be, for example, 1.2K or 1K2.

• R is 100 or 1 or 1 unit ohm; for example, 100 R or 100 since there is no 

decimal point to replace.

• A milliohm (m) is 1/1000 or 10–3 ohms; for example, 0.052 Ω is written 

as 52 mΩ.

Capacitor units in older works were mainly limited to microfarad and picofarad 

designations. Most current capacitor notation usage seems to adhere to the three main 

fractional designations listed next but has recently been expanded to include the farad 

to avoid using thousands and millions in the micro term when describing ultra and 

supercapacitor devices.

• Capacitance is measured in units called farads (F).

• A microfarad (μ) is one millionth (10–6) of a farad.

• A nanofarad (nF) is one billionth (10–9) of a farad.

• A picofarad (pF) is one micro micro farad or (10–12) of a farad.

When selecting the components required to assemble an experimental setup, a 

certain amount of caution must be exercised to ensure that the finished construct is 

suitable for the desired measurement. A case in point can be found in the creation of 

something as simple as a linearly changing voltage value. Modern electronics technology 

presents two simple methods for the creation of a voltage ramp in which the value of a 

voltage varies linearly with time between a lower and upper voltage value. In a linear 

system, the electrical potential can be deemed to “ramp up” or “ramp-down.”
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If a 4-bit digital to analog converter is used, the values from 0 to 24 (0 to 15 or 16 

digital values) can be created as incremental voltages. A 16 V signal applied to the digital 

to analog converter (DAC) can thus provide a series of discreet steps between the values 

of 0 V and 15 V in approximately 1 V increments. The one-volt steps may be adequate for 

positioning a robot or mirror in any one of 16 possible positions but may not be used in 

an electrochemical application.

In chemical reactions in which several metals are deposited from a solution at 

several different impressed non-integer voltage levels, it might be necessary to have 

a smooth voltage waveform whose voltage value continuously ramps between the 

desired levels. The smooth transition of continuously varying voltage values is an analog 

waveform. It must be generated by special methods, one of which uses a constant 

current source to charge a capacitor to produce a linear voltage change across the 

capacitor plates.

Although calculus demonstrates that by selecting a sufficiently large number of tiny 

steps, we can mimic an analog signal with a digital signal, a digital signal may not have 

the desired value for the application at hand. A continuously variable constant current–

based capacitor charging methodology may be necessary. The selection of which 

variation technique to use for a problem depends on the voltage resolution needed and 

the availability of the required electronic components.

When working with electrical signals from a sensor or experimental apparatus, 

ensure that the output voltage level does not exceed the input voltage capability of the 

electronic components processing the signal. Most discrete integrated circuitry is limited 

to 5 V. Some op-amps operate at up to 18 V. Most surface mount technology operates at a 

nominal 3.3 V.

As with all scientific endeavors, a logical progression should be made from the 

simplest to the more complex. When developing software for a project, you should begin 

with the code required to connect the apparatus to the computing and display circuitry.

The simplest form of electrical signal transmission uses a series connection for both 

analog and digital signals.

Analog voltage signals are often connected directly to the input pins of integrated 

circuits that provide some form of signal processing. Digital signals are connected to pins 

that sense whether the signal is high or low. A large portion of sensor outputs are voltage 

based, but current sensing is also used in some sensor measurements.
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