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Abstract 

The goal of this project is to design, build, and validate a more economic portable Fast 

Scan Cyclic Voltammetry (FSCV) device to measure the concentration of neurotransmitters like 

dopamine. The device will allow educational demonstrations in classrooms and allow researchers 

to gather data without the financial burden of a full cost system. The device is created on a 

Printed Circuit Board (PCB) that interfaces with a standard computer through MATLAB. This 

allows data collected on the PCB to be accessible to the user to display and analyze at will, all 

while maintaining the system’s portability and low cost. The device was tested using a dummy 

cell and artificial cerebral spinal fluid (ACSF), comparing the results to those obtained from the 

gold standard laboratory equipment for the same simulated experimental setup. Our device is 

able to show the main features that distinguish a voltammogram of the dummy cell and 

dopamine. Priced at about $200, which is $8,800 less than the gold standard equipment, our 

device demonstrates the feasibility of a useful low cost.  
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1. Introduction 

 

Neuroscience research is critical to our understanding of how the brain works; however, this 

research is very complex due to the small signals and intricate cellular networks involved. While 

information transfer within neurons is transmitted via action potentials, neurons communicate 

with each other using neurotransmitters that chemically communicate information from one 

neuron to another. Neurotransmitter dysfunctions have been found to play a significant role in 

diseases such as schizophrenia (Davis, Kahn, & al, 1991), Parkinson’s (Hisahara & Shimohama, 

2011), and attention deficit/hyperactivity disorder (del Campo, Chamberlain, Sahakian, & 

Robbins, 2011). In order to study these networks, research methods such as Fast-Scan Cyclic 

Voltammetry (FSCV) are used to measure the changes in neurotransmitters and understand their 

neural function.  

Current FSCV systems are cost-prohibitive, requiring researchers interested in studying 

neurotransmitter release to incur a large capital outlay. The development of a portable, cost-

effective FSCV device capable of measuring neurotransmitter concentrations during laboratory 

or classroom experiments would allow students to develop a deeper understanding of 

neuroscience. Increasing the availability of low cost FSCV devices will allow smaller, teaching-

focused, and financially-restricted institutions to enhance their pedagogy by exposing their 

students to cutting edge neurobiology techniques. In addition, these devices will allow faculty at 

such institutions to set up modest research laboratories and gather preliminary grant data. Thus, a 

more budget friendly FSCV device will enable broader academic pursuits at both the graduate 

and undergraduate levels.  
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FSCV uses probes that are thinner than a human hair to minimize damage to the tissue, and a 

data collection system capable of recording up to 1000 data points per second. Currently, our 

laboratory uses the gold standard system comprised of a desktop computer containing two PCI 

slots, two data acquisitions cards, and a Chem-Clamp potentiostat. This system is widely used in 

the field, however it can cost in the range of $8,000-10,000.  

The proposed project is a self-contained, low-cost, USB powered FSCV device designed to 

be portable and adaptable. The device will be capable of generating the necessary voltage 

required to produce voltammetry effects, evoking NT release with electrical stimulation, and 

measuring the resultant change in current in the electrode. The device will utilize the same 

electrodes as those used with the current gold standard equipment, allowing established labs to 

continue using and producing these electrodes that cost about 15 cents each. In order to achieve 

these capabilities, it will require the design and integration of customized hardware and software 

systems; most notably for data acquisition and for signal generation.  

With the design and implementation of an economical and portable system for FSCV, the 

door will be opened to many research institutions and students allowing for the measurement of 

neurotransmitters without spending up to $10,000 for the ‘gold standard’ in FSCV equipment. 

This will allow the possibility of introducing the technique into the classroom to demonstrate the 

transmission of neurotransmitters where previously only theory and textbooks could be used to 

study these processes.  
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2. Literature Review 

2.1. Physiology 

2.1.1. Neurons and Neurotransmitters 

 

The nervous system is the control system of the human body and the most complex 

computational system in existence. It is able to perform a large number of calculations very fast, 

receive and sift through a vast array of sensory input and control the muscular system of the 

body. While most of the anatomy of the nervous system is well understood, the brain’s 

complexity makes it difficult to understand. Therefore, to help understand this complex organ 

better, it would be beneficial to track neuronal activity and determine the parts of the brain that 

are active during certain events.   

The functionality of a neuron is best described by studying the different regions of a 

typical cell – these regions consist of the cell body, dendrites, axon, and the synaptic terminals. 

As it can be seen in Figure 1 below, the cell body (or soma) is the metabolic center of the neuron 

that holds the nucleus. The dendrites extending from the cell body are the main processes 

through which the neuron receives input from other nerve cells. Neuronal output is conducted via 

the axon to other cells. At the end of the axon are many branches that end in presynaptic 

terminals. These terminals are within close range to other neurons dendrites, either forming a 

synapse that allows for communication between the different cells or terminating in a target 

organ or tissue. For example, motor neurons whose axons terminate in the neuromuscular 

junction and stimulate the muscles for muscle contraction.   
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Figure 1: Anatomy of a nerve cell (National Institutes of Health) 

 

After a stimuli is applied to a neuron, the cell has an electrical response that may be local 

(restricted to the place that received the stimulus) or propagated (may travel through the neuron 

and its axon). Propagated electrical impulses are called action potentials, which forms the basis 

for neuronal communication via the synapses. Synapses are not actual physical connections 

between cells; instead the two cells are separated by a synaptic cleft. This can be seen in detail 

below in Figure 2, where the interface between the presynaptic neuron and postsynaptic neuron 

has been shown in detail. In order for the two cells to communicate, chemical signals are used to 

propagate the action potential present in the presynaptic neuron. The action potential stimulates 

the release of neurotransmitters when it reaches the synaptic terminals, resulting in an expulsion 

of neurotransmitter molecules into the synaptic cleft. The neurotransmitters then bind to 

receptors on the postsynaptic neuron and trigger the opening of ion channels. These channels 

opening result in a change in local membrane potential, which may or may not create an action 

potential depending on the size of the change in voltage. In order to clear the receptors and allow 

for another possible stimulation, after binding to the receptor sites the neurotransmitter 

molecules may either be degraded by enzymes present in the cleft or be taken back up into the 
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presynaptic neuron (Waxman, 08/2009). So all neural cell signaling consists of an electrical and 

chemical component, each of which is important to understand nerve function.  

 

Figure 2: Synapse between two neurons (National Institutes of Health) 

There are a great variety of neurotransmitters with over fifty currently identified. Some of 

the most well-known are acetylcholine, dopamine, serotonin, epinephrine, and glutamate. These 

all have specialized uses and are released in specific anatomical locations. Acetylcholine, for 

example, is the primary neurotransmitter for stimulating muscles and transmitting information 

through the parasympathetic nervous system. Epinephrine is the primary neurotransmitter in the 

sympathetic nervous system, while dopamine is largely present in the brain as a neurotransmitter 

for reward-motivated behavior (Chara, 2010).  

2.1.2. Dopamine 

Dopamine is one of the prominent neurotransmitters in the human body, and depending 

on the postsynaptic receptor it can produce both excitatory and inhibitory postsynaptic potentials 

(Helgeson, 2010). For example, in the central nervous system dopamine is involved in control of 
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mood, movement, cognition, motivation, and reward. Here it produces an excitatory stimulation 

and the amount of dopamine present is directly related to the generation of the postsynaptic 

action potential. In contrast, in the peripheral nervous system dopamine acts as a more regulatory 

hormone controlling Na
+
 homeostasis in kidney, renal blood flow, and cardiovascular functions 

(Syslová, et al., 2012). Here dopamine has an inhibitory role, making it harder for postsynaptic 

cells to generate action potentials. An example of this is in the blood vessels where it inhibits 

norepinephrine release which allows the local blood vessels to dilate (Tayebati, Lokhandwala, & 

Amenta, 2011). Research efforts into dopamine are primarily concentrated on its role in 

Parkinson’s disease, schizophrenia, drug addiction, attention deficit hyperactivity disorder, along 

with the learning process. Accurately measuring the levels of dopamine released thus becomes 

important when studying disease mechanisms.   

2.2. Design 

2.2.1. Techniques to measure neurotransmitters 

The earliest techniques to measure neurotransmitter levels required brain tissues extracted 

post mortem. While post mortem analysis was relatively quick and simple it failed to elaborate 

on more elusive and detailed information. So while this technique was able to find the amount of 

neurotransmitters present in the brain, it could do so only at one singular point in time: the 

moment of demise. This left out necessary dynamic information regarding neurotransmitter 

levels (Korpi, Kleinman, Goodman, & Wyatt, 1987).  

A more modern approach for in vitro measurement of neurotransmitter levels involves 

microdissections instead of whole brain tissue excision and analysis. However, microdissections 

are unable to provide a necessary level of detail due to the unavoidable delay between tissue 
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death and final tissue analysis. Neither of the aforementioned techniques are able to measure 

changes in neurotransmitter levels dynamically in response to the application of stimuli (Chang, 

Keller, & Sretavan, 2006).  

The two main historic methods of in vivo measurement of neurotransmitters included the 

use of a cortical cup or utilizing the push-pull technique. The cortical cup could measure 

neurotransmitters released from the surface of the brain, as it was attached directly to the cortex. 

The cup itself was filled with a perfusion fluid such as artificial cerebrospinal fluid, attached to 

the brain with a silicone gel and held in place with dental cement. The neurotransmitters then 

diffused into the perfusion fluid in the cup, whereupon the cup could be removed and the fluid 

analyzed. The main purpose of this technique was to monitor amino acids and acetylcholine, but 

this method had a number of flaws. It could not be performed on conscious animals, and since 

the technique relied upon diffusion it could not measure concentrations deep within the brain 

tissue (Mitchell, 1963) (Moroni & Pepeu, 1984).  

On the other hand, the push-pull technique was able to measure neurotransmitter 

concentrations deeper in the brain, and the set up can be seen below in Figure 3. This rather 

simple technique involved two tubes implanted into the brain – one pushing perfusion fluid into 

the tissue while the other pulled the fluid back out. As the fluid came into contact with the deep 

brain tissue, neurotransmitters were swept into the flow and therefore could be analyzed. The 

main drawback of this technique was the damage caused to the tissue by tubal implantation 

(Kottegoda, Shaik, & Shippy, 2002). 
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Figure 3: Push-pull method used by (Kottegoda, Shaik, & Shippy, 2002) 

 

Current techniques for measurement of neurotransmitter concentrations in vivo include 

the microdialysis technique and voltammetry. The microdialysis technique operates in much the 

same way as the push-pull method as it relies on diffusion to collect neurotransmitters for 

measurement. However, instead of tubes, a light dialysis membrane is used – as seen below in 

Figure 4 – which minimizes tissue damage during surgery. After the membrane is implanted into 

the region of the brain that is being monitored, perfusion fluid is pumped near the membrane. 

The neurotransmitters present in the extracellular fluid of the brain then collect in the perfusion 

fluid as a result of passive diffusion while special filters keep out the larger unwanted molecules 

such as enzymes. The usefulness of microdialysis is its ability to selectively monitor the 

extracellular environment for extended periods of time in both anesthetized and awake animals, 

along with providing more information about neuronal activity and metabolism than post-

mortem methods (Muller, 2002). 
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Figure 4: Microdialysis method visual courtesy of (Syslová, et al., 2012) 

 

Finally, in vivo voltammetry is the second method capable of directly monitoring 

neurotransmitters in real-time. While there is contention between voltammetry and microdialysis 

experts regarding which one is the better technique (Jones, Gainetdinov, & Marc, 1999), and 

both certainly have their strengths; it can be argued that voltammetry is superior as it uses 

smaller electrodes cause less tissue damage (Jaquins-Gerstl & Michael, 2009) and allows 

recordings from freely moving animals (Garrus, Kilpatrick, Bunin, Michael, & al, 1999). 

Voltammetry is performed by holding the working electrode at a potential at which the 

neurotransmitter cannot oxidize – for example, if measuring dopamine the electrode is held at     

-0.4 V. As shown in Figure 5, the potential of the working electrode is then ramped up linearly to 

an oxidizing potential (in the case of dopamine 0.6 V, but to enhance the sensitivity of the 

reading, the voltage goes up to 1.3V) and then back down to the resting potential at a scan rate of 
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400 V/s ten times per second. When the targeted neurotransmitter, in our example dopamine, is 

present in the solution, it is oxidized during the positive voltage sweep to form dopamine-o-

quinone and then reduced back to dopamine during the negative voltage sweep. The redox 

reactions taking place cause electrons to transfer between the molecules and the working 

electrode creating a current that is measurable. As this transfer of electrons is directly 

proportional to the amount of molecules of dopamine present, this method allows for an accurate 

reading of the amount of dopamine present in a small time window.  

 

Figure 5: Voltammetry (UCLA Department of Psychology) 

 

Current in vivo techniques like microdialysis and voltammetry still require surgical 

implementation of either a probe or electrodes; however they are preferable to the alternative of 

post mortem static analysis or the tissue damaging push-pull method. The techniques themselves 

also give much higher temporal and local resolution, which make microdialysis and voltammetry 

much more desirable techniques.  
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The microdialysis technique uses sampling rates of 5 – 20 samples/min and the result is 

an average value of neurotransmitter concentration. On the other hand, fast-scan cyclic 

voltammetry allows for monitoring of neurotransmitters every 10 milliseconds. But due to the 

nature of fast-scan cyclic voltammetry, there is a possibility that other compounds besides the 

ones desired get involved in the oxidation process thus skewing the results. Therefore, 

voltammetry is more useful for monitoring rapid changes occurring within small time windows 

(such as neurotransmitter release) while microdialysis is more suitable for measuring base levels 

of neurotransmitters over relatively long periods of time.  

2.2.2. Existing Devices 

There are several devices available for fast-scan voltammetry, such as Chem-Clamp
®
 

(Dagan Corporation, Minneapolis, MN), the WaveNano USB Potentiostat
®
 (Pine Research 

Instrumentation, Durham, NC), and the EZstat-Pro
®
 (NuVant Systems, Crown Point, IN). These 

devices are able to generate the voltage waveform to produce the desired oxidation at the 

electrode, and have the ability to monitor and record the current produced by the oxidation of the 

neurotransmitters at high enough speeds to dynamically capture changes in their chemical 

concentration dynamically. National Instruments produce high quality and expensive (~$2000 

per card) data acquisition cards for specifically this purpose, complete with software and user-

friendly interfaces to set up the desired waveform and acquire the desired data (Figure 6). In 

addition, users must to purchase the LABVIEW
®
 (National Instruments, Austin, TX) software 

required to collect and process the data from the cards making the total cost of the system 

>$8000 for just the data acquisition. The computer and test setup required to perform the analysis 

becomes an additional expense adding to the financial burden of the FSCV system.  
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2.2.3. Purpose 

With a price point over $8000 for the basic required equipment, the financial burden 

becomes the limiting step for many institutions wishing to utilize FSCV in their research or 

classrooms. Taking inspiration from the University of California, Santa Barbara with their open 

source Cheapstat design (Figure 7), we see that there is an opportunity to provide a open source 

alternative with FSCV technology for about $200 (price of board manufacturing and 

components). Therefore, an increase in the availability of cheaper FSCV hardware would allow 

neuroscience analysis techniques to be demonstrated in the classroom along with allowing the 

opportunity for financially restricted institutions the opportunity to work with techniques that 

were previously cost-prohibitive.  

 

Figure 7: Cheapstat potentiostat developed by (University of California, Santa Barbara, 2011)  

Figure 6: NI PCI-6711 High-Speed Analog Output card (left) and NI PCI-6052E 

High-Speed Analog Input card (right). 



19 

 

3. Specific Aims 

The Specific Aims of this project are to develop a portable and cost-effective FSCV system 

for use in laboratory and classroom settings. Though cost effective, the system must be able to 

perform the most important tasks for FSCV accurately. These tasks include: 

 The generation of the stimulus waveform 

 Be able to monitor current flow in the electrode 

 Amplification of the recorded current waveform 

 The ability to convert the current waveform to digital form, and 

 Have the recorded data available over USB to a computer for data analysis.  

The first goal of the project was to create a microcontroller controlled prototype of the 

system that is able to generate the required stimulus ramp waveform through a Digital to Analog 

(DAC) converter and then read back the same stimulus ramp waveform though an Analog to 

Digital (ADC) converter. That would be a test to make sure that the ADC is able to correctly 

read a known voltage waveform. To perform this test, the basic firmware of the system would be 

developed and help expose any possible hardware issues such as communication failures 

between the microcontroller and the ADC.  

After the prototype was exhaustively checked for hardware and software bugs, the device 

was iteratively tested using a dummy cell consisting of a resistor and capacitor in series by 

placing the dummy cell across the electrode leads. The dummy cell simulates the current 

generated by neurotransmitters. Using it to test the device would allow us to see if the small 

current could be measured accurately. After the dummy cell test, the device was tested in a 

laboratory setup in a mixture of dopamine inartificial cerebral spinal fluid.  
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Simultaneously, during the hardware development, software code was written in MATLAB
®
 

(Mathworks, Natick, MA) to acquire and interpret the data from the FSCV board. This is 

necessary not only as an end-product for data display and user interface, but also for 

troubleshooting and analysis during hardware development. 

4. Methodology 

In order to design the device so that it has all the functionality needed, the device will need to 

be broken down into its necessary components. This mapping of functionality will reinforce the 

design choices made and allow possible conflicts or problems to be brought to light. The 

simplification will clear up any unknown factors and outline the necessary design approach to 

create a working prototype and software system.   

4.1. Hardware Design 

Figure 8 (below) shows the functional block diagram of our FSCV system. In order to create 

a single system that can generate a voltage waveform to stimulate the electrode and then read in 

and interpret the resultant current waveform, an Analog to Digital Converter (ADC) and Digital 

to Analog Converter (DAC) were used. The DAC was an external integrated circuit (AD5662) 

while the ADC was a component of the microcontroller (ATxmega128A3). Electrical 

characteristics from the component datasheets have been included in Appendix I – Component 

Data Sheets. These were used in conjunction with several operation amplifiers (OPA2604) in 

order to create the appropriate waveform and interpret the resulting signal (Figure 8). 
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Figure 8: Functional Block diagram for hardware design 

 

The microcontroller was programmed to produce the desired triangle wave to achieve the 

400 V/sec rate of change from the resting potential to peak of the wave. As the DAC can only 

operate in a positive voltage range, an OPA2604 operational amplifier (op amp) was used to 

move the desired triangular waveform to the nominal voltage -0.4 V to 1.3 V using the 

configuration in Figure 9. The OPA2604 was chosen for its high input impedance, low leakage 

current, and its low noise characteristics. The specific DAC values for resting potential and peak 

value were calibrated to reach the specific desired values; the DAC values for the voltages after 

amplification were found to be 30000 for an output of -0.4 V, and 42000 for an output of 1.3V. 

Microcontroller 

outputs a digital value 

to DAC corresponding 

to triangle waveform 

DAC converts digital 

value to corresponding 

analog voltage 

Analog waveform is 

amplified to desired -0.4 

to 1.3 V range 

Waveform is passed to the stimulating 

working electrode, passes through the 

desired measurand, and enters the 

circuit through the reference electrode. 

Modified waveform passes 

through a voltage – to – 

current converter 

Resultant current 

waveform passes 

through an amplifier 

Microcontroller receives 

data from the ADC for 

processing 
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Figure 9: DAC Amplifier Design 

 

After the waveform leaves the DAC amplifier, it is sent to the working electrode which is in 

direct contact with the measurand (dummy cell or test solution). The reference electrode is also 

suspended in the measurand and is able to record current changes due to the oxidation and 

reduction of the neurotransmitter being tested. In order for the ADC to accurately measure the 

current flowing through the working electrode, a current-to-voltage converter utilizing another 

op amp was built. The waveform representing electrode current was then sent to an amplifier 

with a gain of about seventeen. The measured currents are expected to be quite small (nanoamp 

range) and need substantial amplification in order to be seen properly. The ADC section of the 

amplifier circuit can be seen in Figure 10.    

 

Figure 10: Current to Voltage Conversion and Amplification 
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4.2. Software Design 

Figure 11 represents the software functional block diagram. All code has been provided in 

Appendix III – Matlab Code, Appendix IV – DAC Microcontroller Code, and Appendix V – 

ADC Microcontroller Code. The scope of software design included writing code that governed 

the operation of the board – such as generating the stimulus waveform and recording the values 

read from the ADC –along with programming that would run in conjunction with the board on 

the computer to receive the data from the board (Figure 11).  

 

 

Figure 11: Functional block diagram for software 

 

Microcontroller retrieves ADC output, 

stores it into memory until sampling 

of waveform is complete 

When triangle waveform is back to its 

resting potential, microcontroller 

pulls stored measurements from 

memory, breaks the 16bit numbers 

into 8bit segments and begins 

pushing them to USB chip for 

transmission to computer 

Data is packaged to USB 

standards and sent to the 

computer’s USB input buffer 

MATLAB program 

looks into USB input 

buffer and pulls data 

for processing 

Matlab then recombines 8bit data 

packages into 16bit numbers. 

Converts binary numbers into 

decimals and computes the voltage 

equivalent reading. 

Data is then stored and run 

through a low pass filter to 

remove noise, graphing the 

resultant wave form 
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The first aspect of the software implemented was the programming of the microcontrollers. 

This controlled the performance of the DAC and ADC, along with triggering data collection and 

sending the data over USB to the computer. The microcontroller in charge of generating the 

waveform simply streams a set array of values to the DAC continuously. The array controlling 

the waveform was calibrated using an oscilloscope to make sure the triangle wave met the 

requirements a resting value of -0.4 and a peak of 1.3 V occurring at a 10 Hz rate with a duration 

of 8.5 ms.  

With the data readily available over the USB port for the computer, the MATLAB program 

had to be able to collect the data as it was sent over the USB and translate the 8-bit transmission 

packages back into the 16-bit ADC measured values. The program recombined those bytes in the 

proper order in addition to verifying the data fell within an acceptable range. If the value resulted 

in an unexpected data value (outside the range of 5 V for example) a byte was thrown away as it 

was assumed there was a corruption or loss during transmission. The program then calculated the 

voltage equivalent for the values using equation (1) below as given by the xmega128 datasheet.  

            
         

    
         (1) 

Vref was set to be        ⁄       , and Vinn was connected to ground. The value for the 

reference voltage was chosen over the 1V reference due to testing, as the microcontroller had 

issues producing results at the speed required.  The above equation gave the voltage that the 

ADC sampled, so to find the current at the electrode the current was calculated using the current 

follower equation (2), where Vo is the voltage output by the current-to-voltage  

              (2) 
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converter and Rc is the feedback resistor (10 kΩ). The waveform then passes through an 

amplifier which is governed by equation (3) that takes the output voltage from the current-to- 

        (
  

  
)      (3) 

voltage converter and boosts it with a gain governed by Rf and Ri which are 10 kΩ and 560 Ω 

respectively. This results in the voltage read at the ADC: Vinp. MATLAB uses the equation 

outlined in equation (4) to calculate the current at the electrode and then prints these values in 

graph form for verification. 

   
     (

    

       
)

       
                

 
    (4) 

5. Results 

The first step of the project completed was the generation and output of the stimulating 

waveform. The code for the microcontroller generation was written and calibrated using an 

oscilloscope so that at the desired triangle wave occurred ten times a second and rested at -0.4 V 

and reached a peak of 1.3 V (Figure 12).  

With the stimulating waveform completed, the next task was to verify that the ADC was able 

to read and report accurate values. The first test of the system involved just routing the pure 

triangle wave output to the ADC for testing. This involved not only getting the ADC apparatus 

up and running on the microcontroller but also the code for MATLAB to be written and be able 

to accept data from the board. 
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Figure 12: Device output - voltammetry stimulation waveform 

 

The results from the MATLAB code are seen above in Figure 13 showing that the ADC 

is operational and collecting data. A simple low-pass filter with a corner frequency of 20 Hz was 

used to remove the high frequency content of the signal for a noise free triangle wave. The 

results show that the generated triangle waveform ranges from -0.373 to 1.34 V which correlates 

with the oscilloscope measurements of a resting potential of -0.4 V and a peak voltage of 1.3 V. 

However, because the currents being measured are very small, a discrepancy of millivolts is a 

problem – especially so on the negative voltage reading which differs from the oscilloscope 

readings by 30 millivolts. The device is able to capture the characteristic voltammetry waveform, 

which satisfied our needs. 
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Figure 13: Raw data from ADC (left) and filtered data (right) 

  

Next, this triangle waveform was used to stimulate the working electrode in the experimental 

setup involving a dummy cell consisting of a 100 kΩ resistor in series with a 1 nF capacitor.  

 

Figure 14: Result from device with dummy cell (left) compared to Gold Standard system dummy 

cell (right) 

 

The dummy cell was measured on the Gold Standard lab equipment (Figure 14 – right) and the 

resulting waveform compared to that obtained from our device which is shown on the left 
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(Figure 14 – left). Note that while the results for the current measurements have about a hundred  

nanoamps of difference between them, the visual similarity is what was expected from testing 

the dummy cell. The current should flow in a positive direction during the ramp up from -0.4 to 

1.3 V, then reverse as the voltage ramps back down again.  

 With the promising results from the dummy cell, the next step was to take the device into 

a lab setting where the device could be tested in a solution of artificial cerebral spinal fluid with a 

standard carbon fiber electrode (Figure 15). These device measurements can be compared to the 

gold standard recording seen in Figure 16 which shows the ideal measurement standard. 

The different recordings show the different aspects of the device under test. Measurement 

#1 has noise in the recording that was reduced but not eliminated completely by the filter. 

Measurement #2 shows a tremendous peak current that – while it is expected, especially during 

the start of the recordings – goes much higher than the usual peak as seen in the other 

measurements. Measurements #3 and #4 demonstrate that the system is capable of getting very 

smooth and clear waveforms that show the characteristic voltage curve desired. 

After the device was able to gather gathering the background current measurements 

reliably, different concentrations of dopamine were added to the artificial cerebral spinal fluid to 

see how well the device could detect the changes. The results can be seen in Figure 17 for 

dopamine concentrations of 1micromolar, 5micromolar, and 10micromolar with the background 

current outlined in red and the dopamine recordings superimposed over them in the blue.  
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Figure 15: Background Current of the Electrode Measurements with Device 

 

Figure 16: Gold Standard Equipment Background Current Measurement 

 

 

 

Device Background Current #1 Device Background Current #2 

 

Device Background Current #3 

 

Device Background Current #4 

 

Gold Standard Background Current  
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Figure 17: Dopamine Measurements taken with the device 
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 To concisely relay the current differences in the dopamine measurements, the maximum 

differences have been compiled in Table 1. These measurements were taken at 4.5 microseconds 

and 10 microseconds for each recording, as this would correlate to the oxidation and reduction 

potentials of dopamine in the stimulus waveform.  

Table 1: Dopamine Current Peak Measurements 

Positive Current 

Peak (nA)

Negative Current 

Peak (nA)

1 microM 25 70

5 microM 80 50

10 microM 120 120  

   

6. Discussion 

The hardware design got off to a misguided start. Taking over a previously started design 

attempt, there were several design and component choices that were taken for granted as correct 

– as there was no documentation from the previous designers. Therefore, while this iteration was 

intended to be a nearly finished product it in fact became a second prototype as several design 

flaws became apparent. These flaws remained undiscovered for so long due to the lack of an 

accurate output from the ADC, and the hardware design in the first prototype prevented the ADC 

from working properly.  

The triangle wave output was able to be generated on the first prototype board, as it only ran 

through an amplifier to reach the electrode output. Writing the code for the microcontroller to 

output a set array to the DAC only involved measurement to find the correct values that would 

create a triangle wave of the correct specifications. However, working beyond that required the 

second prototype to be assembled.  
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With the second prototype designed and assembled with the design fixes that had been 

identified, the immediate need called for the ADC to be up and running. Unfortunately this was 

not as simple as the DAC, not only because the ADC process setup is very intricate but also due 

to the discovery that this family of microcontrollers has rather poorly supported documentation 

and code. In addition to getting the ADC working, MATLAB code had to be developed to see 

the values that the ADC was reading. The MATLAB code itself is rather simple, as gathering 

data from a USB port is similar to reading in a data file. To send the data involved sending the 

stored ADC values using a UART protocol from the microcontroller to the USB/UART 

integrated chip which formatted the data properly for transmission using USB protocols. This 

way, data gathered on the device could finally be seen by the user.  

The ADC was tested using known waveforms and voltage values, such as the triangle 

waveform in Figure 13 to make sure the equation to convert the ADC measurements back into 

voltage readings was correct. As it can be seen in the figure, the waveform ranges from -0.373 to 

1.34 V which correlates quite closely to the oscilloscope measured values. The discrepancy of 

30mV on the negative reading suggests that the ADC conversion values may have an offset error 

for negative values. This is corroborated by the fact that when the ADC input is grounded, it 

reads a value of about -20mV. Through testing the ADC doesn’t seem to have problems with 

purely positive readings but it does have an offset for negative readings. This was accommodated 

for, but further work would include mapping out the full ADC transfer function for analog 

voltages.  

The next step was to get the board generating the stimulating waveform and recording the 

resulting measurements at the same time, as previously they had been running one at a time for 
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the purposes of debugging and development. During implementation it was found that the two 

functions took too many resources to have them functioning at the same time. Due to the time 

critical nature of the measurements and voltage waveform generation, it was found that they 

could not be operating at the same time without interfering with each other. In order to keep the 

triangle waveform within the proper parameters of 10 ms duration at 10 Hz, the microcontroller 

would have to deprioritize ADC sampling and storage or vice versa. This would cause the 

sampling rate to fall to unacceptable levels or the stimulating waveform to expand to such a 

degree as to nullify the experiment. Therefore, two microcontrollers were used so that each 

microcontroller would have a designated functionality: one to generate the stimulating waveform 

and one to record it. As the microcontroller is the most expensive singular component on the 

board, this will increase the cost of the device by ten dollars.  

With the ADC and microcontrollers performing as desired, the waveform was used on a test 

dummy cell of a 100kΩ resistor and 1nF capacitor in series. When the measured voltages did not 

meet expectations, an in depth hardware review was performed. Reviewing the electrode 

interface, it was discovered that the design was based upon an amplifier headstage as opposed to 

a potentiostat (a potentiostat simply being the hardware to perform electrochemical experiments). 

A re-evaluation of the design necessary and the board was salvaged by simply using the existing 

op amps in different configurations to create a current-to-voltage converter and signal amplifier. 

This configuration was able to record the data shown in Figure 14 and Figure 15. 

The results from the dummy cell show promise, as these closely match the signal from the 

gold standard equipment. The results from the laboratory testing with artificial cerebral spinal 

fluid show that our device is capable at capturing the characteristic voltammetric waveform. 
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While the measurement shows the voltammetric waveform quite clearly, the actual measurement 

is off by about a hundred nanoamps.  

In testing the device in the lab, it was discovered that there was a thermal component that 

was causing the device to give inaccurate results. When the microcontrollers were active for a 

few minutes, the heat they generated caused their adc measurements to skew to give readings of 

1000 nA. It was verified that the adc was receiving the proper waveform through an 

oscilloscope, and found that when left unplugged for a few seconds and then powered again to 

take a reading, the results were what was expected. This was a new development in the lab 

environment, as the boards had been left up and running for quite some time in other 

environments with no problem. Therefore, cooling methods will have to be implemented in the 

future.  

When it came to the actual dopamine measurements, the device was able to show a very 

definite positive oxidation current for the 5 micromolar and 10 micromolar concentrations, with 

a possible slight reading on the 1 micromolar. However when it came to recording the negative 

reduction currents, the results were more indistinct as there was not a definite “bump” on the 

waveform that correlated to the dopamine oxidation. Ideally, as the concentration gradient 

increased the current readings would increase linearly as well so that the 5 micromolar reading 

would be five times what the 1 micromolar reading was. Looking at the positive oxidation 

current measurements in Table 1, they are not far off from a linear relationship. The negative 

current measurements however are not as reliable, and this may be due to the fact that the 

reduction current is usually smaller than the oxidation measurement.  
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Our device was developed to give a more economical solution to the gold standard for FSCV. 

The device successfully does this and has enough resolution to still be able to see the important 

voltammetry effects. The device results are not perfect, as there are some artifacts from ringing 

in the results and the current measurement is inconsistent with the gold standard. However, it 

does provide the characteristic current waveform that is important for voltammetry and is able to 

show a visible difference in recordings in the presence of dopamine.   

 

7. Future Work 

There are several different aspects of this project that can be improved upon, both from a 

hardware and software prospective. This project did result in a final board design by resolving 

several errors that were exposed in the design used, but a complete integrated board still needs to 

be built and tested. Instead of having two independent microcontrollers, it would be ideal to have 

an independent ADC that would automatically shift the data values directly to a memory chip. 

Currently the memory available on the xmega128 microcontroller can only handle enough for 

one triangle wave recording, while to be fully useful it must be able to store measurements for at 

least 10 triangle waves. In order to gather a data set, the reset button must be pressed. Ideally the 

data would require no user interaction and gather all the data sets automatically as soon as the 

user pressed one button to start collecting data.  

For the software, instead of relying on a MATLAB application it would be ideal to have an 

open source application, such as SciLab
®
 (Scilab Enterprises, Versailles, France) to collect the 

data rather than needing a MATLAB license. The software also still needs to be able to handle 

10 recordings of the waveform and output them all together in order to show levels of dopamine 
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over time. In addition, a desirable feature of the independent application would be to allow the 

user to change the stimulus waveform used, duration, frequency, etc. Then they would press a 

button in the application and the hardware would follow the data sent from the PC application. 

As it is, the microcontroller is running a single constant triangular waveform and constantly 

reading the data when powered.   

In addition, a case to hold the device and keep it cooled will be required to make it able to 

withstand transportation without worry. The case will also need to factor in methods to keep the 

microcontrollers cooled, as that would affect their reading greatly if allowed to heat up.  

 

8. Conclusion 

The device has achieved the initial Specific Aims. It has been able to successfully generate 

the electrolysis waveform and monitor the current moving through the electrode, amplify it, and 

convert it to digital information for analysis. The recorded data points are available through 

MATLAB, allowing for data analysis and display using the programs functions. The ability of 

the device to record the exact current flow through the electrodes is lacking, but it gives the 

desired results with enough resolution to be useful. It is able to show the user the general form of 

the data, if not exact values with good precision. However, as it is an order of magnitude lower 

in price than the gold standard equipment, the precision loss is acceptable to demonstrate the 

characteristic voltage waveform of voltammetry and the device can be utilized to test electrodes.  

The device shows the feasibility of the design to capture voltammetric current waveforms 

cheaply, and can be further refined to give precise current measurements.  
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Appendix II – Schematic
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Appendix III – Matlab Code 

% ************************************************************************* 

% serial_plot.m 

% Portable Fast-Scan Cyclic Voltammetry Project 

% Jayson Foster 

% 4/9/2014 

% 

% This program takes data in from the USB port of a computer hooked up to 

% the portable FSCV device and converts it to usable current readings for 

% display. 

% ************************************************************************* 

 

clc; 

clear all; 

close all; 

  

s = serial('COM7'); %assigns the object s to serial port 

 

% NOTE: for error "Open failed: Port: COM7 is not available. Available ports: COM6, COM7" 

%   use delete(instrfind) command to close port and make it availible for 

%   function use 

  

set(s, 'InputBufferSize', 2048); %number of bytes in inout buffer formally 256 

set(s, 'FlowControl', 'none'); 

set(s, 'BaudRate', 9600); 

set(s, 'Parity', 'none'); 

set(s, 'DataBits', 8); 

set(s, 'StopBit', 1); 

set(s, 'Timeout',10); 

%clc; 

  

disp(get(s,'Name')); 

prop(1)=(get(s,'BaudRate')); 

prop(2)=(get(s,'DataBits')); 

prop(3)=(get(s, 'StopBit')); 

prop(4)=(get(s, 'InputBufferSize')); 

  

disp(['Port Setup Done!!',num2str(prop)]); 

 

u = 1; 
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CompleteData = 0; 

UnsignedPortion = 0; 

 

negflag = 0; 

posflag = 0; 

BadData = 0; 

 

voltage = 0; 

  

fopen(s);           %opens the serial port 

t=1; 

disp('Running'); 

x=0; 

%rawdata = zeros (500,1); % Preallocating buffer 

 

while(s.BytesAvailable < 1712) %2048 

    % Do nothing 

    if(s.BytesAvailable ~= 0); 

     display(s.BytesAvailable); 

    end 

end 

 

rawdata = fread(s,1712,'uint8'); 

 

% CompleteData = (bitshift(uint16(rawdata(t)),8) + uint16(rawdata(t+1))); 

% disp(['CompleteData =',num2str(CompleteData),' sign =', num2str(bitshift(uint16(CompleteData(u)),-

12)),]); 

 

while(t<1712) 

    CompleteData(u) = (bitshift(uint16(rawdata(t)),8) + uint16(rawdata(t+1))); 

     

    % If data is 1111 1xxx xxxx xxxx then it is negative 

    % If data is 0000 0xxx xxxx xxxx then it is positive 

    if(bitshift(uint16(CompleteData(u)),-11) == 31) 

        negflag = 1; 

        disp('Neg Value'); 

    elseif(bitshift(uint16(CompleteData(u)),-11) == 0) 

        posflag = 1; 

        disp('Pos Value'); 

    else 
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        BadData = 1; 

        disp('Bad Data'); 

    end 

     

    UnsignedPortion = bitand(uint16(CompleteData(u)),uint16(4095));%2047)); 

 

    if(negflag == 1) 

        voltage(u) = twos2dec(dec2bin(UnsignedPortion))*(2.06/2048); 

        if(voltage(u) < -5) 

            BadData = 1; 

        end 

    elseif(posflag == 1) 

        voltage(u) = bin2dec(dec2bin(UnsignedPortion))*(2.06/2048); 

        if(voltage(u) > 5) 

            BadData = 1; 

        end 

    end 

     

    if(BadData == 1) 

        t = t + 1; 

        disp('BadData triggered'); 

    else 

        x(u) = voltage(u); 

 

        disp([num2str(t),'th iteration = ',num2str(voltage(u)),'      12-bit value = ',num2str(UnsignedPortion),'   

Byte 1 = ',num2str(rawdata(t)),' Byte 2 = ',num2str(rawdata(t+1))]); 

        hold on; 

         

        u = u + 1; 

         

        t=t+2; 

    end 

     

    BadData = 0; 

    negflag = 0; 

    posflag = 0; 

     

end 

 

%smooth(x); 

    cleandata=x(x~=0); 
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    plot(cleandata,'-x'); 

    axis auto; 

    grid on; 

  

fclose(s); %close the serial port 
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function x = twos2dec(t) 

 

% TWOS2DEC Convert binary string two's complement to decimal integer. 

%  

% Usage: X = TWOS2DEC(T) 

%  

% Converts the two's complement representation as a string given by T to 

% decimal integers X. T can be a character array or cell string. Input 

% multiple numbers into T along the rows, and the output will be as a 

% column vector. Similarly to BIN2DEC, leading spaces in T are sign 

% extended (so treated as either 0 or 1 depending on the first non space 

% character), and embedded and trailing spaces are removed. 

%  

% Example: 

%     >> twos2dec(['010 111'; ' 010111'; '101011 '; ' 10   1']) 

%      

%     ans = 

%      

%         23 

%         23 

%        -21 

%         -3 

%  

% Inputs: 

%   -T: string two's complement numbers to convert to decimal integers. 

%  

% Outputs: 

%   -X: decimal representation of T. 

%  

% See also: DEC2TWOS, FIX2DEC, DEC2FIX, BIN2DEC, HEX2DEC, BASE2DEC. 

 

%Error check 

narginchk(1, 1); 

if iscellstr(t) 

    t = char(t); 

end 

 

% Convert to numbers. 

x = bin2dec(t); 

 

% Get the number of bits as the number of 0's and 1's in each row. 
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nbits = sum(t == '0' | t == '1', 2); 

 

% Case for negative numbers. 

xneg = log2(x) >= nbits - 1; 

% xneg = bitshift(x, -(nbits - 1)) == 1; 

if any(xneg) 

    x(xneg) = -( bitcmp(x(xneg), nbits(xneg)) + 1 ); 

end 

 

 

function two2dec.m 

Copyright (c) 2012, Drew Compston 

All rights reserved. 

 

Redistribution and use in source and binary forms, with or without 

modification, are permitted provided that the following conditions are 

met: 

 

    * Redistributions of source code must retain the above copyright 

      notice, this list of conditions and the following disclaimer. 

    * Redistributions in binary form must reproduce the above copyright 

      notice, this list of conditions and the following disclaimer in 

      the documentation and/or other materials provided with the distribution 

 

THIS SOFTWARE IS PROVIDED BY THE COPYRIGHT HOLDERS AND CONTRIBUTORS "AS IS" 

AND ANY EXPRESS OR IMPLIED WARRANTIES, INCLUDING, BUT NOT LIMITED TO, THE 

IMPLIED WARRANTIES OF MERCHANTABILITY AND FITNESS FOR A PARTICULAR PURPOSE 

ARE DISCLAIMED. IN NO EVENT SHALL THE COPYRIGHT OWNER OR CONTRIBUTORS BE 

LIABLE FOR ANY DIRECT, INDIRECT, INCIDENTAL, SPECIAL, EXEMPLARY, OR 

CONSEQUENTIAL DAMAGES (INCLUDING, BUT NOT LIMITED TO, PROCUREMENT OF 

SUBSTITUTE GOODS OR SERVICES; LOSS OF USE, DATA, OR PROFITS; OR BUSINESS 

INTERRUPTION) HOWEVER CAUSED AND ON ANY THEORY OF LIABILITY, WHETHER IN 

CONTRACT, STRICT LIABILITY, OR TORT (INCLUDING NEGLIGENCE OR OTHERWISE) 

ARISING IN ANY WAY OUT OF THE USE OF THIS SOFTWARE, EVEN IF ADVISED OF THE 

POSSIBILITY OF SUCH DAMAGE. 
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Appendix IV – DAC Microcontroller Code 

/* 
 * gvsuFSCV.c 
 * 
 * Created: 1/11/2012 3:09:36 PM 
 *  Author: grant 
 *  
 * Modified and updated: 4/9/2014 
 *   Jayson Foster 
 *  
 * Fast Scan Cyclic Voltammetry code for microcontroller handling DAC 
 *  This code generates the stimulus triangle waveform for FSCV 
 */  
 
#include "avr_compiler.h" 
#include "clksys_driver.h" 
#include "util.h" 
#include <util/delay.h> 
#include <avr/interrupt.h> 
#include "string.h" 
//#include <avr/iom128a.h> 
#include <stdbool.h> 
#include "spi_driver.h" 
#include "dac.h" 
#include "usart_driver.h" 
#include "stdio.h" 
#include "adc.h" 
#include <stddef.h> 
#include <avr/pgmspace.h> 
 
#define lookupLength 1350 //Real value is dialed in by calibration: looking at waveform 
through oscilloscope, same for dacBase and dacTop 
#define triangleLength 70  
#define DAC    1 
#define ADC    0 
#define dacBase   30000 // Min value: 0 
#define dacTop   42000 // Max value: 65536 
 
// USART output for data 
#define USART USARTF0 
#define NUM_BYTES 2048 
uint8_t sendArray[NUM_BYTES]; 
uint8_t i; 
USART_data_t USART_data; 
 
uint16_t adc_result; 
uint8_t result_flag = 0; 
uint16_t pot_val = 0x0000; 
uint16_t temp_result = 0x0000; 
uint8_t over_sample_num = 0x00; 
 
uint16_t ADCB_cal; 
 
uint16_t triangleLookup[lookupLength]; 
int lookupIndex = 0; 
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char retStatus = 0; 
int adc_counter = 0; 
 
int main(void) 
{ 
 int i; 
  
 //Setup the 32MHz Clock 
 //start 32MHz oscillator 
 CLKSYS_Enable( OSC_RC32MEN_bm ); 
 //wait for 32MHz oscillator to stabilize 
 while ( CLKSYS_IsReady( OSC_RC32MRDY_bm ) == 0 ); 
 //set clock as internal 32MHz RC oscillator 
 CLKSYS_Main_ClockSource_Select( CLK_SCLKSEL_RC32M_gc ); 
  
 // Initialize the Status LEDs 
 initStatusLED(); 
 initHardware(); 
  
 for(i = 0; i <= lookupLength;i++){ 
  triangleLookup[i]=dacBase; 
 } 
 
 // fill the triangle wave lookup 
 for(i = 1; i < triangleLength*2;i++){ 
  // ramp up 
  if( i <= (triangleLength)){ 
   triangleLookup[i] = triangleLookup[i-1] + ((dacTop-
dacBase)/(triangleLength)); 
  }    
  // ramp down 
  if(i > (triangleLength)){ 
   triangleLookup[i] = triangleLookup[i-1] - ((dacTop-
dacBase)/(triangleLength)); 
  } 
 } 
  
 initDebugUSART(); 
  
 // Enable all interrupt levels 
 // Load Int vectors to application section of flash 
 // Set interrupt priority to Static (lower address = higher priority) 
 PMIC.CTRL = PMIC_HILVLEN_bm | PMIC_MEDLVLEN_bm | PMIC_LOLVLEN_bm; //0x07 
   
 /* Enable global interrupts. */ 
 sei(); 
  
 SPI_MasterInit(&spiMasterC, 
                 &SPIC, 
                 &PORTC, 
                 false, 
                 SPI_MODE_1_gc, 
                 SPI_INTLVL_OFF_gc, 
                 false,     //false 
                 SPI_PRESCALER_DIV64_gc); //SPI_PRESCALER_DIV128_gc - 64 
gives 500kHz to match ADC clock 
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 lookupIndex = 0; 
    while(1) 
    { 
  // If else statement to signal the other board to record the triangle wave 
  // the +/- 25 is so that there is some resting potential captured along 
with the triangle waveform 
  if(lookupIndex <= (triangleLength*2)+25 || lookupIndex >= lookupLength-25){ 
   PORTE.OUTSET = PIN1_bm; 
   statusLED(1,1); 
  } 
  else{ 
   PORTE.OUTCLR = PIN1_bm; 
   statusLED(0,0); 
  } 
     
  /* DAC Triangle Wave */ 
  retStatus = setDAC1(triangleLookup[lookupIndex++]); 
  if(lookupIndex >= lookupLength){ 
   lookupIndex = 0; 
  }   
 
 } 
} 
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Appendix V – ADC Microcontroller Code 

 
/* 
 * gvsuFSCV.c 
 * 
 * Created: 1/11/2012 3:09:36 PM 
 *  Author: grant 
 *  
 * Modified and updated: 4/9/2014 
 *   Jayson Foster 
 *  
 * Fast Scan Cyclic Voltammetry code for microcontroller handling ADC 
 *  This code records the resultant current from the triangle stimulus waveform 
 */  
 
 
#include "avr_compiler.h" 
#include "clksys_driver.h" 
#include "util.h" 
#include <util/delay.h> 
#include <avr/interrupt.h> 
#include "string.h" 
//#include <avr/iom128a.h> 
#include <stdbool.h> 
#include "spi_driver.h" 
#include "dac.h" 
#include "usart_driver.h" 
#include "stdio.h" 
#include "adc.h" 
#include <stddef.h> 
#include <avr/pgmspace.h> 
 
#define DAC    0 
#define ADC    1 
 
#define USART USARTF0 
#define NUM_BYTES 2048 
uint8_t sendArray[NUM_BYTES]; 
uint8_t i; 
USART_data_t USART_data; 
 
uint16_t adc_result; 
uint16_t pot_val = 0x0000; 
uint16_t temp_result = 0x0000; 
uint8_t over_sample_num = 0x00; 
 
uint16_t ADCB_cal; 
 
int lookupIndex = 0; 
int adc_counter = 0; 
 
// Interrupt Service Routine for handling the ADC conversion complete interrupt 
ISR(ADCB_CH0_vect) { 
  
 //adc_result = ADCB.CH0.RES; 
 sendArray[adc_counter] = ADCB.CH0.RES & 0xff; 
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 sendArray[adc_counter+1] = (ADCB.CH0.RES >> 8); 
 adc_counter = adc_counter + 2; 
 //sendArray[2] = 0x0D; 
  
 // Interrupt flag is cleared upon return from ISR 
} 
 
// Function to read ADC Calibration from microcontroller register 
uint8_t ReadCalibrationByte( uint8_t index ) 
{ 
 uint8_t result; 
 
 /* Load the NVM Command register to read the calibration row. */ 
 NVM_CMD = NVM_CMD_READ_CALIB_ROW_gc; 
 result = pgm_read_byte(index); 
 
 /* Clean up NVM Command register. */ 
 NVM_CMD = NVM_CMD_NO_OPERATION_gc; 
 
 return( result ); 
} 
 
 
int main(void) 
{ 
 int i; 
  
 //Setup the 32MHz Clock 
 //start 32MHz oscillator 
 CLKSYS_Enable( OSC_RC32MEN_bm ); 
 //wait for 32MHz oscillator to stabilize 
 while ( CLKSYS_IsReady( OSC_RC32MRDY_bm ) == 0 ); 
 //set clock as internal 32MHz RC oscillator 
 CLKSYS_Main_ClockSource_Select( CLK_SCLKSEL_RC32M_gc ); 
  
 // Initialize the Status LEDs 
 initStatusLED(); 
 initHardware();  
 initDebugUSART(); 
  
 // Enable all interrupt levels 
 // Load Int vectors to application section of flash 
 // Set interrupt priority to Static (lower address = higher priority) 
 PMIC.CTRL = PMIC_HILVLEN_bm | PMIC_MEDLVLEN_bm | PMIC_LOLVLEN_bm; //0x07 
  
 // Calibration values are stored at production time 
 // Load stored bytes into the calibration registers 
 // First NVM read is junk and must be thrown away 
 ADCB.CALL = ReadCalibrationByte( offsetof(NVM_PROD_SIGNATURES_t, ADCBCAL0) ); 
 ADCB.CALH = ReadCalibrationByte( offsetof(NVM_PROD_SIGNATURES_t, ADCBCAL1) ); 
 ADCB.CALL = ReadCalibrationByte( offsetof(NVM_PROD_SIGNATURES_t, ADCBCAL0) ); 
 ADCB.CALH = ReadCalibrationByte( offsetof(NVM_PROD_SIGNATURES_t, ADCBCAL1) ); 
  
 // Place ADC channel in single-ended mode 
 // Gain set to 1 
 // Differential signal using internal ground (single ended) of differential using 
pin ground results in much more stable signal 
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 ADCB.CH0.CTRL = ADC_CH_INPUTMODE0_bm; // 0x02 
  
 // Connect ADC line (PB1) to positive input 
 // MUXNEG bits are ignored in single-ended mode 
 ADCB.CH0.MUXCTRL = ADC_CH_MUXINT0_bm; // 0x08 
  
 // Apply no limit to ADC sample rate 
 // Put ADC in signed mode 
 // Disable Free-run mode (single conversion upon trigger) 
 // Resolution set to 12-bit, right justified (11-bit effective in signed mode) 
 ADCB.CTRLB = ADC_CONMODE_bm; // 0x10 
  
 // Set ADC clock to 250kHz:  CPU_per/256   =>    32MHz/256 = 125kHz 
 ADCB.PRESCALER = ADC_PRESCALER2_bm | ADC_PRESCALER1_bm;  
  
 // Set Vref to Vcc/1.6.  This gives 3.3/1.6 = approx 2.06V 
 // With effectively 11-bit resolution, this means each LSB 
 // will represent approximately 1 mV. 
 ADCB.REFCTRL = ADC_REFSEL0_bm; // 0x10 
  
 // Not implementing Event System so ensure EVCTRL is reading zeros 
 ADCB.EVCTRL = 0x00; 
  
 // Ensure the ADC complete flag is cleared (by writing a '1' to it) 
 ADCB.INTFLAGS = ADC_CH0IF_bm; // 0x01 
  
 // Configure interrupt on conversion complete with high priority 
 ADCB.CH0.INTCTRL = ADC_CH_INTLVL1_bm | ADC_CH_INTLVL0_bm; // 0x03 
  
 // Enable ADC, module B 
 ADCB.CTRLA = ADC_ENABLE_bm; // 0x01 
  
 /* Enable global interrupts. */ 
 sei(); 
  
 SPI_MasterInit(&spiMasterC, 
                 &SPIC, 
                 &PORTC, 
                 false, 
                 SPI_MODE_1_gc, 
                 SPI_INTLVL_OFF_gc, 
                 false,     //false 
                 SPI_PRESCALER_DIV64_gc); //SPI_PRESCALER_DIV128_gc - 64 
gives 500kHz to match ADC clock 
         
 PORTE.DIRSET = PIN1_bm; 
 int first = 0; 
  
 lookupIndex = 0; 
    while(1) 
    { 
  
  if(first == 0) 
  { 
   // Checks for input from DAC microcontroller for triangle wave flag 
   // Code remains in while loop until triangle wave passes so that it 
constantly records data 
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   while (PORTB.IN & PIN6_bm)  
   { 
    // Utilizing internal ADC 
    // Setting flag to take a reading 
    ADCB.CH0.CTRL |= 0x80; 
 
    first = 1; 
   } 
  } 
   
  // first flag is to make sure that the device only sends one recording 
between resets 
  if(first == 1) 
  { 
   i=0; 
   bool byteToBuffer; 
    
   // Sending data out through USART to the USB IC for transmission to 
computer 
   while (i < adc_counter) { 
    byteToBuffer = USART_TXBuffer_PutByte(&USART_data, 
sendArray[i]); 
    if(byteToBuffer){ 
     i++; 
    } 
   } 
 
   statusLEDtgl(1,1); 
 
   first = 0; 
  } 
 
 } 
} 
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