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Abstract

In this research report we demonstrate a potentiostat built with a single
commercially available integrated circuit (IC) that does not require any external electronic
components to perform electrochemical experiments. This is done using the capabilities
of the Programmable System on a Chip (PSoC®) by Cypress Semiconductor, which
integrates all of the necessary electrical components. This is in contrast to other recent
papers that have developed potentiostats but require technical skills or specialized
equipment to produce. This eliminates the process of having to make a printed circuit
board and soldering on electronic components. To control the device, a graphicat user
interface (GUI) was developed in the python programming lansuage. Python is open
source, with a style that makes it easy to read and write programs, making it an ideal
choice for open source projects. As the developed device is open source and based on
a PSoC, maodification to implement other electrochemical technigues is straigshtforward
and only requires modest programming skills, but no expensive equipment or difficult
techniques. The potentiostat developed here adds to the growing amount of open source
laboratory equipment.  To demonstrate the PSoC potentiostat in a wide range of
apptications, we performed cyclic voltammetry (to measure vitamin C concentration in
orange juice), amperometry (to measure glucose with a ¢lucose strip), and stripping
voltammetry experiments (to measure lead in water). The device was able to perform all

experiments and could accurately measure Vitamin C, glucose, and lead.



Chapter 1:

Introduction

1.1 Significance and Background

The ability to develop a potentiostat on a single chip is due to the power of the
Programmable System on a Chip {(PSoC) by Cypress Semiconductor, San Jose, California,
which incorporates a microcontroller together with programmable analog components
such as Opamps, comparators and transimpedance amplifiers. Together with the free
Integrated Development Environment (IDE} PSoC Creator™, Cypress Semiconductor, San
Jose, California researchers with limited resources can now develop scientific and
biomedical equipment quickly and with fewer components than was possible before. This
can aid the growing movement towards developing open source equipment [1,2]. Just as
3D printers allows other to share the equipment they develop on the internet were others
can download the designs and print them on their own 3D printer; the PSoC allows
electronic designs, with both microcontroller and circuit elements, to be shared over the

internet were others can use them by programming them into a PSoC device [3l.

1.2 Research objective

This paper shows how to produce a potentiostat using a single PSoC 5LP. To
demonstrate our device, a low cost (~$10) CYSCKIT-059 was used, which can be ordered
from any electronics distributor. In order to access the device, we showed that it could
quantify the amount of vitamin C in orange juice, measure glucose levels with a glucose

strip, and to detect and quantify the amount of lead in water.



Chapter 2:

Literature review

2.1 Electrochemistry

Electrochemistry studies the movement of electrons during chemical reactions and
is important for numerous fields including for chemistry (analytical chemistry) [4], biology
(neurotransmitter release) [5], material science (electrodeposition, anodization) [6], energy
storage (batterfes) (7}, medicine (glucose sensors) [8], and environmental sensing (heavy
metal detection) [9]. A chemical reaction with a transfer of charce between molecules is
called an oxidation-reduction reaclion. An electrochemical reaction occurs when there is
a chemical reaction and a transfer of charge to an external source [10]. By measuring the
amount of charge moving through the external source, the chemical reaction rate can be
determined. This allows for the monitoring of chemical concentrations and reactions by

external electronics [11].

The most common electrochemical device used is the battery, where internal
movement of ions between electrodes, releases electrons that can be used to do
electrical work. Electrochemistry is also widely used in analytical chemistry to measure
concentrations and reaction rates. The clucose meter found in most drug stores uses

electrochemistry to measure blood glucose levels.

2.2 Electrochemistry equipment

The main type of device used to perform electrochemistry is a potentiostat [12].
The basic requirement of a potentiostat is to control the voltage between two electrodes
while measuring the current passing between them, this is a 2-electrode configuration for
a potentiostat. Because a current passing through an electrode causes a voltage drop that
interferes with keeping the voltage between the electrodes constant, a third electrode is
often used for a 3-electrode configuration. In the 3-electrode configuration, the chemical

reactions occurs on the working electrode surface while the reference electrode senses



the voltage of the solution and a counter (or sometimes called the auxiliary) electrode
provides enough current to the solution to keep the potential between the reference and

working electrode at the desired voltage [13].

There have been many potentiostat designs reported recently with many designed
with discrete integrated circuits (ICs) that are connected with a printed circuit board (PCB)
[14-16]. Many of these designs have shown very good performance [17], small size [18-
20] and low cost {21-23], however they all require the user to manufactured a PCB and
to solder the electronic components onto the board. As these potentiostats are designed
with small, surface mounted ICs, they require more skilled technicians and sophisticated
tools to solder together, as compared to through-hole connections. This creates
impediments to chemists and other scientists who want to use a potentiostat. There are
also many reports of single chip potentiostats manufactured with complementary metal-
oxide-semiconductor (CMOS) and related technologies [24-26]. These require even more
specialized skills and equipment than the PCB / IC based potentiostats. This paper
describes a potentiostat that can be made with commercially available parts without
making a PCB or any soldering. The parts needed are 1.) PSoC 5LP board (such as a
CY8CKIT-059, CYSCKIT-050, or FreeSoC2), 2.) computer, and 3.) some electrical connectors.
To attach the electrical connectors to the board, a conductive glue can be used, or they
can be soldered on; which should be easy for most as the pins are through-hole and are

easier to attach than surface mounted electrical components.



Chapter 3:
Materials and Methods

3.1 Design

The potentiostat was designed with PSoC Creator 4.1, Cypress Semiconductor, San
Jose, California, a free IDE for programming PSoCs. The device used a PSoC 5LP (part
number CYBCKIT-059, purchased from Mouser Electronics), which has integrated analog

components into a single chip with an ARM Cortex-M3 CPU.

3.2 Voltage control circuit

To control the voltage between the electrodes we use the circuit shown in Fig 1.
The device can use an 8-bit voltage digital to analog converter (VDAC) or a 12-bit Dithering
VDAC (DVDAC). The DVDAC is comprised of an 8-bit VDAC where the voltage of the DAC
is quickly switched between 2 values. This makes the output the weishted average of the
values written, which can be used to increase the resolution of the DAC. This switching
causes noise on the output of the DVDAC so that a small capacitor (100 nf) has to be
placed on its output to smooth out the voltage. Depending if the user has installed the
external capacitor or not, they can choose what DAC to use to drive the common
electrode by using an analog multiplexer (AMux) to select the DAC. The user interface
asks the user if the DVDAC capacitor was installed and programs the device accordingly.
The user’s choice is then saved in the electrically erasable programmable read-only
memory (EEPROM). An operational amplifier (Opamp) is used to buffer the voltage and to
provide feedback from the reference electrode [27,28). The device can be operated in
the standard 3 electrode mode or in a 2 electrode mode by setting the appropriate
channel on the electrode AMux, which can be done through the user interface. This circuit
will pass current through the common electrode pin until the voltage on the reference
electrode pin is the same voltage as the DAC. The DAC’s voltage is set by the firmware

depending on the electrochemical parameters inputted into the device.
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Figure 1: Circuit to control the reference and counter electrodes, One of two DACs
can be used to control the voltage, based on if the external capacitor is install. An Opamp
buffers the DAC voltage and an analog multiplexer is used to select if 2 or 3 electrode

experiments should be performed.



3.3 Current measuring circuit

Fig 2 shows the circuit used to set the working electrode voltage and to measure
the current passing between the common and working electrodes. To allow the device
to work from a single power supply while still performing electrochemical experiments at
negative potentials, a virtual ground is used. An 8wbit VDAC is used to make a virtual
ground at 2.048 V so that the DAC driving the common electrode can make a -2.0 to +2.9
Volts difference between the common and working electrodes, which is a wider range

than is needed for most electrochemical experiments.
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Figure 2: Current measuring circuit. A transimpedance amplifier (TIA) and a DAC are used
to set the voltage and measure the current passing through the working electrode. The
TIA output voltage is passed into a delta sigra ADC, which converts the analog signal into
a digital signal. A current DAC is used to calibrate the TIA / ADC signal chain. If an increase
in the maximum current is needed, pins are made available that external resistors can be

connected to.



The current that passes through the working electrode is fed into a transimpedance
amplifier (TIA). As the input impedance of the Opamp is high, the current goes through
the resistor of the TIA. This causes a voltage that is the product of the current and the
resistance according to Ohm’s law (V = I*R). This voltage is then measured by a delta
sigma analog to digital converter (ADC). The ADC is in differential mode, where the voltage
is calculated from the difference of the TIA output voltage and the virtual ground voltage.
The ADC vatues are then sent to a computer where they are used to calculate the current

that was passed between the counter and working electrodes.

The TIA of the PSoC has a variable impedance that can be controlled by the
firmware. The impedance can be one of 8 levels between 20 kilohms and 1 megaohm.
To do this the TIA uses switch capacitors and due because cause of how the switch
capacitors are manufactured, there can be a large variability in the actual impedance of
the TIA (the datasheet says between -25 to +35% of the indicated value). To correct for
this the current measuring circuit has a self-calibrating routine. An 8-bit current DAC (IDAC)
is used to passed 5 different current levels into the TIA / ADC dircuit. The resulting ADC
values are then used to calibrate the TIA / ADC signal chain by using a linear interpretation
of the calibration data to create the ADC counts to voltage conversion factor and to adjust
any voltage offsets. To control when the calibration current or the working electrode
current is passed into the TIA component an AMux is used. As the smallest impedance of
the TIA is 20 kilohms, the device is limited to 100 pA of current. To give the user the
option of increasing the current range, 2 analog pins are made available that the user can
place a resistor between with an AMux used to select when the external resistor should

be used.



3.4 Peripherals

Fig 3 shows the other peripherals used by the device. To control the timing of
when the DAC voltage should be changed and the ADC values measured, a pulse width
modulator (PWM) is used to trigger interrupt service routines (isr). The period and counter
values of the PWM are controllable by the user to set different sampling rates. An EEPROM
is used to save what DAC the user wants to use. To allow the user to configure the device
property and to export the data from the device to a computer, a Full Speed USB
component is used. The USB uses 2 endpoints, an interrupt OUT endpoint that polls the
computer ever 10 ms that the user can use to send instructions to the device and a bulk
IN that polls the computer every 1 ms that sends the data to the computer to display to

the user.

USBFS
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Figure 3: Peripheral components, To set the timing of when to change the DAC
controlling the electrode voltage and when to measure the current, a PWM is used to
trigger a set of interrupt service routines (isr). Communication to and from the device is
done through a USB component, and an EEPROM is used to save what DAC the user wants

to use.



3.5_Firmware development

The firmware for the device is located at github.com/Kylel.opin/PSoC-Potentiostat.
The firmware was developed in PSoC Creator 4.1 developed by Cypress Semiconductor.
Figs 1-3 are all made in the TopDesign window of PSoC Creator, which will configure the

analog portion of the PSoC 5LP chip.

3.6_Graphical user interface
A screen shot of the graphical user interface (GUI) is shown in Fig 4. The GUI is

written in the python software language, version 2.7. The source code can be found at
https://github.com/KyleLopin/Potentiostat GUI and a copy of the source code has been

compiled into an executable and can be found at

https.//eithub.com/Kylel opin/Potentiostat GUI/releases.

The user can select different electrochemical techniques by selecting the
appropriate notebook.  The data is displayed using the matplotlib library. USB
comrmunication is done using pyUSB and the libusb-win32 libraries. All libraries and the

USB backends have been compiled into the single executable file.

10
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3.7 How to create the device

The following steps allow anyone to create the device shown in this paper. All

components used for the experiments in this paper are shown in Fig 54, and a completed

device is shown in Fig 58 and Fig 5C. Fig 5D shows a close up of the CYBCKIT-059 with the

pins labeled.

1)

3)

4)

6)

7)

9)

Obtain a CYBCKIT-059 and plug the USB programmer end (the male end) into a
computer. Note: The board has exposed electrical components, so an insulating
enclosure for the board is beneficial.

Download the free program PSoC Programmer from Cypress Semiconductor found
at http://www.cypress.com/products/psoc-programming-solutions

Load the Potentiostathex file located at https://sithub.com/KyleLopin/PSoC-
Potentiostat into PSoC Programmer.

Attach wires to pins 0.0 (working electrode), 3.4 {reference electrode), and 3.6
{counter electrode} using either conductive glue, solder or alligator clips.

Use a USB cable to connect to the female end of the CYBCKIT-059.

Download the free program Zadig, at http://zadig.akeo.ie/, to install the windows
UBS drivers.

Select “List all devices” from the options menu in Zadig, select the “Naresuan
Potentiostat” device, select the libusb-win32 driver and click on the Install Driver
button.

Download and run the executable file NU.Potentiostatexe at
https://github.com/KyleLopin/Potentiostat GUl/releases.

Optional: A small capacitor (100 nF) can be connected between pins 3.1 and

ground on the board so that the more accurate dither VDAC can be used.

12
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Figure 5: Potentiostat parts and completed device. A) Photo of all the components
needed to develop a single chip potentiostat and perform the experiments in this paper.
From the top: EZ-Hook electrical connectors used to connect the device to glucose strips;
CY8CKIT-059 that has the PSoC 5LP that contains all the electrical components needed
for a potentiostat; headers that can be connected to the board, with either solder or
conductive glue (Conductive glue is not as strong over time but requires less equipment
and skill to use); The DVDAC capacitor is optional but will increase the resolution of the
potentiostat; 3 alligator clips with female jumper cables ends to attach electrodes to the
device; a pencil lead electrode attached to a jumper wire with electrical glue. B) Photo
of the assembled device with a case. C) Device assembled in its case. D) Close up of the
CY8CKIT-059 with labels for where the electrodes, capacitor and USB connections should
be attached.

14



3.8 Experimen etup Ascorbate determination in orange juice

To determine the amount of ascorbate (Vitamin C} in orange juice, we used the
technigque of standard additions. We used a graphite electrode, a 20 mm thick 28 pencil
‘lead’ (brand Rotring, purchased from a local book store), for the working electrode and
99.9% pure Ag/AgCl wire (purchased from a local jewelry store) for the counter and
reference electrodes. The counter and reference electrodes were connected using
alligator clips. Conductive glue was used to connect a wire to the working electrode. We
tested platinum and gold wires for the reference electrode and got similar results, but we
chose to show the results from the cheapest set of electrodes we tested. To limit the
current and to keep the surface area of the working electrode constant between
experiments, even if the fluid level was slightly different, we coated the working electrode
with dental wax and used a flame to expose just the tip of the electrode. 0.5 mm pencil
‘lead’ was also tested but was found to be difficult to use because they would often
break between experiments. Type ZH pencil ‘lead’ was also used but had very poor

results with much smaller currents than 2B.

We mixed 1 part orange juice, 1 part 3 M KCL {to increase the conductance) and 1
part of added ascorbate to make our standard addition solutions. The orange juice was
purchased from a local grocery store and was made of Si Thong oranges. We then gave a
cyclic voltammetry sweep from +200 mV to +900 mV with a sweep rate of 0.1 V / second.
A rolling mean of 2 samples was used to eliminate the 50 Hz noise picked up from the
power lines in the building. Because a sweep rate of 0.1 V/second samples at 100 Hz, this

rate picks up 50 Hz as a very high frequency noise in the signal.

To calculate the value of ascorbate in our sample of orange juice we measured
the current level at +650 mV for all samples and plotted the current versus the added
ascorbate [21]. By interpreting a line through the samples back to a zero current (the x-
axis intercept) we can calculate the amount of ascorbate in the orange juice sample. The

error of the standard additions was calculated using the following equation:

15
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where s, is the standard deviation of the residuals given by the following equation:

. = 2y —mx; — b)?
y o n—2

and m is the slope of a line fitted to the data, n is the number of standards measured, y
is the average current measured, x; is the concentration of the added standard, X is the
average of the standards added, vy, is the current measured, and b is the calculated y-

intercept [29].

3.9 Glucose measurements

To measure glucose, we purchased Accu-check Performa glucose test strips, Roche
Diabetes Care, Inc., Indiana, USA, from a local drug store. We used 2 mini-hook test clips
to connect the outside electrodes of the glucose strips to the device to show a complex

connector was not needed to use commercial strips.

The glucose samples were prepared by making a 2000 mg/dl elucose stock solution
with 1X phosphate buffer solution (PBS) and then mixing the appropriate amount of the
glucose stock with 1X PBS to make our testing samples. An amperometric experiment was
performed for 6 seconds with the working electrode set at +500 mV [30], to oxidize the
Hy0, produced from the glucose oxidase, and the current was recorded at a rate of 1 kHz

[31]. Initial tests showed that the readings were noisy due to power line noise so a 50

16



points rolling mean was used to smooth out the signal. To quantify the amount of glucose

we took the average current from 4.8 to 5 seconds.

3.10 Lead determination in water

To measure the amount of lead in water we first made a 2 M sodium acetate stock
solution, an 800 mg/L stock solution of bismuth nitrate and a 200 ppm tead citrate stock
solution. Next we used deionized water and made samples with a final concentration of

0.1 M sodium acetate, 4 mg/L of bismuth and the desired about of lead for each sample.

We used a 20 ml glass vial as our chemical chamber with a gold wire as the working
electrode and a silver wire as the counter and reference electrodes. The chamber was
placed on top of a stir plate and a Teflon stirrer was used to stir the solution during the

plating step.

For the anodic stripping voltammetry experiments we used a cleaning step of +500
mV for 30 seconds, a plating step of -1100 mV for 5 minutes with the solution being stirred
for the first 4.5 minutes. A linear sweep from -1100 mV to +500 mV at a rate of 0.1
V/second was g¢iven after the plating step to strip the lead. Between readings the electrode
is electrochemically cleaned by applying a +500 mV potential for 30 seconds while the
solution is stirred to remove any lead or bismuth from binding to the electrode between

experiments [32].

Additional experiments were also performed with a plating time of 10 minutes but
they gave less clear results than the 5 minute plating time experiments. Also a carbon
electrode was tested but the background current was so large that it was more difficult to
measure the stripping current. While others have shown more sensitivity with carbon
electrodes, they usually require a special coating, such as Nafion, to reduce the capacitive
current [33,34]. We chose to use a simpler working electrode composed of an uncoated

1 mm diameter, 99.7% pure gold wire that was purchased from a local jewelry store,

17



Chapter 4:

Results

4.1 Orange juice standard additions

To demonstrate the capabilities of our device we performed standard addition
experiments to quantify ascorbate (Vitamin C) in orange juice using cyclic voltammetry as
shown in Fig 6. This experiment is exceptionally well positioned to be an introductory
anatytical chemistry lab as all the materials are inexpensive, non-hazardous and

demonstrates the technique of cyclic voltammetry and standard additions [22,35,36].
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Figure 6: Cyclic voltammetry experiments. A) Raw current traces of cyclic voltammetry
experiments in orange juice with different levels of added ascorbate. B) Standard addition
results of the cyclic voltammetry experiments. The current value at +650 mV was used

and a fitted line to the data was used to calculate the amount of ascorbate in the orange

juice.
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Ascorbate is redox active and will readily lose electrons (oxidizes) when the voltage
of the working electrode increases above +100 mV (data not shown). The electrons
released from the oxidation of ascorbate is collected by the working electrode and
measured by the potentiostat allowing the quantification of the oxidation rate, which is
correlated with the concentration of ascorbate in the solution. By adding known quantities
of ascorbate to the orange juice and measuring the increase in current, the ratio of current
increase to concentration can be calculated. Taking the relationship between current and
concentration with the current measured in the pure orange juice sample, the amount of
ascorbate in the orange juice can be determined. Because the ratio of current to
concentration is the slope of the fitted line, by extending the fitted line until the current
is zero, the x-axis intercept is the concentration of ascorbate in the original sample [35].
Our experiments give a result of 0.146 + 0.019 mg/ml. This is within 3% of the value given

on nutrition panel of the orange juice of 0.15 mg/ml.

19



4.2 Glucose measurements

The most common electrocherical medical device in use today is the glucose
meter used by diabetics to monitor their blood glucose levels [37]. To measure glucose
the working electrode is coated with the enzyme glucose oxidase, that converts glucose
to gluconic acid with the production of hydrogen peroxide [38,39]. The hydrogen peroxide
is then oxidized on the surface of the working electrode [40]. Glucose meters use the
technique of amperometry, where a constant voltage is applied between a working
electrode and counter electrode while the current is measured versus time. Because the
currents are small and the voltage is stable, 2 electrodes can be used for these glucose
measuring experiments. The user can select the 2-electrode option from the option menu
of the GUI. Fig 7 shows the results of our experiments. Fig 7A is the raw current traces
measured, To calculate the amount of elucose in solution, the current traces are measure
for 5 seconds and the average of the current from 4.8 to 5 seconds is plotted versus the
glucose concentration, see Fig 78 [41). Our device showed a relationship of a 10.5 nA
current for each me/dl increase of slucose in solution with an R? of 0.98. At the current
range used for the measurement of +8 pA, the PSoC-Stat has resolution of 0.4 me/dl. At
this level most variation in the glucose measurements will be due to differences between
glucose strips, and the temperature and humidity changes between measurements {42].
The PSoC-Stat measurements were well within the 15% accuracy needed for a glucose

meter to be approved by the FDA [43],
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Figure 7: Amperometric experiments. A) Current traces measure at +500 my using Accu-
Check Performa glucose strips. 3 strips were used for each slucose sample. B) Average
current between 4.8 and 5 seconds of the amperometric currents is plotted versus the
glucose in the samples. Our device measured a linear relationship (R? = 0.98) over the

physiological range of glucose within the range of the FDA’s guidelines.
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4.3 Lead measurements

Lead contamination has become a major problem worldwide, from the use of lead
pipes and lead solder used to join copper pipes together in the water system of America
[44,45], to area contamination from mining activity [46). Because there is almost no
government testing of household water, it would be beneficial for people to have an easy
way to test if their water is safe for human consumption [47-50]. To measure lead in
water we performed anodic stripping voltammetry (ASV) on water samples prepared with
added bismuth [51]. ASV uses a negative voltage on the working electrode to “plate”
{(reduce) dissolved metal ions onto the electrode. To increase the sensitivity of the
electrode, bismuth was added to the solution [52]. Durine the plating potential BiZ* will
plate onto the electrode with Pb?" and form a “fused alloys” [53]. The electrode’s voltage
is then ramped up to “strip” (oxidized) the ions off. By measuring the currents from

oxidation as a function of voltage, the amount of metal ions in solution can be quantified.

Fig BA shows the raw traces measured during the linear sweep of the ASV
measurement. In these traces 3 current maximums can clearly be seen. The curves in
the current around -200 mV occur as Pb atoms are oxidized off of the electrode to become
Pb** ions, while the increased current at +100 mV and +250 mV, is the oxidation of Bismuth
atoms [54]. Because there is a background capacitive current that is sensitive to the area
of the working electrode exposed to solution, a small change in the height of the testing
solution can affect the background current. For the cyclic voltammetry measurements in
orange juice we coated our electrodes in dental wax to fix the surface area of the electrode
for each experiment. This was not possible in these experiments as the bismuth and lead
will bind to the dental wax and not on the electrode. To fix the background current level
of our experiments we normalized each current at -350 mV, as shown in Fig 8B. To further
enhance the signal from the water samples the baseline (zero added lead) samples were
averaged and that averaged baseline was subtracted from all recordings as shown in Fig
8C. Taking the current of the processed signals at -175 mV showed a linear relationship

between the current and the lead concentration, see Fig 8D. These experiments shows
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that the PSoC-Stat could measure lead at levels above the concentration approved by

the EPA of 15 ppb [55,56).
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Figure 8: Anodic Stripping Electrode experiments. A) Raw current traces of the stripping
step with added Pb®. B) Raw traces normalized to the -350 mV current level. C) Current
with the average baseline subtracted from all traces. D) Relationship of the current at -

175 mV of the baseline subtracted traces versus the Pb?* concentration.
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Chapter 5:

Discussion and Conclusion

Over the last few years there has been a movement in creating open source
laboratory instruments [57]. The wide spread adoption of 3D printers has allowed labs to
produce their own equipment, while sharing their designs online for others to use and
modify [58]. This in conjunction with the development of open-source microcontroller
platforms (e.q. Arduino), has made it easier for researchers to develop their own electronic
equipment. The Programmable System on a Chip (PSoC) is another tool that can be used
by the open source community to develop electronic equipment that has many benefits
compared to other microcontrollers. The PSoC 5LP incorporates a microcontroller with
programmable analog components. This flexibility allows electronic devices to be made
without having to make a custom PCB and connecting numerous ICs. This greatly reduces
the development and production cost of these devices in resource-limited environments.
We demonstrated that it is possible to develop a potentiostat using just a single PSoC and
demonstrated its capabilities by determining Vitamin C levels of orange juice, showed it
can be used as a single chip ¢lucose meter, and that it can determine lead contamination
in water. We have made our device open source so that it can be used as a reference

design.
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Output from this research

Our device can operate as a low cost open source platform for measuring
electrochemical activity. White our platform can serve as a base, there are still a lot of
analog functional units on the PSoC 5LP that could be used to make other application

specific devices to other electrochemical measurements.
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