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1 Introduction
In bioengineering, biosensor, and chemistry research it is desirable to characterize the
chemical properties of bulk solutions as well as interfacial surfaces. By applying an electric
potential across a solution between two electrodes, the electric field induces a current moving from
a positive electrode to a negative electrode. The electric field strength is directly proportional to
the voltage applied, and the resulting relationship between current (the dependent variable) and
voltage applied (the independent variable) allows researchers to asses a plethora of physical
quantities and relationships depending on the application. In food science research, acid
concentrations can be determined since pH impacts the conductivity of the solution. In adsorptive
assay development, the binding of proteins to a surface is a redox reaction which induces a current
signal. In each case, an electrical instrument termed a “potentiostat” can characterize such
phenomena with a high degree of accuracy. Measuring the current signal through these electrodes
while applying a “static” electric potential can provide insight into surface chemistry, rates of
reaction, and chemical concentrations.
Towards the end of the 2000s, improvements in embedded devices as well as increased
research demands prompted academics to develop custom low-cost instrumentation for their
electroanalytical experiments. Laboratory benchtop potentiostats cost upwards of $10,000 and can
only be used in lab settings [1]. Hence, conducting field measurements is unfeasible with such
equipment, and labs with without the necessary funds cannot conduct their own electrochemical
experiments. Much of the excess cost in benchtop potentiostats arises from the cost of
development, their immense level of precision, and their superfluous functionality. As such,
throughout the 2010s researchers have made several attempts to design handheld potentiostats
which compromise on such unnecessary features while providing a significant level of portability
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and/or accuracy. Gradual, iterative improvements upon earlier designs have drastically improved
the accuracy of handheld potentiostats over the past several years, and many researchers seek to
recreate benchtop-level accuracy with these handheld devices.
As research has been made towards improving portable potentiostat designs, many such
designs have compromised on key features such as accuracy, accessibility, price, size, and dynamic
range in order to satisfy the requirements imposed by a specific application (or audience). Some
devices allow for interfacing with smartphones while trading-off the measurable current range.
Other designs enable electrochemical impedance spectroscopy (the high frequency application of
sinusoidal voltage waveforms) while compromising heavily on cost. Each of these devices
introduces their own unique features and tradeoffs, which may limit the accuracy of acquired data.
This paper serves to summarize the core applications of potentiostats and how these applications
dictate the desirable system specifications. Once these specifications have been listed, a
comprehensive design methodology will be presented with a focus on electronic feedback and
control theory. A significant emphasis on reducing signal noise will be placed. Once summarized,
the most commonly cited low-cost potentiostat designs will be reviewed, emphasizing both their
most impressive specifications and their performance tradeoffs. Subsequently, we will highlight
the hardware design approach and work provided in this thesis for the “SIMstat” device. Firmware
development will also be summarized, and future work with MATLAB interfacing as well as a
suggested testing/validation process will be highlighted.
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2 Background
2.1 Portable Potentiostat Applications and Specifications
A variety of science and engineering fields require access to electrochemical
instrumentation. For example, environmental researchers must assess the concentrations of
pollutants in water sources. Commonly, potentiostats are used to detect DC currents which peak
at a specific applied voltage across a sample solution. These peaks correlate directly to the
oxidation/reduction potential of ions present in the solution. Similarly, the amount of current
measured in a cyclic voltammogram correlates with the rate of oxidation/reduction for compounds
present in the sample solution. With the development of low-cost portable potentiostats,
researchers can conduct electrochemical experiments in the field without being restricted to
benchtop setups [1-2]. This has enabled a variety of improvements for environmental and
chemistry measurements. Additionally, such devices have given bioengineers an increased
capacity to characterize the surface chemistry of biosensors [3-4]. Several institutions are using
low-cost potentiostats also to teach college students the fundamentals of electroanalytical
techniques [5]. Each application described faces its own unique demands and challenges. Given
the application-specific nature of engineering specifications, this subsection will detail these
unique constraints and how they inform the design of a given potentiostat.
2.1.1 Environmental and Chemistry Applications
One of the earlier applications for low-cost potentiostats was monitoring biogeochemical
processes in arctic peat soils [1]. For this application, researchers in environmental and electrical
engineering at Cornell designed a chronoamperometry enabled potentiostat which could survive
harsh, sub-freezing temperatures. While the $600 price of fabrication may seem large, this unit
price allowed 24 RF-enabled potentiostats to be constructed and distributed throughout a summer
3

arctic wetland. By taking advantage of the redox reaction induced by bacterial respiration, the
researchers could continuously monitor bacterial metabolism at the working electrodes. Given
recent concerns over the impact of climate change on arctic ecosystems, the development of their
RF-enabled potentiostat allowed the research team to characterize ecological phenomena that no
benchtop potentiostat could permit.

Figure 1: Ecostat Cyclic Voltammetry Performance Compared to the CheapStat and Two Prominent Benchtop
Potentiostats. [2 Fig. 5]

Similarly, researchers at Danube University Krems designed a low-cost potentiostat named
“EcoStat” for characterizing environmental water samples [2]. A key motivation was to eliminate
the need for custom software for interfacing and controlling the potentiostat. Such software is
commonly implemented for benchtop potentiostats, and the team wanted a greater level of freedom
when using their device. Another key goal was to improve upon previous potentiostat designs,
where they vastly decreased the measurement quantization error found in cheaper, pre-existing
models. Additionally, the researchers decreased the noise detected in the analog circuits by
isolating them from the digital circuitry. Digital circuits fundamentally rely on clock signals which
can introduce an entire band of noise in the frequency spectrum. To mitigate this, the designers
fabricated two separate printed circuit boards (PCBs) and implemented a digital PI controller to
improve the accuracy of the transimpedance amplifier. By interfacing their ATmega328
4

microcontroller using their own “POTCON” control software, the researchers demonstrated a
significant improvement over the preexisting “Cheapstat” design from 2011. However, the
tradeoffs inherent to the Ecostat’s design – namely its portability and low cost – prevent it from
achieving the same current measurement accuracy as a benchtop device. Despite such drawbacks,
the researchers can now use the Ecostat to perform electrochemical measurements in the field at a
fraction of cost for a laboratory potentiostat.
2.1.2 Engineering Applications: Biosensors and Assays
Research

interest

in

low-cost

electrochemical instrumentation has also
extended to bioengineering directly in the
form of low-cost biosensors. In 2018, an
ultra-low cost potentiostat was developed to
measure blood alcohol concentration (BAC)
[3]. The device implemented a three-electrode
control scheme and can measure a 40 µL
blood sample via chronoamperometry to
achieve a current measurement sensitivity of
36 nA/ (g Ethanol/L of Blood). At this scale,
the device achieves a 4.5 nA level of current

Figure 2: Smartphone Microfluidic Three-Electrode
Potentiostat for Measuring Blood Alcohol Content [3
Fig. 2]

measurement precision. The research team at the Barcelona Institute of Microelectronics designed
this highly compact device (see Fig. 2) as an alternative to breathalyzers for police use. The sample
container and printed circuit board are almost the same size as a coin and can interface with a
smartphone to provide real-time measurements via their designed Lab-on-A-Chip. To interface
5

with the smartphone, a micro-USB port is used to directly acquire and load the chip’s readings.
With an easy-to-use touch screen interface, this device can be easily used by officers to detect
concentrations of alcohol ranging from 0-1.25 g Ethanol/L blood. Using a calcium alginate
hydrogel containing alcohol oxidase and horseradish peroxidase, this potentiostat can characterize
blood alcohol content with the same accuracy as a breathalyzer.
Wireless, wearable electrochemical sensors have also been developed for real-time
biometric monitoring [4]. A 35 mm by 20 mm by 25 mm wireless, low-cost three-electrode
potentiostat was developed by London researchers to characterize lactate concentrations. It is
speculated that future improvements in device measurement accuracy will enable the simultaneous
measurement of pH, sodium, and lactate from sweat during physical exercise. Such a device may
enable breakthroughs in exercise physiology, as medical scientists will be able to monitor the
chemical makeup of sweat in real time.
2.1.3 Educational Applications
An easily overlooked application for recently developed low-cost potentiostats is science
education. The JUAMI potentiostat demonstrated in 2018 is fully compatible with a LabVIEW
graphical user interface and can perform cyclic voltammetry, linear sweep voltammetry, and
chronoamperometry [5]. Despite suffering from a relatively poor measurement sensitivity of 10
µA, the device maintains an impressive unit cost of $40. The researchers hope the device can be
readily implemented in either a high school or college setting to teach students about
electroanalytical principles.
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2.2 Control Theory and Circuit Topologies for a Low-Cost Potentiostat
Although dozens of highly varied low-cost portable potentiostat designs have been
implemented, they all build upon identical circuit design principles. By definition, a potentiostat
is a device which asserts a “constant” electric potential between two electrodes. However, due to
Ohm’s Law, if the current flowing across the solution is too large while the resistance across the
channel is constant, then the voltage will vary directly with the current level. This is undesirable,
as the applied voltage must remain independent of other variables throughout an experiment. For
a two-electrode topology, this change in applied voltage will alter the chemical kinetics at the
surface of interest. This problem is readily resolved by placing a third “common” electrode as the
current source instead. Feedback control is implemented to maintain a constant voltage between
the working and reference electrodes; quickly making analog design a prerequisite for designing
effective low-cost instrumentation. The following subsection will provide a general design
methodology for constructing a novel low-cost potentiostat implementation.
2.2.1 General Low-Cost Potentiostat Design Principles
The article by
Arevalo-Ramirez et. al.
provides

a

concise,

high-level explanation
of

how

potentiostats

low-cost
are

designed (see Fig. 3)

Figure 3: Low-Cost Potentiostat Conceptual Block Diagram [6 Fig. 1]

[6]. Fundamentally, a laptop uses a serial communication protocol to interface with a
preprogrammed microcontroller. This microcontroller will communicate with a Digital-to-Analog
7

Converter (DAC) to generate a specified voltage level. This analog DC voltage can commonly
range between -2 V and 2 V. Subsequently, a filter stage is applied to remove any high frequency
signals. Then, an operational amplifier is used to control the voltage at the counter electrode. The
three-electrode cell has a reference electrode which serves the sole purpose of controlling a
feedback loop which adjusts the counter electrode voltage dynamically. This topology maintains
a constant reference voltage by using the closed loop gain to dynamically adjust the current flowing
from the counter electrode to the working electrode. This control method allows for a constant
voltage to be applied at a given surface while maintaining a measurable current signal.
Misleadingly, Figure 3 implies the microcontroller manually controls the feedback loop by
reading a digitized voltage reference and manually adjusting the output DAC voltage. This is rarely
the case, as a feedback loop constructed with
operational

amplifiers

is

much

more

responsive. Although the diagram implies the
microcontroller receives “ADC 2,” this is not
the dependent variable from the experiment.
Instead, it is the “ADC 1” voltage signal
measured in the current measurement stage. In
Figure 4: Transfer Function Characteristics of a
Transimpedance Amplifier [6 Fig. 3-4]

Figure 4, a transimpedance amplifier with a
Bessel filter is described. By connecting the

inverting input to the amplifier output via a complex load, the inputted current signal is both
transformed to a voltage and Bessel filtered. The use of the capacitor allows the attenuation of
noise greater than 10 Hz. If this is not implemented, then noise would degrade the desired current
signal and the signal-to-noise ratio (SNR) would be suboptimal. Once the transimpedance
8

amplifier has converted and filtered the current signal, the corresponding voltage can be converted
into a digital signal via an Analog-to-Digital Converter (ADC). This digital voltage is read by a
microcontroller, and the digitized voltage level can be saved and plotted using a personal
computer.
Given

these

analog

design

considerations, researchers have taken a
range of approaches for mitigating the
technical challenge of implementing such
circuitry. One team at Naresuan University in
Thailand demonstrated a Programmable
System on Chip (PSoC) which operates as a
potentiostat [7]. The researchers state a key
drawback

of

implementing

low-cost

potentiostats is the technical skill required to
construct them. As such, the PSoC chip used
contains all required analog and digital

Figure 5: Photographs of a Programmable System-onChip Potentiostat [7 Fig. 5]

circuitry necessary for implementing their potentiostat. This functionality is entirely located on a
single integrated circuit costing $10. Despite the immense accomplishment that this presents, the
design overlooks a critical flaw: significant current signal noise.
Using the PSoC Creator 4.1 development environment released by Cypress
semiconductors, the researchers programmed a PSoC 5LP device. By loading a hex file onto the
device, they could implement a subset of the onboard analog circuits in a topology functionally
identical to a potentiostat constructed with discrete components. Using several voltage DAC
9

circuits, a current DAC circuit, a Delta Sigma ADC and two internal operational amplifiers, a
voltage reference circuit and a current sensing circuits is implemented. Significant noise within
the measured current signal is introduced from the Dithering voltage DAC. This current noise must
be reduced with a 100 nF capacitor, which correspondingly attenuates output voltage noise. This
implementation does allow the analog design to be reprogrammable; allowing researchers to
devise their own analog designs and implement them at the firmware level.
The PSoC potentiostat presented continues to suffer from current noise ranging from 2.5
nA-25 nA. This is an order of magnitude worse compared to the best performing low-cost
potentiostats available, of which will be discussed in the next section. Additionally, the Digital-toAnalog converter used has a voltage resolution of 1 mV, which is significantly less than 0.05 mV
afforded by the Dstat and uMED devices. The PSoC potentiostat is partially redeemed by
providing the lowest cost possible for a potentiostat, but its lack of modular design fundamentally
limits the functional capabilities of the design.
2.2.2 Operational Amplifier Control and Feedback Principles in Application
Three-electrode
potentiostats are easily the
most common method for
implementing

potentiostats.

However, researchers at the
University of North Carolina at
Chapel Hill have developed a
Figure 6: SweepStat Block Diagram [8 Fig. 1.a]

$40

potentiostat

named

“SweepStat” which exclusively uses a two-electrode topology [8]. Initially their goal was to
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decrease the cost of electrochemical instrumentation for both high school and college curricula.
Developed as an open-source design, the Arduino-based approach makes critical tradeoffs to
reduce the system cost. This design is capable of measuring current with an accuracy of 0.15 µA,
which allows it to compete impressively with benchtop potentiostats over a limited dynamic range.
While previous designs typically cost around $100, the heavy use of the onboard
functionality in the Arduino Teensy enables the platform to isolate all analog circuitry from the
digital Arduino board. The Arduino Teensy contains both a DAC and an ADC onboard for
interfacing with the analog amplifier circuitry. Using a combined topology integrating the
reference electrode with the common electrode, a negative feedback loop generates the current
across the electrodes, of which is converted to a voltage output with minimal noise. Although the
a two-electrode potentiostat can be theoretically implemented with one amplifier, additional
feedback compensation techniques are used to improve the SNR of the measured current signal.
This results in a final analog design containing several additional operational amplifiers.
The precision of the measured current signal is arguably the most significant achievement
of this design. Despite the dynamic range only supporting -1.5 µA to 1.5 µA, the small current
measurement error of 15 nA allows this potentiostat to characterize ultramicroelectrodes.
Ultramicroelectrodes have an internal radius less than 25 µm, meaning the potentiostat gain mode
of 10 nA/V allows the potentiostat to characterize the nanoampere signals resulting from these
small surfaces. If such precision is undesirable, then the 1 µA/V gain mode can be used to instead
characterize macroelectrodes. This potentiostat achieves an impressive current resolution, but this
design trades off the measurable current range significantly as a result. The design can only
characterize low voltage ranges or high impedance samples, which is why a three-electrode
approach is much more commonly implemented.
11

One of the most
cited low-cost potentiostat
designs is the Dstat, which
was

designed

researchers

at

by
the

University of Toronto with
the

goal

comparable

of

achieving
current

measurement accuracy to
benchtop potentiostats [9].

Figure 7: Dstat Cyclic Voltammetry Performance [9 Fig. 5]

This open source design, with a 16-bit DAC and a 24-bit ADC, was inspired heavily by the
“CheapStat” design published in 2011. Previous low-cost designs placed excessive focus on field
portability and under-emphasized achieving benchtop signal quality. Figure 7 shows how the Dstat
performs compared to both the low-cost CheapStat and an EmStat development board. This work
places a significant emphasis on analog design and high-level circuit design principles; ultimately
setting the standard of quality for handheld potentiostats.
The EmStat is an electrochemistry development board designed and manufacture by
Analog Devices and PalmSens BV, while the CheapStat is a custom design developed by
researchers at UC Santa Barbara. Dryden et. al performed cyclic voltammetry, square wave
voltammetry, and differential pulse voltammetry on all three devices (see Fig. 7). Their results
suggest the Dstat’s performance was comparable to the EmStat, and was a significant improvement
over the CheapStat design.
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Despite an immense amount of firmware development, experiments suggested that their
measurement error was near the quantization error for an equivalent 16-bit ADC. Correspondingly,
this suggests their 24-bits ADC was not fully utilized, and the 8 nA error of observed error for 100
Ω gain was nearly three times larger than the 3 nA simulated for the device. Despite these errors,
the researchers demonstrated the current accuracy was closer to 600 fA as higher gains. By the end
of their publication, Dryden et. al. concludes that an Accumet AR50 benchtop pH meter had
virtually no noise difference to the Dstat when measuring glass electrodes.
By analyzing, simulating, building, and iterating over previous low-cost potentiostats,
researchers have made low-cost instrumentation which can achieve remarkably similar
performance to benchtop systems. Using analog design principles in addition to extensive noise
analysis, researchers are pushing the limits of low-cost designs by intelligently selecting and
designing their hardware. Given the accomplishments of the open-source Dstat design published
in 2015, a milestone was set for low-cost instrumentation. We will subsequently assess how the
technology developed leading up to this critical work, and we will draw conclusions on where this
technology is heading in the coming years.

2.3 Novel and Cutting-Edge Potentiostat Implementations Relative to Dstat
Much of the progress in low-cost potentiostat design has been motivated by incremental
improvements. A key trend accelerating progress has been the publication of open-source designs.
Open-source designs have allowed academics to critique, copy, and improve upon each other’s
work. As such, it is valuable to determine where low-cost handheld potentiostat designs initially
came from. The Dstat has contributed to the state-of-the art, but it will not be emphasized in this
section. Instead, we will analyze the prior designs which the Dstat improved upon. State-of-theart designs will be subsequently selected and compared based on their influence on the field.
13

Lastly, we will assess recently published electrochemical impedance spectroscopy (EIS) capable
potentiostats to determine if the additional functionality provided by EIS is worthwhile to include
in future potentiostat designs.
2.3.1 Early Potentiostats
The first major publication emphasizing an
open-source design for a low-cost potentiostat was
the “CheapStat” [10]. Researchers at UC Santa
Barbara wanted to design a highly portable, lowcost potentiostat for field use. Prior to this
publication, a large array of low-cost, custom built
potentiostats were introduced on a case-by-case
basis for a wide variety of application; most of
which demanded low-cost and portability. The
open-source CheapStat costs less than $80 and has

Figure 8: Cheapstat Voltammetry Measurements
for Arsenic Contaminated Water Samples. [8 Fig.
5]

inspired a range of publications since 2011. While this robustly documented design suffers from
significant current signal inaccuracies, it was nonetheless highly influential and inspired the
subfield of low-cost potentiostat research.
A key motive for designing the Cheapstat was to reduce the cost of electrochemical
experiments. Many laboratory potentiostats cost near $10,000 and are completely immobile. While
a variety of similar products cost less than this, they can still cost several thousands of dollars
while providing limited functionality. By designing a low-cost, open source platform using several
commercially available integrated circuits onto a PCB, low-cost electrochemical analysis has been
introduced across a variety of STEM fields. Most importantly, the researchers believe that making
14

their design-open source would give qualified researchers common platforms to improve,
optimize, and publish their new designs. CheapStat was designed with an Atmel XMEGA
microcontroller, a Texas Instruments TLC2263CP operational amplifier, a Texas Instruments
TPS61097 low quiescent current boost converter, and a FT232RL USB-to-USART chip. After
printing the circuit board and assembling the components, the researchers performed cyclic
voltammetry on arsenic contaminated water samples (see Fig. 8). Despite a considerable level of
variance in the measured current signal over a 0-10 µA range, the device can clearly demonstrate
arsenic ion peaks within measured water samples.
While the potentiostat was a landmark publication, in the years since 2011 it has become
obsolete. Several newer potentiostats have been developed which have current measurement
accuracy comparable to benchtop systems.
These “State-of-the-Art” potentiostats have
demonstrated novel features and compete to
provide the top specifications. A brief
overview of these devices is described in the
following subsection.
2.3.2 State-of-the-Art Potentiostats
Predating the publication of Dstat by
one

year

is

the

Universal

Mobile

Electrochemical Detector, or uMED [11].
This handheld potentiostat, designed by
researchers at Harvard University, can
transmit electrochemical data via cell towers.

Figure 9: uMED Appearance, Cellular Interface, Block
Diagram, and Potentiostat [11 Fig. 1 A-D]
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The goal of uMED is to provide electrochemical sensing in impoverished and resource-limited
areas around the world. While many publications have focused on decreasing the cost of
electrochemical devices for academia, this article presents a portable, hand-held potentiostat which
can upload and download experimental data for humanitarian efforts. In this application, the device
is designed as a public health and environmental assessment tool. In poor regions of the world, it
can be difficult to afford the equipment necessary for testing water quality. Likewise, robust tools
for performing electrochemical assessments can be challenging to afford. With the uMED
potentiostat, researchers can record critical environmental and diagnostic test data, of which can
be uploaded to or downloaded from a cellular network.
Unlike most low-cost potentiostats, the uMED can link with 2G, 3G, and 4G phones to
relay data to and from data servers. Furthermore, the uMED potentiostat can perform a broad range
of electrochemical experiments including cyclic voltammetry, differential pulse voltammetry,
square-wave voltammetry, potentiometry, and chronoamperometry. Few handheld potentiostats
can perform this broad range of electrochemical experiments while also providing low current
signal noise. The current noise ranges from 5-0.5 nA, and the DAC voltage resolution is an
impressive 0.050 mV, or 50 nV. However, the maximum sampling rate supported is 800 samples
per second. This can be a drawback in high speed electrochemical applications. Despite these
tradeoffs, the $25-unit cost as well as the 16-bit ADC controlling the reference electrode makes
the uMED a robust potentiostat well suited for a variety of applications.
Another high quality potentiostat design is the Ecostat, which was used to infer the growth
of E. Coli by the oxidation of a cell culture substrate [12]. The Ecostat was originally designed in
2015 [2]. Using this design, the researchers were able to measure the rate of growth of an E. Coli
culture, which was directly proportional to the oxidation of substrate in the solution. This design
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has been shown to be a significant improvement
over the CheapStat and was constructed using a
high resolution 16-bit DAC in addition to two high
resolution 16-bit ADCs. The experimental data
collected was compared to two high-end benchtop
potentiostats: the VersaStat4 and the Reference
600. As shown in Fig. 10, cyclic voltammetry
experiments

across

all

four

potentiostats

demonstrate how close the Ecostat performs
relative to benchtop potentiostats. Given the
Ecostat’s accuracy, the researchers justify using the
Ecostat for their bacterial respiration experiments.
The Dstat, uMED, and EcoStat are three
high-quality low-cost potentiostat designs. These

Figure 10: EcoStat Validation via Cyclic
Voltammetry [12 Fig. 6 A-H]

devices show promise by changing the way environmental, bioengineering, and biosensor research
can be conducted. These devices also represent the current expectation for handheld potentiostat
capabilities. However, none of the publications for these designs were published within the past
five years. Relatively little progress has been made since these platforms were initially published,
and a literature review shows a new interest in a new type of electrochemical device:
electrochemical impedance spectroscopy enabled potentiostats.
2.3.3 EIS Enabled Potentiostats, Their Tradeoffs, and Their Future
Commonly, electrochemical techniques apply a DC voltage across a surface and measure
a resulting current flowing from the common electrode to the working electrode. This allows
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researchers to calculate an effective “resistance” corresponding to an interface. However, there
could also be a complex reactance associated with the surface as well. The reactance of a surface
is electrically analogous to a capacitor, and it can be valuable to acquire this information as well.
However, any reactance will appear as an open circuit element during a DC analysis. Instead, this
reactance must be characterized using electrochemical impedance spectroscopy, which is
functionally identical to voltammetry except the applied voltage between the reference and
working electrode is a sinusoidal voltage. Given the improvements in low-cost electrochemical
instrumentation over the past decade, researchers have begun to develop “low-cost”
electrochemical impedance spectroscopy platforms to acquire increased information from
biosensor surfaces [13-14]. These instruments, their tradeoffs, and their anticipated future will be
discussed within this section.
At the University
of Barcelona, researchers
have developed a $300
potentiostat capable of
characterizing
impedance

complex
for

frequencies ranging from
0.1 Hz to 10 kHz [13].

Figure 11: EIS Enabled Potentiostat Design Overview [13 Fig. 3]

Commonly, low-cost potentiostats have been incapable of electrochemical impedance
spectroscopy due to challenges with noise reduction, additional signal processing hardware, and
overall increased design complexity. In this paper, researchers present a novel potentiostat design
which can perform both DC and AC electrochemical experiments on eight electrodes in parallel.
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This potentiostat design allows for the analysis of eight separate working electrode surfaces. While
most DC potentiostats can analyze a single working electrode, this portable potentiostat design
multiplexes these eight surfaces in order to determine an “average” impedance. With these
electrodes, the researchers characterized the presence of Tumor Necrosis Factor α (TNF-α) with a
high degree of accuracy using anti-TNF-α antibodies adsorbed to a 4-carboxymethyl aryl (CMA)
diazonium treated gold surfaces.
At the electrode surface, TNF-α was detected by measuring the impedance magnitude and
phase as a function of frequency. A linear calibration curve in the ~10 kΩ impedance range was
drawn between the impedance magnitude observed in a benchtop device in and the magnitude
measured in the portable device. The resulting correlation of 0.98 suggests the impedance
measured by the portable potentiostat can be effectively predicted using the developed EISenabled device. However, the significant $300 price for building this device will limit how widely
such a device will be adopted.
Similarly, researchers at the
University of Hawaii Manoa designed
the ABE-stat, which is a similar low-cost
EIS-capable

potentiostat

[14].

Remarkably, the ABE-stat was designed
based off the Dstat, which does not
support EIS. To effectively process the
high frequency response signals, the
Figure 12: Complex Impedance Measurements for the ABEStat [14 Fig. 8]

ABE-stat

incorporates

an

AD5933

network analyzer chip. This critical component allows the system to process the high frequency
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signals used, and overall allows the ABE-stat to achieve more functionality than a typical DC
potentiostat. Ultimately, the researchers hope the device will increase the usage of electrochemical
techniques in both food safety and environmental applications.
A critical flaw with the ABE-stat is how it introduces significant current signal noise.
Significant effort was taken to isolate the analog integrated circuits from the digital integrated
circuits. Ferrite beads were incorporated into the design to minimize the current noise, and the
control amplifier network was redesigned to accept a wide range of AC input frequencies. Despite
these efforts, there is approximately a 4 nA standard deviation for the 1000 Ω gain setting and 0.1
nA standard deviation for the 1 MΩ gain setting. Due to the ADC chips used, there is much greater
current noise observed in the ABE-stat than the Dstat. Furthermore, there were significant errors
with characterizing impedances below 1 kHz, and the device is not well designed for characterizing
such frequencies.
Overall, EIS-enabled potentiostats show significant potential. Using such devices may
provide a greater level of insight into the chemistry at biosensor surfaces, and may provide access
to novel, low-cost diagnostics. However, the increased challenges for developing such devices
significantly hinders their overall progress, and it is not immediately clear if they provide any new
useful information. As such, this work will focus on designing a DC potentiostat which can
satisfactorily perform cyclic voltammetry.
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3 Hardware Design
3.1 Specifications and Overview
Initially, the SIMstat was designed to improve upon previously developed platforms. Prior
to beginning the initial stages of development, a key design challenge was to create a mobile, easyto-interface potentiostat which achieved comparable performance to benchtop devices. Many of
the initial design goals and desired features are summarized as follows:
1. The potentiostat must be programmable and reprogrammable
2. The potentiostat must use be low power (<10 mW)
3. The potentiostat must interface with a laptop computer via a USB serial interface
4. The device must, at a minimum, be capable of performing cyclic voltammetry
5. Cyclic voltammetry experiments performed with the device must have an accuracy
comparable to benchtop equipment.
A simplified block diagram is provided below:
Since the application does not delve into integrated circuit design itself, much of the work
associated with development has centered around the challenges of designing an accurate and lowcost platform using discrete components. Significant challenges arise when attempting to integrate

Figure 13: SIMstat Overall Block Diagram
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digital circuits with analog platforms, particularly with eliminating the digital clock interference.
Such considerations are critical when performing PCB design as well.

3.2 LTC-1658 Digital-to-Analog Converter (DAC)
Resolution was a major limitation of pre-existing prototypes initially developed within the SIMs
Lab at Oregon State. In any low-cost potentiostat setup, the interfaces between the analog and digital
components are the Analog-to-Digital Converters (ADCs) and Digital-to-Analog Converters (DACs).
Since potentiostats must amplify and apply the initial voltage setpoint provided by the DAC, the DAC
limits the voltage accuracy within the electrochemical experiment. As such, the LTC-1658 Rail-to-Rail
DAC was the first integrated circuit selected in our design. The device has a resolution of 14 bits. If the
voltage reference is placed at 1.5 volts, then 1-bit resolution leads to a DAC output voltage of 1.5V/ (2^141) = 91 µV resolution.

Figure 14: LTC-1658 Datasheet Serial Timing Diagram
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For a given Digital to Analog Converters, their output voltage is determined by the digital
value latched onto an internal register. The bits used within the device must be set using serial
communication. The LTC-1658. The timing diagram for the device can be found in Figure 14.
According to the LTC1658 Datasheet, there are four digital traces which are used to control the
analog output. They are summarized as follows:
1. CLK
a. Provides rising clock edge transitions for loading individual bits serially
2. Din
a. Provides the 14 voltage bits for setting the output voltage
3. CS/LD
a. Used to load or latch the 14-bit word (+2 dummy bits) into the register
4. Dout
a. A data trace which serially outputs the previously loaded digital voltage
All the serial traces controlling the DAC are summarized above. To interface with this
device, the ATmega1284 microcontroller was selected for the following features:
1. A Serial-Interface Compatible USART Module (with TX and RX traces)
2. A Second USART module for interfacing with the Digital to Analog Converter (DAC)
3. An onboard 10-bit Analog to Digital Converter.
4. The option for an external clock source
5. Support for clock speeds near 20 MHz
For the initial development stages of this project, a soldered proto-board was prepared
using dual in-line (DIP) models of the LTC1658 and the ATmega1284. The embedded C
development for the ATmega1284 is described in section 4. To program the ATmega1284, a
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SparkFun Electronics ATtiny programmer module was used. However, the primary power source
used during the interface development was the CP2102 USB Serial Interface module. This module
allows a personal computer (commonly with a Windows Operating System) to instantiate a USB
serial communication interface. The troubleshooting and development of this is additionally
detailed in section 4. From a hardware design perspective, several pins of the ATmega1284 must
be preselected based on their functionality. The following table summarizes the pins used in the
ATmega1284 DIP and SMD models. Included in this table are the corresponding pin numbers,
and which is helpful when protoboarding the DIP model. The final PCB design will replace all
DIP circuits with a QFN model.
Table 1: ATmega1284 Port Selection
Pin
Functional
Name
(Port Name)

Pin Description

DIP
Pin #

QFN
Pin
#

IC Connected With

MOSI (PB5)

The “Master-Out Slave-In” is used by a programmer to
drive information serially to the microcontroller

6

1

SparkFun
Programmer

MISO (PB6)

The “Master-In Slave-Out” Pin is used by a programmer
to digitally communicate (i.e. receive) information from
the microcontroller.

7

2

SparkFun
Programmer

SCK (PB7)

The “Serial Clock” is used by the Master module to
coordinate the timing of transmitted information
between a programmer and the ATmega1284

8

3

SparkFun
Programmer

RESET

This is used to reset the ATmega1284 device by the
programmer

9

4

SparkFun
Programmer

VCC

Used to Power the ATmega with 5 V of power

10

5

5 V Power Rail

GND

Used as a voltage reference between circuits, and for
distributing power

11

6

Ground Power Rail

XTAL2

Used by an external oscillator to accurately set the
system clock to 8 MHz. This requires the XTAL1 pin to
be connected as well

12

7

Side of Oscillator

XTAL1

Used by an external oscillator to accurately set the
system clock to 8 MHz. This requires the XTAL2 pin to
be connected as well.

13

8

Side of Oscillator
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RXD0
(PD0)

Used by USART0 in SPI mode for receiving
information

14

9

TXD of the CP2102
USB-serial converter

TXD0
(PD1)

Used by USART0 in SPI mode for transmitting
information

15

10

RXD of the CP2102
USB-serial converter

TXD1 (PD3)

Used by USART1 in SPI mode for transmitting
information

17

12

Din on the LTC1658

XCK1 (PD4)

Used by USART1 in SPI mode as a clock signal to
synchronize the transmission of data.

18

13

CLK
on
LTC1658

(PC0)

Used for digital communication. Connects to the LD
traces and is used for
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19

LD on the LTC1658

(PC1)

Used for digital communication. Dedicated for analog
multiplexing.

23

20

Port A on the
MAX4614 Analog
Multiplexer

(PC2)

Used for digital communication. Dedicated for analog
multiplexing.

24

21

Port B on the
MAX4614 Analog
Multiplexer

(PC3)

Used for digital communication. Dedicated for analog
multiplexing.

25

22

Port C on the
MAX4614 Analog
Multiplexer

AVCC

Analog VCC. Used to power the Analog-to-Digital
Converter Onboard the ATmega. This helps isolate
noise from the digital electronics connected to the
power rail.

30

27

Interfaces using a
series Inductor and a
Parallel Capacitor

AGND

Analog GND. Used to power the onboard Analog-toDigital Converter.

31

28

GND

AREF

Analog Reference. This is the maximum analog voltage
which can be read by the ADC.

32

29

1.5 VR

(PA0)

ADC Input

40

37

TIA
Output

(PA1)

DAC Voltage Output to Be Read (For TroubleShooting
Purposes)

39

36

DAC
Analog
Voltage Output

the

Amplifier
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3.3 Schematic Overview

Figure 15: SIMstat KiCad Schematic (Draft)

3.4 Printed Circuit Board Design

Figure 16: SIMstat PCB Schematic and Layout (Draft)

26

4 Firmware Development
4.1 Embedded C Development
Programming the ATmega1284 was performed using a SparkFun Electronics ATtiny
Programmer. The USB programmer was controlled via a Windows 10 laptop. The integrated
development environment (IDE) for writing the C executable was Atmel Studio 7. This
environment is designed as an extension of Microsoft Visual Studio, and allows firmware
developers to write and compile .hex executable files. A .hex file is an extension representing
“hexadecimal.” This file encoding scheme is useful since it compactly organizes executable code
into a readable format. The most recently compiled .hex executable is shown as follows:
:1000000045C000004BC0000049C0000047C00000D0
:1000100045C0000043C0000041C000003FC00000D8
:100020003DC000003BC0000039C0000037C00000E8
:1000300035C0000033C0000031C000002FC00000F8
:100040002DC000002BC0000029C0000027C0000008
:1000500025C0000023C0000021C000001FC0000018
:100060001DC000001BC0000019C0000017C0000028
:1000700015C0000013C0000011C000000FC0000038
:100080000DC000000BC0000009C0000011241FBEFD
:10009000CFEFD0E4DEBFCDBF85D012C1B1CF80910C
:1000A000C800882344F4AEECB0E0E8ECF0E08C91BA
:1000B00080818823E4F308951092CD0083E3809338
:1000C000CC00EAECF0E080818E608083E9ECF0E027
:1000D0008081886180830895E8ECF0E0908195FF4D
:1000E000FDCF8093CE00089580E0E8ECF0E0AEEC28
:1000F000B0E001C0892F90819923ECF79C919A3050
:10010000C9F708951092C5001092C400209A83EC9C
:100110008093C20088E08093C1000895E0ECF0E095
:10012000208125FFFDCFE6ECF0E090838083E0ECBA
:10013000F0E0808186FFFDCF289AE1ECF0E080813D
:10014000877F808382E48A95F1F700C0409A82E439
:100150008A95F1F700C0289882E48A95F1F700C0EB
:10016000409882E48A95F1F700C0289A80818860DF
:1001700080830895EAE7F0E08081806880830895B5
:10018000EAE7F0E080818064808387EC90E001976B
:10019000F1F700C00000809178002091790090E094
:1001A000922B0895E1E6F0E080E880831082389A8F
:1001B00083DFA8DFDFDFE12CF12C0F2EFCEC5F2EBC
:1001C000F02D0CE00F2EF8E96F2EF02D0F2EF9E137
:1001D0007F2EF02D0F2EF4E68F2EF02D0F2EF6E24F
:1001E0009F2EF02D0F2EF0E3AF2EF02D0F2EF3E308
:1001F000BF2EF02DCC24CA940F2EFFE3DF2EF02D5E
:100200008FE097E20197F1F700C000006DDF182F33
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:100210008FEC97E00197F1F700C0000040DF812FDD
:100220005BDFC0E0D0E0CE01880F991F880F991FD7
:1002300075DF2196C11590E4D907A9F7103349F16C
:10024000113351F1123359F1133361F1143369F160
:10025000153371F18FE19EE40197F1F700C00000C2
:100260008FDFEC018DE338DF8D2F806335DFCE012A
:10027000807F9927929582958F7089279F70892713
:1002800080632ADF8C2F8F70806326DF8AE024DF73
:10029000B7CF8E2D9F2D0EC0852D902F0BC0862D94
:1002A000972D08C0882D992D05C08A2D9B2D02C041
:1002B0008C2D9D2D880F991F880F991F2FDFCACF76
:0402C000F894FFCFE0
:00000001FF

The above information is loaded using AVRdude (a Win32 computer program) via USB
to a prespecified programming device. In our case, the programming device is the SparkFun
Electronics ATtiny USB programmer. The device requires six connections in order to program a
given microcontroller. These connections are listed as follows along with their purpose:
1.

RESET
a. Used by the programmer to reset the microcontroller. If not connected, the
microcontroller will not be erased and will keep executing the pre-existing
instructions located on the internal memory.

2.

MOSI
a. The “Master-Out Slave-In,” or MOSI, refers to a bus the “master” device
uses to output information to a connected “slave” device. The master
fundamentally controls the communication.

3.

MISO
a. The “Master-In Slave-Out” or MISO, refers to a bus the “master” device
uses to receive imputed data from the output of a “Slave” device.

4.

5V
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a. This is a 5-volt DC power rail for powering the microcontroller from the
USB programmer thumb stick.
5.

SCK
a. The “Serial Clock” or SCK, refers to the bus used by the “master” device to
synchronize the reading and writing of digital bits on the MOSI and MISO
traces. The “master” device generates this clock signal, which is
correspondingly used by the “slave” to synchronize the communication.

6.

GND
a. This is a simple ground power rail for receiving the current which powers
the ATmega1284 (which flows in through the 5V trace). This is also used
by all other traces as the voltage reference they all share.

The names of these pins corresponding to each on found on the programmer and the
ATmega1284 are summarized as follows:
1.

Programmer-Reset connects to the ATmega1284-RESET

2.

Programmer-MOSI connects to the ATmega1284-PB5

3.

Programmer-MISO connects to the ATmega1284-PB6

4.

Programmer-5V connects to the ATmega1284-VCC

5.

Programmer-SCK connects to the ATmega1284-PB7

6.

Programmer-GND connects to the ATmega1284-GND

The SparkFun ATtiny programmer thumb stick jumper pins were connected to the
ATmega1284 via jumper pins accordingly. However, the AVRdude interface was not trivial and
required several parameters to be set at the Windows 32-bit command line, which is detailed in

29

section 8.1. Additionally, the custom configuration settings for programming the ATmega1284
must be specified in the AVRdude configuration file. This is detailed in section 8.2.

4.2 RS-232 Compliant Serial Interfacing with the ATmega1284
The second firmware development task was communicating via an RS-232 Serial Interface
with the ATmega1284 using a USB-Serial connector. A CP2102 USB 2.0 6-pin UART module
was used to interface with the onboard ATmega1284 USART module. Significant challenges arose
with timing, as the default clock speed for the ATmega1284 is 1 MHz. The settings used when
instantiating the serial interface include:
1.

Polarity: Standard

2.

Bits: 8

3.

Parity: None

4.

Stop Bits: 2

5.

Baud Rate: 9600

6.

Data Format: ASCII

After instantiating the computer serial interface, a Digilent Analog Discovery 2 USB
oscilloscope was used to analyze the digital information sent through this interface. A key
oversight was assuming the internal clock frequency of the ATmega1284 equated to the “F_CPU”
constant set within the main.cpp file. However, this is only a constant used for setting timers
accurately. The default rate is 1 MHz due to an internal fuse which divides the internal 8 MHz
clock signal by 8. After realizing this, the baud rate was properly set to 9600 bits/second, and the
ATmega1284 was programmed to read a character from the serial interface. Upon reading this
character, the ATmega1284 would increment the character by 1 and return it to the computer via

30

Figure 17: Digilent Serial Interface Recording a “4” character over a serial interface

the serial interface. After the ASCII character “3” was sent, a “4” character was returned to the
computer. This is highlighted in Figure 17.

4.3 Serial Communication with the Digital to Analog Converter
Once information could be reliably sent and received by the computer to the ATmega1284,
we could use this serial interface to drive pre-specified voltage values to our Digital-to-Analog
Converter. Initially, the DAC was tested by ramping the 14-bit digital value written from 0 to
2^14-1 = 16383. Correspondingly, the DAC output voltage was shown to produce a sawtooth-like
waveform as shown below:

Figure 18: Incrementing the DAC Voltage and Measuring the Output DC Voltage

Once we could effectively set the voltage on the DAC, our last step for developing this
interface was manually setting the DAC output voltage. The main.cpp was adjusted to send a
digital voltage value corresponding to a digit character entered through the computer-to31

microcontroller serial interface. The ATmega1284 was placed in a while loop where it would wait
to read a received character from the computer terminal. This character would be matched to the
following equation in order to write the proper 14-bit voltage level to the DAC. Since the DAC
used a 5-volt trace as the reference, the ATmega1284 used the following equation to calculate the
necessary 14-bit sequence:
𝑉

=

𝑉
∗ (2
5.0 𝑉

− 1) [𝑟𝑜𝑢𝑛𝑑𝑒𝑑 𝑡𝑜 𝑛𝑒𝑎𝑟𝑒𝑠𝑡 𝑏𝑖𝑡]

The corresponding integer value was loaded onto the DAC for Vinput = 0 V, 1 V, 2 V, 3
V, 4 V, and 5 V. A digital voltmeter was used to measure the outputted voltages shown below:
Character:

Voltage(V)

'0'

0.012

'1'

1.03

'2'

2.06

'3'

3.09

'4'

4.11

'5'

5.13

One key difference was the slightly high voltage expected, with an error about +3% across
all six cases. This is because the actual voltage on the 5-volt power rail is approximately 5.1 volts.

4.4 Instantiating and Reading the Analog to Digital Converter
Once the DAC had been fully tested and implemented, our next design task was to
implement the ATmega1284 onboard 10-bit analog to digital converter. To set the voltage, the
DAC output was shorted to the ADC input and the DAC was digitally set using commands sent to
the ATmega1284. A key issue was reading the information retrieved from the DAC. Since there
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are 2^10 =1024 options, we did not have enough ASCII characters to effectively encode the read
voltage. As such, we implemented a character lookup table for each 4-bit sequence. This enabled
an ASCII lookup table like hexadecimal. Each character received was assigned to a set of four bits
as follows:
0
1
2
3
4
5
6
7
8
9
:
;
<
=
>
?

is
is
is
is
is
is
is
is
is
is
is
is
is
is
is
is

0b0000
0b0001
0b0010
0b0011
0b0100
0b0101
0b0110
0b0111
0b1000
0b1001
0b1010
0b1011
0b1100
0b1101
0b1110
0b1111

=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=

0x0
0x1
0x2
0x3
0x4
0x5
0x6
0x7
0x8
0x9
0xA
0xB
0xC
0xD
0xE
0xF

Using the terminal, we set the voltage
at the ADC input by shorting it with the DAC
output. The received encoded information at
the terminal is summarized in Figure 19.
Decoding the observed ASCII triplets, we
inferred the following digital values were
received:

Figure 19: Measured Serial-Interface Voltages Using the
Onboard ATmega1284 10-bit ADC
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0V
1V
2V
3V
4V
5V

was
was
was
was
was
was

018
0<3
193
260
330
3??

=
=
=
=
=
=

0x018
0x0C3
0x193
0x260
0x330
0x3FF

=
24
= 195
= 403
= 608
= 816
= 1023

If approximately 5.1 Volts corresponds to 2^10-1 = 1023 (the Voltage of VCC and VREF)
then we can compute a decimal/floating point representation as follows:
5.1V*(24/1023)
5.1V*(195/1023)
5.1V*(403/1023)
5.1V*(608/1023)
5.1V*(816/1023)
5.1V*(1023/1023)

=
=
=
=
=
=

0.120V
0.972V
2.009V
3.031V
4.068V
5.100V

The above values were consistent with the voltages sent to the DAC. Thus, the firmware
development on this project currently enables the following features:
1. RS-232 Serial-Communication Via USART with the ATmega1284
2. SPI Interfacing with the DAC and Accurate Voltage Setting
3. Analog-to-Digital Conversion of the DAC Output Voltage
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5 Future Work and Applications
5.1 MATLAB Development and ADC Improvement
Unfortunately, due to current events we were unable to justify undergraduate lab access
during Spring of 2020. Correspondingly, we could not perform more hardware development. The
two primary next steps for this project entail developing a MATLAB interface and selecting a
more robust ADC. Using MATLAB, we plan on reading and writing voltages in real-time using
the platform. Once the analog circuitry has been implemented, we believe MATLAB could provide
a simple graphical user interface and allow for real-time plotting of cyclic voltammetry data.
However, there are significant concerns that our ATmega1284 onboard ADC does not have
enough voltage resolution to perform robust voltage measurements. Specifications from the Fu
Lab would require current measurements from 0.1 µA to 100 µA. A 10-bit ADC can achieve 1024
unique readings. Thus, we would likely want to implement a higher resolution ADC with 16-bits
in order to guarantee we can perform current measurements with a significant level of precision.

5.2 Design Fabrication, Electrical Testing and Electrochemical Validation
We hope to finalize and print our circuit-board design in the future. This can only be
completed once all hardware is finalized in our design. Afterwards, we will perform continuity
and resistance testing to verify the integrity and connectivity of our PCB traces. Using
oscilloscopes, we will measure in real-time the voltages at each of the three electrodes in our
system. This will be done during cyclic voltammetry experiments, where we will subsequently
compare our digital potentiostat measurements to the oscilloscope readings. After testing this
electrical accuracy provided, we plan to also fully validate the device by performing cyclic
voltammetry with a benchtop potentiostat and compare its performance to our design.
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6 Conclusion
Over the past ten years, an enormous amount of progress has been made on low-cost
potentiostat devices. More specifically, extensive improvements have been made since the
publication of the open source “Cheapstat” design. After the “Dstat” was subsequently published
in 2015, it became possible to perform cyclic voltammetry using a portable device at an accuracy
comparable to benchtop potentiostats. However, in the past five years there has not been the same
level of improvement in handheld potentiostat design. Instead, researchers appear to focus on
creating portable potentiostats optimized for specific applications and audiences. There have been
designs which have made use of the Arduino teensy, a single Programmable-System-On-Chip, or
even smart-phone GUIs to control a potentiostat. A more recent trend has begun to emerge where
researchers are attempting to make low-cost electrochemical impedance spectroscopy (EIS)
potentiostats as well. Each one of these published devices has made significant compromises on
the system specifications however, and it is fascinating to see how few researchers have fully
improved upon the Dstat’s design since its publication. Some designs, particularly the uMED and
the EcoStat, have comparable performance to the Dstat across a wide range of specifications.
Moreover, the uMED has more functionality than any other handheld potentiostat to this day and
was designed over six years ago.
The design proposed in this document does not improve over the Dstat. This design is not
an attempt to improve over the Dstat. Tradeoffs with cost, ease-of-construction, development time,
accuracy, noise, and resolution all influence the design of low-cost potentiostats. More
importantly, the applications for such a device in OSU research labs will not always require the
Dstat’s level of accuracy. Regardless, the significant development put forth for our “SIMstat” can
be used to expedite the development of future low-cost potentiostats at Oregon State University.
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Given the cross-disciplinary nature of this research, this document can be used as a first reference
for students and faculty who want to become more familiar with both electrochemical principles
and electronic design.
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8 Appendix
8.1 AVR Programming Overview
\Universal GUI\Universal Programmer\avrdude>avrdude -c usbtiny -p m1284 -U
flash:w:VoltammetryPrototype.hex -v
Parameter
Option

Parameter Value

Parameter Meaning

-c

usbtiny

The programmer ID. This depends on the physical
programmer device used, and allows the computer to
properly communicate with the programmer. This is the
USB ATtiny programmer

-p

m1284

The part number. This is the microcontroller device to be
programmed, which is the ATmega1284 (m1284) in this
case.

-U

flash:w:VoltammetryPrototype.hex

The generic format:
memtype:op:filename[:format]
 memtype
o The memory type to be operated on
o The ATmega1284 flash memory is used
 op
o The operation to be completed
o “W” Refers to reading the file provided
and writing its contents to the connected
device
 filename
o The file to be used from the computer
o In this case, it is
“VoltammetryPrototype.hex”
 [:format]
o The file format to be used when reading
the file
o This parameter is entirely optional

-v

N/A

Allow for verbose AVRdude programmer output. This is
useful for troubleshooting.
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8.2 ATmega1284 Configuration Settings.
#-----------------------------------------------------------# ATmega1284
#-----------------------------------------------------------# similar to ATmega164p
part
id
desc
has_jtag
stk500_devcode
avr910_devcode
signature
pagel
bs2
chip_erase_delay
pgm_enable
chip_erase
timeout
=
stabdelay
cmdexedelay
synchloops
bytedelay
pollindex
pollvalue
predelay
postdelay
pollmethod

=
=
=
=
=
=
=
=
=
=

"m1284";
"ATMEGA1284";
yes;
0x82; # no STK500v1 support, use the ATmega16 one
0x74;
0x1e 0x97 0x06;
0xd7;
0xa0;
9000;
"1 0 1 0 1 1 0 0
0 1 0 1 0 0 1 1",
"x x x x x x x x
x x x x x x x x";

= "1 0 1 0
"x x x x

1 1 0 0
x x x x

1 0 0 x
x x x x

x x x x",
x x x x";

200;
= 100;
= 25;
= 32;
= 0;
= 3;
= 0x53;
= 1;
= 1;
= 1;

pp_controlstack
=
0x0E, 0x1E, 0x0F, 0x1F,
0x4E, 0x5E, 0x4F, 0x5F,
0x66, 0x76, 0x67, 0x77,
0xBE, 0xFD, 0x00, 0x01,
hventerstabdelay
= 100;
progmodedelay
= 0;
latchcycles
= 6;
togglevtg
= 1;
poweroffdelay
= 15;
resetdelayms
= 1;
resetdelayus
= 0;
hvleavestabdelay
= 15;
chiperasepulsewidth = 0;
chiperasepolltimeout = 10;
programfusepulsewidth = 0;
programfusepolltimeout = 5;
programlockpulsewidth = 0;
programlockpolltimeout = 5;

0x2E,
0x6E,
0x6A,
0x00,

0x3E,
0x7E,
0x7A,
0x00,

0x2F,
0x6F,
0x6B,
0x00,

0x3F,
0x7F,
0x7B,
0x02;

idr
= 0x31;
spmcr
= 0x57;
allowfullpagebitstream = no;
memory "eeprom"
paged
page_size
size
min_write_delay
max_write_delay
readback_p1
readback_p2

=
=
=
=
=
=
=

no; /* leave this "no" */
8; /* for parallel programming */
4096;
9000;
9000;
0xff;
0xff;
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read

= "

1

0
1
0
" 0
0
x
" a7 a6 a5
" o
o
o

x
a4
o

write

= "

1

1
0
0
" 0
0
x
" a7 a6 a5
" i
i
i

x
a4
i

1
0
0
i

1
0
0
i

loadpage_lo = "
" 0
0
" 0
0
" i
i

0

writepage = " 1
1
0
" 0
0
x
x
" a7 a6 a5 a4
" x
x
x
x
mode
=
delay
=
blocksize
readsize
;

0
0
0
0 a2
i
i

0
0
a1
i

0

0
0
0",
a11 a10 a9
a3 a2 a1
o
o
o

a8",
a0",
o";

0

0
0
0",
a11 a10 a9
a3 a2 a1
i
i
i

a8",
a0",
i";

0
0
0",
a0",
i";

0
0
0
1
a11 a10 a9 a8",
a3
0
0
0",
x
x
x
x";

1",

0",

0x41;
10;
= 128;
= 256;

memory "flash"
paged
size
page_size
num_pages
min_write_delay
max_write_delay
readback_p1
readback_p2
read_lo

yes;
131072;
256;
512;
4500;
4500;
0xff;
0xff;
" 0
0
1
0
"a15 a14 a13 a12
" a7 a6 a5 a4
" o
o
o
o

0
0
a11 a10
a3 a2
o
o

0
a9
a1
o

0",
a8",
a0",
o";

read_hi

= " 0
0
1
0
"a15 a14 a13 a12
" a7 a6 a5 a4
" o
o
o
o

1
0
a11 a10
a3 a2
o
o

0
a9
a1
o

0",
a8",
a0",
o";

loadpage_lo

= "
"
"
"

0
0
x
i

1
0
a6
i

0
x
a5
i

0
x
a4
i

0
x
a3
i

0
x
a2
i

0
x
a1
i

0",
x",
a0",
i";

loadpage_hi

= "
"
"
"

0
0
x
i

1
0
a6
i

0
x
a5
i

0
x
a4
i

1
x
a3
i

0
x
a2
i

0
x
a1
i

0",
x",
a0",
i";

writepage

= " 0
1
0
0
"a15 a14 a13 a12
" a7
x
x
x
" x
x
x
x

1
1
a11 a10
x
x
x
x

0
a9
x
x

0",
a8",
x",
x";

mode
=
delay
=
blocksize
readsize
;

=
=
=
=
=
=
=
=
=

0x41;
10;
= 256;
= 256;

memory "lock"
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size
read

= 1;
= "0 1 0 1
"x x x x

write

;

= "1 0 1 0
"x x x x
min_write_delay = 9000;
max_write_delay = 9000;

memory "lfuse"
size
read

= 1;
= "0 1 0 1
"x x x x

write

;

= "1 0 1 0
"x x x x
min_write_delay = 9000;
max_write_delay = 9000;

memory "hfuse"
size
read

= 1;
= "0 1 0 1
"x x x x

write

;

= "1 0 1 0
"x x x x
min_write_delay = 9000;
max_write_delay = 9000;

memory "efuse"
size
read

1 0 0 0
x x x x

0 0 0 0
x x o o

0 0 0 0",
o o o o";

1 1 0 0
x x x x

1 1 1 x
1 1 i i

x x x x",
i i i i";

0 0 0 0
x x x x

0 0 0 0
o o o o

0 0 0 0",
o o o o";

1 1 0 0
x x x x

1 0 1 0
i i i i

0 0 0 0",
i i i i";

1 0 0 0
x x x x

0 0 0 0
o o o o

1 0 0 0",
o o o o";

1 1 0 0
x x x x

1 0 1 0
i i i i

1 0 0 0",
i i i i";

= 1;
= "0 1 0 1
"x x x x

0 0 0 0
x x x x

0 0 0 0
o o o o

1 0 0 0",
o o o o";

= "1 0 1 0
"x x x x
min_write_delay = 9000;
max_write_delay = 9000;

1 1 0 0
x x x x

1 0 1 0
1 1 1 1

0 1 0 0",
1 i i i";

write

;
memory "signature"
size
read
;

= 3;
= "0
"x

0
x

1
x

1
x

0
x

0 0 0
x a1 a0

x
o

x
o

x
o

x
o

x
o

x
o

x
o

x",
o";

memory "calibration"
size
= 1;
read
;

;

= "0 0 1 1
"0 0 0 0

1 0 0 0
0 0 0 0

0 0 0 x
o o o o

x x x x",
o o o o";
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8.3 Instantiating a Serial Interface.
Step #1: Open the Command-Line Terminal on Windows and type "Powershell"
Step #2: Type the following to acquire the ports available in the operating system:
[System.IO.Ports.SerialPort]::getportnames()
Step #3: Using one of the free ports, specify this COM port in the following command:
$port= new-Object System.IO.Ports.SerialPort COM#,Baudrate,None,8,one
Step #4: If reading information from the command line, type the following command:
$port.ReadLine()
Step #5: If writing information using the command line, type the following:
$port.WriteLine("some string")
Step #6: To Close the Interface when done, type the following:
$port.Close()

8.4 Integrated Circuit Selection
1. ATmega1284-SMD
1. uController
2. LTC1658
1. 14-Bit DAC
3. MAX4477
1. DAC Analog Voltage Buffer
4. LMP7702
1. Feedback Voltage Gain
5. LMP7715MF
1. Shield Protection Amplifiers
6. LMP7721
1. Transimpedance Amplifier
7. MAX4617
1. Analog Multiplexer
8. ECS-80-18-30-JGN-TR
1. Crystal Oscillator
9. LP2985IM5-5.0/NOPB (5 V)
1. 5 V Voltage Regulator for Power
10. LP2985IM5-3.3/NOPBCT-ND (3.3 V)
1. 3 V Voltage Regulator for Power
11. ISL21010CFH315Z-TKCT-ND (1.5 VR)
1. 1.5 VR for Amplifier Topology
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8.5 Most Recent main.cpp File (with Comments)
#include <avr/io.h> //Basic Input/Output Interfacing
//Define the CPU frequency for the Delay.
#ifndef F_CPU
#define F_CPU 8000000 //Define the 1MHz Clock Speed for the delay
#endif
#define BAUD 9600
// BAUD RATE for both USARTS
#define BRR_COMP F_CPU/16/BAUD-1
#define BRR_DAC F_CPU/2/BAUD-1
#include <util/delay.h> //Basic Timing and Delay Functionalities
//#include <util/twi.h> //Provides Bit Masks for the Two Wire Interface
//Define important Bit Names
//On PORTB:
#define UCPHA0 UCSZ00
#define UCPHA1 UCSZ01
//On PORTC:
#define LD PC0
//On PORTD:
#define XCK1 PD4
#define TXD1 PD3
#define RXD1 PD2
//On Data Direction Register D:
#define D_XCK1
DDD4
#define D_TXD1
DDD3
//On Data Direction Register C:
#define D_PC0
DDC0
//Define Useful, Simple Operations To Make Code Readable
#define low(x)
((x) & 0xFF) //Keep only the first 8 bits
#define high(x)
(((x)>>8) & 0xFF) //Shift the var right 8 bits, and keep these 8 bits
#define
#define
#define
#define

SET_BIT(port,x)
(port |= (1<<x))
CLEAR_BIT(port,x) (port &= ~(1<<x))
TOGGLE_BIT(port,x) (port ^= (1<<x))
DBL_LEFT(x) (x<<2)

//Define Pertinent Values
#define MAX_VOLTAGE 16383
// //ADC definitions
#define ADC_0 0
#define ADC_1 1
#define ADC_2 2
#define ADC_3 3
#define ADC_4 4
#define ADC_5 5
#define ADC_6 6
#define ADC_7 7
void loop_until_ADSC_is_clear(void){
while(ADCSRA&=(1<<ADSC)){
}
}
void AcquireADC(void){
//Do a conversion to get rid of rubbish
ADMUX=(1<<REFS0 | ADC_0);
//Internal VCC Voltage Reference

//Conversion on channel 0, thermistor input
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ADCSRA |= (1<<ADSC);
loop_until_ADSC_is_clear();
}

//Start conversion
//Wait for conversion complete

void SendADCToSerial(void){
}
//Load a Byte of Data into USART1 Buffer
void LoadData(char x){
UDR1 = x;
return;
}
//Send a Byte Until the Data Register for UART1 is empty
void Transmit_Byte(void){
while (!( UCSR1A & (1<<UDRE1)) ){
(void) 0;
};
return;
}
void USART1_Flush( void )
{
unsigned char dummy;
while ( UCSR1A & (1<<RXC1) ) dummy = UDR1;
}
void USART1_COMP_init(void){
//16*10^6/(16*9600)-1 = 103.166 ~= 103
//set baud rate to 9600
UBRR1H = high(BRR_COMP);
UBRR1L = low(BRR_COMP);
//ensure we are not using double speed
//CLEAR_BIT(UCSR1A,U2X1);
//CONFIGURE: 8 BIT DATA, 2 STOP BIT, NO PARITY
UCSR1C |= (1<<USBS1)|(1<<UCSZ11)|(1<<UCSZ10); //SET 8 BIT DATA FRAME
UCSR1B |= (1<<RXEN1)|(1<<TXEN1);
//ENABLE RX AND TX
}
void USART1_COMP_Transmit(uint8_t data)
{
/* Wait for empty transmit buffer */
while (!(UCSR1A & (1<<UDRE1))){};
/* Put data into buffer, sends the data */
UDR1 = data;
}
uint8_t
{
/* Wait
//while
uint8_t
uint8_t

USART1_COMP_Receive( void )
for data to be received */
we have not triggered the receive complete flag
data = 0x00;
trash = 0xFF;

while(trash != 0x0A){
while (!(UCSR1A & (1<<RXC1))){};
trash = UDR1;
if(trash!= 0x0A){
data = trash;
}
}
/* Get and return received data from buffer */
return data;
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}
void USART0_Flush( void )
{
unsigned char dummy;
while ( UCSR0A & (1<<RXC0) ) dummy = UDR0;
}
void USART0_DAC_init(void){
//8*10^6/(2*9600)-1
//set baud rate to 9600
UBRR0H = 0;
UBRR0L = 0;
DDRB |= (1<<DDB0); // 1<<XCK0 is the USART Clock Trace, Set as Output
//CONFIGURE: MSPI Mode and SPI Mode 3
UCSR0C = (1<<UMSEL01)|(1<<UMSEL00)|(1<<UCPHA0)|(1<<UCPOL0); //SET 8 BIT DATA FRAME
UCSR0B = (1<<TXEN0);
}

//ENABLE AND TX

void USART0_DAC_Transmit(uint16_t data )
{
/* Wait for empty transmit buffer */
while (!(UCSR0A & (1<<UDRE0))){};
/* Put data into buffer, sends the data */
UDR0 = uint8_t high(data);
UDR0 = uint8_t low(data);
while (!(UCSR0A & (1<<TXC0))){};//wait for TXC to complete
SET_BIT(PORTB,0);
CLEAR_BIT(UCSR0B,TXEN0);

//ENABLE RX AND TX)

_delay_us(25); //XCK his currently high
SET_BIT(PORTC,LD); //set LOAD to latch the 16 bits
_delay_us(25); //wait 50 microseconds
CLEAR_BIT(PORTB,0); //clear XCK, wait 25 microseconds
_delay_us(25); //XCK is currently low
CLEAR_BIT(PORTC,LD); //clear LD, wait 25 microseconds
_delay_us(25); //XCK is currently low
SET_BIT(PORTB,0); //set XCK to High Again
SET_BIT(UCSR0B,TXEN0);
}
uint8_t USART0_DAC_Receive( void )
{
/* Wait for data to be received */
//while we have not triggered the receive flag
while (!(UCSR0A & (1<<RXC0)) ){} ;
/* Get and return received data from buffer */
return UDR0;
}
void ADC_init(void){
SET_BIT(ADCSRA,ADEN);
}
uint16_t ADC_convert(void){
SET_BIT(ADCSRA,ADSC);
_delay_us(100);
uint16_t DATA = 0x00;
DATA |= ADCL;
DATA |= ADCH<<8;
return DATA;
}
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int main(void){
//Set the Clock Prescale to 1, and ensure our clock F_CPU is at 8MHz
CLKPR = (1<<CLKPCE); //Open the Prescale register to be written
CLKPR = 0; //clear all the bits in the register to set the prescale to F_CPU/1
DDRC |= (1<<LD);
uint8_t computerData = 0xFF;
uint16_t voltage = 0xFFFF;
uint16_t read = 0x0000;
USART1_COMP_init();
USART0_DAC_init();
ADC_init();
while(1){
_delay_ms(5);
computerData = USART1_COMP_Receive(); //Read in the text voltage value as an ASCII byte
_delay_ms(1);
USART1_Flush();
USART1_COMP_Transmit(computerData);
for(uint16_t v=0;v<=16383; v++){
USART0_DAC_Transmit(DBL_LEFT(v));
}
if(computerData == '0'){
voltage = (((0)/5)<<2);
}
else if(computerData == '1'){
voltage=(MAX_VOLTAGE/5);
}
else if(computerData == '2'){
voltage=(2*(MAX_VOLTAGE/5));
}
else if(computerData == '3'){
voltage=(3*(MAX_VOLTAGE/5));
}
else if(computerData == '4'){
voltage=(4*(MAX_VOLTAGE/5));
}
else if(computerData == '5'){
voltage=(MAX_VOLTAGE);
}
else {
voltage = 0xFFFF;
}
if(voltage!= 0xFFFF){
USART0_DAC_Transmit(DBL_LEFT(voltage));
}
_delay_ms(10);
read = ADC_convert();
uint8_t top = 0b00110000|high(read);
uint8_t mid = 0b00110000|((low(read)&0b11110000)>>4); //clear low bits and shift right
uint8_t bot = 0b00110000|(low(read)&0b00001111); //clear mid bits
USART1_COMP_Transmit('=');
USART1_COMP_Transmit(top);
USART1_COMP_Transmit(mid);
USART1_COMP_Transmit(bot);
USART1_COMP_Transmit(0x0A);
}
return 1;
}
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