Volume 140 | Number 4 | 21 February 2015 | Pages 947-1360

Analyst

www.rsc.org/analyst

ISSN 0003-2654

CHEMISTRY MINIREVIEW

Pawel L. Urban
Universal electronics for miniature and automated chemical assays




ROYAL SOCIETY
OF CHEMISTRY

Analyst

View Article Online
View Journal | View Issue

MINIREVIEW

CrossMark
& click for updates

Cite this: Analyst, 2015, 140, 963

Universal electronics for miniature and automated
chemical assays¥

Pawel L. Urban®®

This minireview discusses universal electronic modules (generic programmable units) and their use by
analytical chemists to construct inexpensive, miniature or automated devices. Recently, open-source plat-
forms have gained considerable popularity among tech-savvy chemists because their implementation
often does not require expert knowledge and investment of funds. Thus, chemistry students and
researchers can easily start implementing them after a few hours of reading tutorials and trial-and-error.
Single-board microcontrollers and micro-computers such as Arduino, Teensy, Raspberry Pi or Beagle-
Bone enable collecting experimental data with high precision as well as efficient control of electric poten-
tials and actuation of mechanical systems. They are readily programmed using high-level languages, such
as C, C++, JavaScript or Python. They can also be coupled with mobile consumer electronics, including
smartphones as well as teleinformatic networks. More demanding analytical tasks require fast signal pro-
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cessing. Field-programmable gate arrays enable efficient and inexpensive prototyping of high-perform-
ance analytical platforms, thus becoming increasingly popular among analytical chemists. This minireview
discusses the advantages and drawbacks of universal electronic modules, considering their application in

www.rsc.org/analyst prototyping and manufacture of intelligent analytical instrumentation.
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1. Introduction

When I was a secondary school student, I felt lucky to get hold
of a personal computer with a 486 DX2 processor running at
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66 MHz in a sizeable white box proudly situated on my
desktop. I soon started using it to conduct simple measure-
ments in my “bedroom lab”. During my academic training,
I had a chance to apply science-grade electronic systems in
graduate projects. After I launched my own research group,
I quickly realised that I could get much of the performance of
those quality electronic apparatuses by implementing much
less expensive universal and open-source electronic modules.
Indeed, with the introduction of the Intel Edison micro-
computer in 2014," one can get a lot more computing power
than my 1994 machine in a volume smaller than a matchbox.
Universal electronic modules are generic units that can
readily be adapted for specific applications. For example, they
can facilitate the development of analytical instrumentation.
Many of them are “open source”, which means that their blue-
prints can be easily accessed. Various companies produce
open-source electronic units; therefore, their prices are rela-
tively low. While they are inexpensive, they can readily be
adopted for recording data and controlling electromechanical
components of analytical systems in fundamental and applied
research. They differ from traditional equipment in that they
are specifically designed for others to build and modify, and
include extensive documentation and examples of software
code. The design is simple and modular, and encourages the
construction of integrated systems.” Interestingly, universal
modules have already found applications in various areas of
science,’ including nanotechnology* and behavioural studies.”
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2. Hardware

A large portion of 21% century’s analytical devices use electric
currents. Therefore, the control of these devices, as well as
data acquisition, is normally achieved by some kind of electric
current modulation and recording. Analytical chemists devel-
oping instrumentation often face the problem of designing
and building the electronic part of their systems. The
implementation of integrated circuits (ICs) - pieces of silicon
which incorporate nanoscale wiring and a multitude of nano-
sized electronic elements (c¢f Table 1) - puts the prototypes of
analytical devices closer to the final versions, which can be
commercialised. However, few analytical chemists have formal
training in electronic engineering. Therefore, the development
of application-specific ICs for analytical tasks needs to be sup-
ported by collaborators with appropriate expertise and facili-
ties. It is much easier to implement one of the available
universal ICs with microcontroller functionality. Some of such
ICs can readily be incorporated into simple analytical devices.
They are still very small while offering a lot of flexibility.
However, those who have little time to build much of the cir-
cuitry themselves, or are just experimenting with prototypes,
may prefer to choose one of the available microcontroller pro-
totyping boards which are extremely easy to use and are widely
available. Such modules have an IC or several ICs soldered
onto a larger polymer plate (a printed circuit board or PCB)
along with other electronic elements. They possess numerous
inputs and outputs for facile coupling with sensors and actua-
tors. Various microcontroller boards provide several features
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which are particularly useful for analytical chemists, for
example:

- digital inputs and outputs,

- analogue input,

- connectivity to computer (e.g. via USB port),

- programming in high-level languages.

Digitalised signals are received by digital inputs and sent
out by digital outputs. They are transmitted in the form of
pulses of low and high potentials. For example, in many cases,
the potential 0 V signifies the binary 0 (“zero”, “low” or “off”
state) while the potential 5 V signifies the binary 1 (“one”,
“high” or “on” state). Thus, the digital inputs may directly
receive information from switches with two states (on/off).
Digital outputs may send out simple signals, for example to
control the state of simple light sources (light on/off), relays
(in this context defined as electromagnetically controlled
switches), and other actuators. Thus, they can indirectly
control pumps, valves, electromagnets, motors, and apply elec-
tric potentials. The speed of mechanic actuators (e.g. direct
current motors) may be controlled by supplying pulses of
current separated by pauses. The ratio of the duration of high
and low signals (pause) can determine the speed of motion
(e.g. revolutions per minute, in the case of a direct current
motor). This kind of electric control of an actuator using
digital pulses of electric current is called pulse-width modu-
lation, and abbreviated PWM. The accuracy of PWMs can be
different for different devices: for the common 8-bit PWM (e.g.
Arduino Uno®), 256 discrete levels can be selected, while in the
case of 12-bit PWM (e.g. Arduino Galileo Gen 2),” one can

Table 1 Various types of electronic modules available to analytical chemists, and typical features

Cons

Category Pros

Application-specific integrated circuits (ASICs) - High level of integration
- Small
- Optimised

- No redundancy

Universal integrated circuits - Small

- Versatile

- Inexpensive
Prototyping boards, microcontrollers - Flexible

- Medium performance

- Expertise required

- Design required

- Fabrication required
- Targeted application
- Expensive

- Assembly of circuit required

- Expertise required

- Larger than integrated circuits
- Expensive

- Easy to set up and program
- Community support web pages, tutorials

Single board computers - Versatile

- More expensive than microcontrollers

- Medium performance
- Compatible with Linux environment
- Programmable in various high level languages

Field-programmable gate arrays - Fast
- Flexible
Research-grade electronic control and data - Flexible

acquisition systems

- High performance

- Expertise required
- Relatively expensive
- Expensive

- Bulky

- Intuitive user interface

- Customer support
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Table 2 Selected representative examples of single-board microcontroller/microcomputer modules for prototyping. (The readers are advised to
consult specification sheets provided by the manufacturers to obtain correct and up-to-date data)

CPU Speed Digital Analogue
Name Type® (bits) (MHz) inputs inputs
Arduino Uno cont 8 16 14 6
Arduino Leonardo cont 8 16 14 (20) 6(12)
Arduino Yun cont, comp 8,32 16, 400 14 (20) 6(12)
Arduino Duemilanove cont 8 16 14 6
Arduino Due cont 32 84 54 12
Arduino Mega 2560 cont 8 16 54 16
Arduino Mini cont 8 16 14 8
Arduino Micro cont 8 16 14 (20) 6(12)
Arduino Nano cont 8 16 14 8
Arduino Tre (Developer Edition) cont, comp 8, 32 16, 1000 14, 23 6(12)
Arduino Pro cont 8 8or16 14 6
Arduino Fio cont 8 8 14 8
RBBB cont 8 16 14 6
Trinket cont 8 8or16 5 3
Bluno cont 8 16 14 6
Eleven cont 8 16 14 6
EtherTen cont 8 16 14 (22) 8
Teensy 3.0 cont 32 48 34 14
Espruino cont 32 72 28 (44) 16
Spark cont 32 72 8 (16) 8
chipKIT uC32 cont 32 80 30 (42) 12
Netduino 2 cont 32 120 14 (20) 6
Netduino plus 2 cont 32 168 14 (20) 6
Propeller Mini cont 32 5 19 0
mbed LPC1768 cont 32 96 26 6
Intel Galileo Gen 2 cont, comp 32 400 14 (20) 6
Intel Edison (Arduino Breakout Kit) cont, comp 32 100, 500 14 (20) 6
BeagleBone comp 32 720 >60 7
BeagleBone Black comp 32 1000 >60 7
Raspberry Pi B+ comp 32 700 26 0

“cont - microcontroller board; comp - microcomputer (single board).

access 4096 discrete levels, providing greater accuracy of
control.

Analogue inputs are often used to measure electric
potentials at the outputs of sensor circuits. For example, in
a temperature sensor, the output signal can be related to
temperature and fed to one of the analogue inputs of a micro-
controller PCB (see section 3 for further discussion).

Examples of popular universal microcontroller prototyping
platforms include: Arduino,® Basic Stamp,® Espruino,’
mbed,'® Netduino,"" Propeller,'> and Teensy'® (Table 2). For
instance, the Arduino family comprises over 10 PCBs,
each with a multitude of analogue and digital inputs and
outputs.® 5 V or 3.3 V digital logic options are the most
common, making universal microcontrollers compatible with
a large number of add-on shields - e.g. stackable PCBs with
various additional peripherals (e.g. data converters, sensors,
communications modules), which can be connected to the
microcontroller PCBs without any soldering.

The performance of microcontroller modules depends on
the characteristics of their central processing units (CPUs,
components performing computing and supervising input/
output operations), including the number of bits of infor-
mation processed at a time, and clock speed. Most universal
microcontrollers are equipped with CPUs with 8 up to 32-bit
architectures, and operate at speeds below 200 MHz (Table 2).

This journal is © The Royal Society of Chemistry 2015

For example, the popular Arduino Uno and Mega boards run
at the speed of 16 MHz, while Arduino Due runs at 84 MHz.°
The increased computational speed increases the cost of hard-
ware. If the CPU speed is important for a given application
(e.g. extensive data pre-treatment), a single-board computer
can be used instead of a microcontroller PCB. Popular plat-
forms include (among others): Raspberry Pi,'"* BeagleBone,"’
and Intel Galileo.” For instance, the CPUs of Raspberry Pi
B+ and BeagleBone Black run at the speeds of 700 MHz and
1 GHz, respectively. They also feature general-purpose input/
output connectors with plurality of pins that can be utilised
for communication with external devices.

Most universal microcontroller PCBs are programmed
using the associated integrated development environment
interfaces which are often available free of charge. The most
popular programming language for many microcontrollers
(including Arduino) is C.° It has been adapted for use with
such microcontroller devices. An interesting example of close
integration of computer programming and microcontroller
programming is the implementation of .NET environment in
the programming of some microcontrollers, for example Net-
duino." In this case, the device can be programmed in one of
the modern high-level languages: C#. Other programming
languages are also used: for example, JavaScript in the case
of Espruino.’ In many cases, the program is loaded to the

Analyst, 2015, 140, 963-975 | 965
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permanent memory of the microcontroller and retained even
when the device is powered off. Therefore, the devices can
function autonomously without the need for continued inter-
action with a personal computer. In the case of mbed micro-
controllers,’® the programming is realised via web-based
integrated development environment, which exemplifies the
application of cloud computing in prototyping electronic
systems. The compiled program is transferred to the flash
memory of the microcontroller via the USB cable, and loaded
to the microcontroller. The collected data files can be directly
downloaded from the flash memory of the device, which
makes experimentation very easy. The single-board computers
normally utilise Linux-based operating systems. Therefore,
applications can be created using any of the popular
languages, including C, C++, and Python.

Field-programmable gate arrays (FPGAs) can be defined as
semiconductor devices based on a matrix of configurable logic
blocks connected via programmable interconnects or “repro-
grammable silicon chips”.'®'” While initially they might
have to be considered as “glue logic chips”, they can currently
replace custom application-specific integrated circuits and pro-
cessors.”” Importantly, they can be programmed according to
specific application needs. FPGAs are particularly useful under
conditions which involve high frequencies and systems which
can readily be described by circuits of logic gates. For example,
they are often used to develop devices for processing
digital signals.'® FPGAs have found several applications in
the development of analytical instrumentation, including: fast
data acquisition, frequency counting, multiplexing, filtering,
processing, control of auxiliary devices (pumps, valves,
heaters, lasers, LEDs), synchronisation, interfacing with com-
puters, recording, data storage, data transfer, peak analysis,
feedback regulation, timing and signal generation (Table S17).
They have been used to build a variety of analytical
instruments, including electrochemical sensors,'®?* quartz
crystal microbalances,* ™’ cell sorters,”*** mass spectrometry
systems,>?° and nuclear magnetic resonance spectro-
meters.’”** While there is a growing interest in miniaturisa-
tion of NMR spectrometers,***> FPGAs help to solve the
engineering problems associated with the electronic circuitry
to support the operation of such systems. Another interesting
application of FPGA is in the construction of spectrophoto-
metric detectors for liquid chromatographs incorporating
LEDs as sources of monochromatic light.”® In this case, FPGA
controls the light-source LEDs and reads out the digitalised
photocurrent signal of photodiodes. FPGAs also find appli-
cations in the design of robust microfluidic platforms:
Although many electrical control systems use conventional
logic which includes binary zeros and ones (signal off or on),
automation of analytical methods often requires the
implementation of the so-called fuzzy logic which assumes the
existence of intermediate states to provide better control of
real systems (e.g. microfluidic droplets). Gao et al.*” introduced
a strategy for fuzzy-enhanced feedback in digital microfluidics.
In their design, an FPGA unit scans the capacitance of
each electrode on the chip. The frequency information is
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transferred to the operation unit for real-time computation,
providing electric feedback to the microchip.?” This intelligent
microfluidic system has the potential to provide reliable
droplet manipulation, which is essential for applications in
analytical chemistry. Stand-alone FPGA modules as well as
expansion modules for research-grade platforms are available.
The cost of some FPGA PCBs can be as low as ~50 USD, which
can sometimes be smaller than using a conventional circuit
board while keeping various advantages such as high speed,
low power consumption, and small size."®* While FPGAs
provide excellent performance and flexibility, they are not a
perfect solution for all applications. In fact, setting up FPGAs
for specific applications in analytical chemistry requires a
higher level of expertise, as compared with the other electronic
modules described here. In particular, programming FPGAs is
quite dissimilar to the procedural or object-oriented program-
ming of microcontrollers; it requires the understanding of
logic circuits. Therefore, FPGAs are certainly not the first
choice for less experienced analytical scientists.

Many chemical assays published in the past three years
implement smartphone cameras as sensors (Table S2). These
products can also provide a source of light for reflectometric
and fluorometric measurements, enable communication with
the analyst, assay control, data acquisition and treatment, and
wireless transmission. For detailed overviews of the use of
smartphones in analytical chemistry, the readers are directed
to the specialised review articles published recently.*®">® The
book edited by Karlen®” also provides a nice overview of the
design and applications of mobile point-of-care diagnostic
tools. One may speculate that smartphones will certainly play a
significant role in the development of portable analytical
devices in the near future. The success of smartphones in
analytical chemistry is — in part - related to the fact that it is
possible to convert RGB values obtained by a digital CMOS or
CCD cameras into analytical data (for example, absorbance,
reflectance, fluorescence intensity, etc.). Apart from smart-
phones, other consumer electronic products find applications
in analytical chemistry. For example, a set consisting of a com-
puter screen and an inexpensive digital photographic camera
was recently used to conduct spectral and temporal imaging of
non-linear chemical reactions.’® However, a drawback of using
consumer cameras (e.g. those in smartphones) for the acqui-
sition of analytical data is that many such devices do not
provide direct pixel intensity values. The image treatment
algorithms often affect the dynamic range and/or resolution of
the exported images. Switching off the automatic adjustment
of white balance, exposure time, or saturation can be challen-
ging. Thus, the difficulty of exporting raw data and controlling
data treatment compromises the reliability of the analytical
assays based on consumer electronics.

Certainly, the inexpensive universal electronic modules
have limitations and often lower specifications than the
research-grade electronic control and data acquisition
systems. As opposed to many inexpensive electronic modules,
the high-end systems possess an intuitive user interface,
are highly flexible, and can be expanded with high perform-
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ance digital units, while customer support is normally
available.

3. Analogue-to-digital conversion

Many sensors used in analytical science provide signals that
have an analogue nature. That is, they change over a
certain range of scale (e.g. electric potential). Such signals
need to be binned into discrete intervals within that range
in order to be handled by digital signal processing units.
The number of the bin corresponding to a measured signal
can then be transferred into the binary form, and further
processed digitally. Many microcontroller PCBs provide several
analogue inputs enabled by the on-board analogue/
digital converters (ADC; cf. Table 2). Common applications
of analogue inputs include the measurement of light
intensity, temperature, or electrode potential. Connecting a
photosensor, such as photodiode to an analogue input is
straightforward.>®

The three important parameters of the analogue inputs are:
resolution, speed, and impedance (opposition that an
electronic component, circuit, or system offers to alternating
and/or direct electric current®).

The resolution of an analogue input is directly related to
the type of the ADC used. For example, many Arduinos are
equipped with ADCs with the specified resolution of 10 bits,
which gives 1024 discrete levels of potential that can be distin-
guished by the device (~5 mV at the reference potential of 5 V).
Considering the priorities of analytical chemists, the resolu-
tion of the ADC is closely linked with the so-called quantisa-
tion error (rounding error of the input voltage). While this
error can affect signal noise, and - to some extent — the accu-
racy of the conducted measurements, the quality of the final
analytical output will also depend on the proper calibration of
the detection system as well as the existence of various biases
related to the chemical assay, hardware, and data treatment
algorithm.

Another factor is the voltage range of the ADC. Many
boards can measure positive voltages within the range 0-5 V.
However, the upper limit can be lowered by supplying a
specific (lower) reference potential. This way, the quantisation
error of measurements can be reduced. For example, the width
of bins decreases from ~5 mV at the reference potential of 5 V
to ~3 mV at the reference potential of 3.3 V (when using a
10-bit ADC). While 10-bit resolution is typical for many of the
on-board ADCs, some microcontroller boards have slightly better
performance with respect to this parameter. For example,
Arduino Due® has a 12-bit analogue input while Teensy 3.0 has
a 16-bit analogue input (according to the specification
tables)."® It is also possible to use an external off-board ADC.
Such accessory PCBs are readily available in a variety of
sources at low cost. If the resolution of the ADC conversion is
the priority, one may need to implement a conventional
research-grade platform, which can provide outstanding
resolutions at a higher cost.

This journal is © The Royal Society of Chemistry 2015
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Where timing of data acquisition is important, it is also
necessary to realise the speed of the analogue-to-digital conver-
sion. This parameter is limited by the IC’s ADC clock (e.g.
16 MHz in Arduino Uno), which limits sampling rate. Ways
to improve the sampling rate from the software level are
described in online forums, and can be tested by analysts con-
structing prototypes of their devices.®’ Most boards enable
millisecond temporal resolutions by default. However, in some
cases, micro-second or sub-micro-second resolutions can be
achieved. Increasing temporal resolution can open the door
to exciting applications of these inexpensive platforms, for
example, time-resolved measurements. If an application relies
on the resolution of time base (e.g. collecting absorbance data
in time domain), attention must be paid to the clock jitter®*
since it may influence the quality of the logged data.

The common ways of connecting sensors to analogue
inputs include: voltage divider, Wheatstone bridge, and the
use of operational amplifiers. When doing so, care must
be taken to match the impedance of analogue inputs and the
external sensor circuits. If the impedance of a sensor circuit to
be connected to ADC is too high, an operational amplifier is
normally used. Operational amplifiers can also increase
the sensitivity of the measurements of electric potentials.
Examples of simple electronic circuits, which can readily be
coupled with microcontroller boards can be found in tutorial
books®® and on-line.®*

4. Applications in analytical
chemistry

For early-stage experimenters, it is common to demonstrate
the application of Arduino in photometric measurements.
Examples of such devices have been described in chemical
education literature.®>®® However, using the same boards,
high accuracy measurements can be conducted.®” Several
dozen applications of universal electronic modules (including
ICs, microcontroller PCBs and single-board computers) in the
development of analytical instrumentation have been docu-
mented (Table 3). This section provides examples of possible
applications of universal electronic modules in the construc-
tion of small and automated analytical instruments.

In one study, Mitchell et al®® demonstrated an in situ
pathogen detection system for detecting and quantifying an
Escherichia coli gene (Fig. 1). It relies on hybridisation of target
DNA with quantum dot-labelled magnetic beads. In this
device, the authors used an Arduino Uno to control the
magnet positioner extension and the flow rates of pumps.
A smooth control of these parameters was possible thanks to
the pulse-width modulation enabled by some of the digital
output pins available on the Arduino board.®® Certainly,
Arduino Uno is an inexpensive entry level microcontroller PCB,
and is equipped with 6 PWM output pins.® As outlined above,
PWM is very useful for controlling electromechanic actuators.
Therefore, it should be considered for prototyping analytical
systems by less experienced experimenters. Please note that,
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Table 3 Application of universal electronic modules in analytical chemistry (examples)
Application Platform(s) Features used Ref.
Plasmonic thermocycler Arduino Operation of optical shutter and cooling Roche et al.®

fan
Automated target capture, mixing, controlled Arduino Control of a motor Verbarg et al.®
target release in a microfluidic channel
Automated solid-phase extraction inductively Arduino Synchronisation of the transfer of samples ~ Charlton et al.®”
coupled plasma mass spectrometry and rinsing
Sequential injection analysis using peristaltic Arduino Control of peristaltic pump Kongkedsuk et al.®®
pump and electrochemical detection
Imaging of oxygen and pH Arduino Trigger source Ehgartner et al.*®
Portable bacteria pre-concentrating microfluidic ~ Arduino Control of operation Jiang et al.”?
sensor and impedance sensing system Communication

Sending signals
Electrochemical biosensor array for quantitative =~ Arduino Interfacing heaters Tseng et al.”®
polymerase chain reaction
Reproducible electrochemical etching of sharp Arduino Uno Interfacing etching control circuit Jobbins et al.”!
STM probes
Capacitively coupled contactless conductivity Arduino Uno Confirmation of electrical continuity of Gaudry et al.®>
detection electrode circuit
Control of light-sheet microscopes Arduino Uno Image acquisition and analysis Gualda et al.®?

Hydrogen gas sensor

High-performance liquid chromatography with
fluorescence detection

Single chip detector for capillary electrophoresis
Trapping volatile organic compounds

Dispenser for particles and cells
Photometry
In situ pathogen detection system

Bioimpedance-based 2-dimensional imaging
system for detection and localisation of
pathological epithelial tissues

Solid-phase microextraction, two-dimensional
gas chromatography

Electrochemical biosensor

Nanoliter-scale open chemical reactor
Comprehensive two-dimensional gas
chromatography

3D-printed sensing platform

Spectrophotometric assessment of blood
hemoglobin concentration

Portable capillary electrophoresis system
Determination of nitrogen mustard degradation
products in water samples

Raman system for point-of-care detection of
arthropathic crystals in the synovial fluid
Fluorescence measurement

Oxygen optical sensors

Control of gap height for digital microfluidics

Automated digital microfluidic platform
Colorimetric bioassay

Automated preparation of microscale samples
for mass spectrometry

Determination of oxygen with a light emission
based optical sensor

968 | Analyst, 2015, 140, 963-975

Arduino Uno
Arduino Uno
Arduino Uno

Arduino Uno

Arduino Uno
Arduino Uno
Arduino Uno

Arduino Uno

Arduino Duemilanove
Arduino Duemilanove
Arduino Duemilanove
Arduino Duemilanove
Arduino Due

Arduino Nano

Arduino Nano
Arduino Nano

Arduino Nano
Arduino Pro Mini
Arduino Mega
Arduino Mega
Arduino Mega

Arduino Mega

Arduino Mega

Arduino Mega

Data acquisition
Control of signal
Operation of sampler

Collection and transmission of data
Control of valve actuation, plunger
movement, application of electric current,
communication with GC

Control of a DVD drive unit

Absorbance measurement

Control of the magnet positioner
extension and the flow rates of the pumps
Control

Signal processing

Control of solenoid valves

Scanning potentiostat circuit
Valve actuation
Control of two-stage cryogenic modulator

Control of temperature
Interfacing photodiode
Data acquisition

Automated injection
Control of portable capillary
electrophoresis system
Control of servo motor

Control of LEDs used for excitation
Control of sensor
Distribution of signals

High-voltage switching

Control of component devices, data
collection and processing

Digital output pins for controlling relays
(connected to pump, solenoid actuator,
DC motor)

Operating stepper motor

Interfacing with touch screen
Triggering MS analysis

Control of sensor parts

Hassan et al.®*

Alcaraz et al.””

Drevinskas et al.”®
Ghosh et al.””

Kasukurti et al.”®

McClain,®® Urban®®
Mitchell et al.®®

Ching and Chen®’

Bogusz et al."*°

Loncaric et al.**!
Galas et al.**?
Hantao et al.'®

Chudobova et al.’**
Bond et al.'®

Mai et al.”®
Séiz et al.*®°

Li et al.*”

Awqatty et al.'®®
Badocco et al.***""°
Yafia and
Najjaran'"!

Choi et al.'*?

Fobel et al.'*?

Duy et al.'™*

Hu et al.”®

Mondin et al.**®
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Application Platform(s) Features used Ref.

Automated extraction system Arduino Mega Control of syringe pump See and Hauser”®
Control of multi-position valve
Control of high-voltage module
Trigger of LC

Cost-effective fabrication of transparent Arduino Mega Control of 3D printer for fabricating Shallan et al.'*®

microfluidic chips
Reverse transcription polymerase chain reaction

Wire-guided droplet manipulation

Portable low-cost long-term live-cell imaging
platform
Optical sensing system

Wearable micro-fluidic platform

Robotics-assisted mass spectrometry assay

Unmanned platform for long-range remote
analysis of volatile compounds

Simple module to control a series of PDMS-
based valves

Electrochemical detection on a mobile phone

Capillary microfluidic immunoassays
Microfluidic system for dried blood spot analysis
Droplet-to-digital microfluidic device

Smartphone accessory for detection of Kaposi’s
sarcoma
Point of care genetic testing

Electronic nose for aroma detection

On-line interface of dynamic samples with
GC-MS

Low-cost miniaturised potentiostat

Compact high-resolution capacitively coupled
contactless conductivity detector

Solvent replenishment system for digital
microfluidics

Smartphone controlled handheld microfluidic
liquid handling system

Arduino Duemilanove
Arduino Mega
Arduino Mega
Arduino Uno
Arduino Mega
Arduino Uno
MSP430

Arduino Fio
Arduino Lilypad
Arduino Pro
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normally, PWM pins are not connected to any actuator directly
but via a power transistor. This is because the current drawn
from an output pin in this PCB is limited to 40 mA.

In another work, Mancuso et al.®®

developed a smartphone

accessory capable of detecting Kaposi’s sarcoma-associated
herpes virus nucleic acids down to the concentration of 1 nM.
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microchips
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Control of motors

Operating three motors
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controller
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Control of heating elements
Control of paired emitter detector diode
device

Motion control

Control of LEDs

Collecting data
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Controlling servos of a robotic arm
Triggering MS measurement

Reading digital and analogue signals from

Sensors
Control of head, driver, electrophoresis
module, and detection system
Controlling solenoid actuators

Interfacing mobile phone, data
transmission

Voltage measurement via 16-bit ADC
Control of a digital microfluidic device
Feedback control system

Control of Peltier cooler
Communication with the smartphone

Controlling the temperature of the chip
Triggering the LEDs

Acquiring voltage readings from the
photodiode

Sending data to a Wi-Fi module
Control of the operation

Data storage

Communication with the user

Digital output pins for controlling relays
(connected to peristaltic pump and
solenoid valves)

Convenient interaction with the user
Triggering GC-MS analysis

Cyclic voltammetry measurements on
three-electrode systems

Data storage

Data acquisition

Temperature control

Receiving commands from smartphone
Receiving data from sensor

Controlling pump and valves

Adjusting pressure levels
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Their device was based on an IOIO microcontroller board
which enabled simple communication with the smartphone.®
In fact, the IOIO microcontroller is specifically designed for
Android devices; therefore, it is very suitable for the develop-
ment of miniature analytical systems with smartphone

interfaces.”® Along these lines, Li et al.”" disclosed the design
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Fig. 1 In situ pathogen detection system. The illustration of the Genl-
IPDS showing the labelled hardware.®® Reprinted from K. A. Mitchell,
B. Chua, A. Son, Development of first generation in-situ pathogen detec-
tion system (Genl-IPDS) based on NanoGene assay for near real time
E. coli O157:H7 detection, Biosens. Bioelectron., 54, 229-236, Copyright
(2014), with permission from Elsevier.
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Fig. 2 Smartphone controlled handheld microfluidic liquid handling
system. Block diagram of the system. The system consists of an Android
smartphone, an electronic PCB with microcontrollers and Bluetooth
module, and a pneumatic system capable of generating two different
pressure output. Valve 1 is a two-way normally-closed solenoid valve
and valves 2 to 11 are three-way solenoid valves. Reproduced from ref.
71 with permission of The Royal Society of Chemistry.

of a handheld automated microfluidic liquid manipulation
system controlled by a smartphone. Their device incorporates
elastomeric on-chip valves and a small pneumatic actuation
system (Fig. 2). The control unit was elegantly arranged using
two ATMega328p 8-bit microcontrollers which have different
tasks. The first chip takes care of receiving commands from
smartphones via Bluetooth, sending commands to the second
chip, requesting real-time barometric data, and sending it to
the smartphone, as well as controlling pump and solenoid
valve operation. The second chip controls the status of other
electromechanical components, monitoring the barometric
sensor data, adjusting pressure levels in the two pressure
reservoirs, and sending barometric data to the first chip
when required.”! This study exemplifies the possibility of
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Fig. 3 Rapid electrochemical detection on a mobile phone. (A) Photo-
graph of the assembled prototype device. The arrow indicates the
microfluidic chip. (B) Photograph of the chip and a mobile phone SIM
card for comparison. (C) An enlarged image of the chip with labelled
components. The channels are filled with dye for improved visualisation
of the fluidic network. Reproduced from ref. 72 with permission of The
Royal Society of Chemistry.

constructing modular - yet miniature - analytical sensor
systems composed of multiple electronic control units. Various
tasks are delegated to different microcontroller ICs while the
size of the device is small. However, using bare ICs may
require a substantial amount of wiring and/or soldering; there-
fore, this solution is recommended to experimenters with
some experience in the assembly in electronic circuits on pro-
totyping breadboards, perfboards or PCBs.

Lillehoj et al.”” presented a compact mobile phone platform
for the electrochemical detection of biomolecules which can
potentially be applied in point-of-care diagnostics (Fig. 3). The
control circuit is connected to the smartphone via USB port.
The miniature microcontroller (Teensy 2.0) processes the
received data, and feeds data back to the phone in real time.
However, certain modifications had to be implemented in
order to ensure compatibility with the USB port of the smart-
phone operated with the Android operating system. Although
the Teensy 2.0 module used in this work, is a PCB, it is still
very small compared to the popular prototyping microcontrol-
ler PCBs (e.g. Arduino Uno, Arduino Mega). In fact, the size of
this PCB is comparable with the size of the microfluidic
chip implemented for sample processing and detection. Thus,
Teensy - along with Basic Stamp, Trinket, Arduino Micro,
Arduino Nano, and Spark - is particularly useful in the con-
struction of miniature analytical devices.

Jiang et al.”> demonstrated a low-cost miniature sensor of
bacteria (Fig. 4). It is based on electrical impedance spectro-
scopy. The interface of this device comprises an Android cell
phone, a Bluetooth shield, a microcontroller (Arduino), a chip
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Fig. 4 Wireless mobile phone bacteria sensing system. (a) Picture
showing syringe injection of testing liquid into the sensor package; (b)
close view of the EIS bacteria sensor package; (c) picture showing com-
munication scheme between smartphone sensing app and wireless bac-
teria sensor; (d) diagram of wireless sensing system.”® Reprinted from
J. Jiang, X. Wang, R. Chao, Y. Ren, C. Hu, Z. Xu, G. L. Liu, Smartphone
based portable bacteria pre-concentrating microfluidic sensor and
impedance sensing system, Sens. Actuators, B, 193, 653-659, Copyright
(2014), with permission from Elsevier.

for impedance converter network analyser, and the sensor.”
The Bluetooth shield enables wireless communication
between the sensor device and the smartphone over short dis-
tances. However, using an Arduino along with a shield does
not let one miniaturise the device beyond certain limit. It is
interesting to note that some microcontroller PCBs integrate
wireless connectivity (including antennae) - for example:
Bluno™ for Bluetooth and Spark’ for local wireless
networks. Wireless communication is also enabled by single-
board microcomputers such as the Intel Edison," facilitating
the construction of miniature analytical devices with wireless
connectivity.

Although microcontrollers handle low-voltage signals (typi-
cally, <5 V), they can be used to develop apparatuses that
involve high voltages. In these cases, appropriate interfaces
(for example, relays) are implemented to bridge low-voltage
microcontroller circuits with the high-voltage circuits used in
the analytical procedures. For example, Mai et al.”® developed
a portable capillary electrophoresis system controlled by the
miniature microcontroller PCB - Arduino Nano. Shih et al.”’
applied RBBB Arduino to control a digital microfluidic system
for dried blood spot analysis. In most cases, the digital
microfluidic systems based on the electrowetting-on-dielectric
phenomenon require application of electric potentials to the
electrodes “printed” on the microchip. This requirement can
be addressed by coupling digital outputs of one of the avail-
able microcontrollers (c¢f Table 2) with inputs of a relay exten-
sion board (a PCB with multiple relays, an interface circuit,
and connectors). In this case, the digital outputs provide low-
direct-current low-voltage signals that trigger the corres-
ponding relays. The relays then direct the electric current from
a dedicated power source to the electrodes on the microchip.
The characteristics of that current (direct vs. alternating

This journal is © The Royal Society of Chemistry 2015
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Fig. 5 Abundance of sensors and actuators connected to an open-
source electronic control system in the Robotics-Assisted Mass Spec-
trometry Assay (RAMSAY-1). Abbreviations: FS, force sensor; ACC, accel-
erometer; IRS, infrared sensor; Pl, photointerrupter.8% Reprinted from
S.-H. Chiu, P. L. Urban, Robotics-assisted mass spectrometry assay plat-
form enabled by open-source electronics, Biosens. Bioelectron., 64,
260-268, Copyright (2015), with permission from Elsevier.

current, amplitude, frequency) can be optimised indepen-
dently of the microcontroller.

Microcontrollers also assist the development of instruments
for preparation of complex samples and their delivery to
highly selective detectors (e.g. mass spectrometers). Using
Arduino Mega, See and Hauser’® devised an automated extrac-
tion system. The microcontroller took care of switching syringe
pumps, multi-position valves, high-voltage modules, and trig-
gering liquid chromatograph. Arduino Mega was also at the
heart of a system for automated preparation of microscale
samples for mass spectrometry.”’ It enabled timing and
control of all the main operations of the device, including peri-
staltic pumps, solenoid actuators, direct current motors,
stepper motors, interfacing with touch screen, and triggering
data acquisition. In our recent work,*® we devised a robotics-
assisted mass spectrometry assay (RAMSAY) platform which
takes advantage of flexible and inexpensive open-source elec-
tronic modules (Fig. 5). The robotic arm is equipped with
many sensors that provide feedback information to the control
unit. They include: force sensors, accelerometers, infrared
proximity sensors, and photointerrupters. The control device
comprises four Arduino boards: Mega %2, Uno, and Leonardo;
which communicate with one another. One Arduino Mega
board guides the movements of the robotic arm. The other
takes care of communication with the user via a touch-screen
panel. The Arduino Uno PCB interfaces RAMSAY with the
internet (displaying sample number of the associated website)
while the Arduino Leonardo PCB processes information about
the sample.®® Here, the use of multiple microcontroller PCBs
facilitated the development of the first prototype by adding
new modules along with the associated sensors. Various func-
tions of the system could be programmed separately, which
greatly simplified drafting the code. At the same time, mal-
function of the system could easily be diagnosed and rectified.

Microcontroller PCBs also support the development of
electronic noses. For example, an electronic nose for aroma
detection was recently disclosed.®' In this case, an mbed
(LPC1768) microcontroller enabled control of the device
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operation, data storage, and communication with the user.
While many reports discuss implementation of microcontrol-
ler PCBs, some demonstrate the usefulness of single-board
computers in conducting chemical measurements. In one
study, Diaz Cruz et al.®* developed a low-cost miniaturised
potentiostat based on the BeagleBone board. The apparatus
carries out cyclic voltammetry measurements on three-
electrode systems, and stores the data. Our group recently pro-
posed an on-line interface for transferring dynamic samples to
GC-MS apparatus operated by the popular Raspberry Pi micro-
computer.®* This single-board computer controls peristaltic
pump and solenoid valves, and triggers GC-MS analysis. It also
facilitates interaction with the user. In this case, the use of the
microcomputer was optional, and the unit could readily be
built with one of many microcontroller PCBs listed in Table 2.
However, using modules with higher performance gives the
advantage of flexible prototyping. As the prototype is develo-
ped, new functions can readily be incorporated without
the need to upgrade the platform. The recently introduced
Intel Edison' and the upcoming Arduino Tre® will certainly
give rise to exciting developments in the area of chemical
assay automation and miniaturisation.

Overall, considering the large number of microcontrollers
and microcomputers available (Table 2), it may not be a trivial
task for a chemist to decide upfront which module is best for
their analytical system. Fortunately, many applications can be
served by various modules without substantial loss of perform-
ance. However, there are a few questions which one needs to
ask at the start — for example:

- How many digital output pins do we need?

- How many digital output pins should enable PWM?

- How many digital input pins do we need?

- How many analogue input pins do we need?

- What is the required resolution of ADC?

- Is the size of the device important?

- How much computing power do we need?

- Do we require high-speed control or data processing?

- Which programming language do we prefer to use?

For instance, if we design a digital microfluidic system with
many electrodes to which potentials need to be supplied at
specific times, we may decide to use a microcontroller with a
large number of digital outputs (e.g. Arduino Mega or Due)
that can be coupled with a multi-relay board. If we are inter-
ested in voltage measurements with low quantisation error, we
may opt for a device with a high-resolution ADC (e.g. Teensy
3.0). If we design a miniature sensing device, we may need to
consider the size of the PCB, and choose one of the smallest
units (e.g. Arduino Micro, Arduino Nano, and Spark, Teensy,
Trinket). If our device has to transmit data by radio waves, we
can select a module with wireless connectivity (e.g. Arduino
Yan, Bluno, Spark). If we already have a basic module
(e.g. Arduino Uno) but still want to use a higher resolu-
tion ADC or transmit data wirelessly, we can simply incor-
porate an appropriate extension board into our system, which
will increase its functionality. If we require extra computing
power, or just prefer to program the device using one of the
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compilers available in the Linux environment, we can choose a
single-board computer (e.g. Intel Galileo, BeagleBone, or Rasp-
berry Pi).

5. Conclusions

Open-source and other universal electronic modules have
already entered the analytical chemistry field, enabling
the development of inexpensive instrumentation. They have a
number of advantages: flexibility, good performance, small
size, and low cost. Examples of applications include: sample
disruption, extraction, real-time analysis by mass spectrometry,
robotic sample handling, monitoring of biocatalytic processes,
detection of disease biomarkers, and communication with
smartphones. As automation and computerisation of chem-
istry procedures is gaining importance,® the availability of
universal electronic modules (microcontrollers, microcom-
puters) can help to achieve the projected goals. It is predicted
that the abundance of universal electronic modules and sim-
plification of programming and device assembly will further
inspire analytical scientists to construct innovative automated
and miniaturised systems for various applications. Certainly,
in a number of applications, the conventional research-grade
electronic platforms still outperform the inexpensive PCBs.
They excel in some important parameters (e.g. temporal resolu-
tion, analogue data logging resolution), and in reliability,
intuitive user interfaces, expandability, and support. However,
they come at a higher cost and normally occupy a larger
amount of space, which renders them less suitable for the
development of miniature analytical assays.
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