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Abstract

Electric signals are used in research areas as stimulus in tests: in body fluid samples to
find a specific type of cells, particles, viruses or bacteria, in water samples to find pollutant
agents, in blood samples to count T-Lymphocytes as cancer evidence, in food samples to
determine safety, in prosthetics development for functional tests, in biotechnology to
determine cell development stage, and several other fields. Currently, generic equipment such
as standard signal generators is used to deliver the needed electric signals to the experimental
setting. Generic equipment requires knowledge in the electric field, that researchers in
biological and medicine fields do not have. Besides, it is expensive and delivers a limited type
of signal waveforms. This paper presents the idea, design, implementation, and results of a
flexible, programmable, multi-purpose device for delivering multi-waveform signals for a
variety of applications. The idea is to develop a device which delivers different waveforms,
single or superimposed, to several ports, where signal parameters such as amplitude,
frequency, phase, waveform and repetition pattern are defined by the user. The design is
based on a high speed processor, a Harvard architecture memory, a
communication/configuration port, and 8-bit 10 ports. A prototype is developed using an
ARM processor based board, a C++ application program, and a User Interface. Specifications
achieved: self contained, configurable, programmable, Vout up to 200Vpp, frequency 1Hz-
40kHz, 4 waveforms (sinusoid, triangle, square, and saw-tooth), single, dual, or superimposed
signals, waveform combination, single triggered outputs, continuous execution, and
programmable repetition patterns.
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Introduction:

There is a need for reliable, portable, low cost devices, which can be used in research
and experiments that require electric stimulation. Clinic analysis, water quality, food quality,
genetic analysis, prosthetics, cancer research, cell differentiation and characterization, are
research fields that can be beneficiated by this device. Research experimentation and testing
require multiple repetitive stimulation varying parameters that may produce different effects
or to prove that an experiment is developing as expected. A variety of signals, patterns and
stimulation is needed, and existing equipment is of little use for researchers. Besides,
biologists, medical staff, and doctors do not have the knowledge in electric, electronics and
programming to operate or configure standard equipment, so their research advance and
results slow down and depend on other people. The system detailed in this paper presents a
portable, inexpensive device, that can be configured and operated easily, and provides any
signal and pattern a researcher may need, by varying a few parameters and by connecting
easily to any experimental setting. This way, a multi-purpose stimulation device is achieved,
resulting in a configurable, programmable, and autonomous system. It can easily be modified
to extend its use to other areas, by adding modular programming or including signal patterns
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that do not follow a known behavior. The device software and user interface can be installed
in any portable computer, and data can be stored from past experiments for future reference.
A simple User Interface allows the researcher to set up, change and repeat experiments by
changing the signal parameters. An infinite combination of signal patterns and stimulation can
be achieved by varying amplitude, frequency, waveform, and repetition periods. This paper
shows the system design and functionality, and a brief background of the application areas.

Background on electric stimulation

The use of electric stimulation in several research areas is well documented; for example,
small voltage signals are used in clinic analysis when looking for virus and bacteria in blood
and urine; dielectrophoresis (DEP) is the phenomenon used for manipulating and separating
dielectric particles and cells by suspending them in a fluid and using electric stimulation to
generate electric fields in between, producing a controlled motion on the particles; in water
and food freshness, samples are electrically stimulated to separate, count and extract pollutant
agents; in flowing liquids, separation and filtration of undesired particles is produced by
energized electrodes with electric stimulation of a specific frequency and phase. This research
and analysis require reliable stimulation and experiment repeatability, in a way that precise
and consistent results can be obtained, and used for further analysis.

In recent years, new applications for electric stimulation have been emerging: sinusoid
waveforms are used to manipulate the DNA chain, electric signals are used to manipulate
Cytotoxin in T-Lymphocytes, which are indicators of toxicity or cancer, and so on.

The proposed idea and implemented prototype, shown in this paper, may lead to a multi-
application portable device which can deliver electric stimulation to a wide variety of research
areas. Also, the prototype can obtain and store data related to the experimentation results, so it
can be further analyzed to understand research results. Currently, most of the research and
experimentation work is done with standard signal generators, setting operation parameters
manually, by researchers with no background on electronics, all of which lead to slow,
imprecise, not repeatable experimentation.

Examples of applications and the electric stimulation they use, are shown in Table 1.
Table 1. Ongoing research based on electric stimulation

Application Electric stimulation

Route different particles in one fluid sample Sinusoidal, 200Hz, 100Vpp

Detect and manipulate pollutant particles in water 5 to 500KHz, 150Vpp

Manipulate poly-styrene testing beads Sinusoidal, 1Khz-5MHz

Trap and sort proteins in DNA 2 opposite sinusoids, 8Vpp, 1IMHz

Detect virus and cells in blood samples. 2 phased sinusoids, 10V, in the range of KHz

Separate and count T cells in blood for HIV diagnose | Sinusoide, 6Vpp @ 50KHz
Superimposed frequencies, phased sinusoids, 6Vpp,

Separate red blood cells from other cells 200KHz
Manipulate and separate MD23 cancer cells Sinusoide, 10Vpp, 50KHz
Manipulation of pathogens in body fluids Sine, 10V, 1 MHz AC/DC

System design. The idea of an autonomous system begins with a high speed processor
that can run an application program fast enough to deliver continuous voltage samples that
can be converted into a cyclic waveform. Tables in memory can contain the data samples that
represent different waveforms. Efficiency in memory storage size can be achieved by storing
only a fraction of a waveform, when possible, for example on sinusoids: ¥ of the cycle
contains the same information as the other 3/4s. Output ports can be digital 8-bit 10, since 256
values scale is enough for up to ImV steps. Digital to analog converters and analog filters are
connected to the digital 10 ports to convert the data samples into a continuous voltage signal.
A cyclic execution of the application program produces a continuous sinusoidal signal.
Different waveforms, not considered in the mentioned basic 4, can easily be added to the
system by sampling a full period of the desired signal and representing it as a table of data
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samples. The number of data samples used to construct any waveform does not need to be the
complete set of samples stored in the memory tables: as fewer samples are used, higher
frequencies can be achieved since it takes less execution time for the processor to go from the
first through the last point. A user interface allows selecting configuration and operation
parameters. Open source code can be modified to add functionality or new waveforms.

This stimulation system can be used as an autonomous component or as part of a LoC
(Lab-on-Chip) design, when miniaturized. The complete system is shown in Figure 1: the
User Interface allows parameter and operation configuration, the Electrical Stimulation
System Prototype delivers digital data according to the selected configuration, the Signal
Processing module converts the digital data into analog signals, the Experiment Setup
contains the device to be stimulated, and the Monitoring and Feedback line carries
information sensed in the experiment to determine adjustments in the stimulation. The
Experiment Setup module depends on the research area, for example on particle manipulation
it can be a video microscope to see the manipulation effects; in prosthetics testing it can be a
prototype being stimulated to observe the mechanical response, and so on. Every block
modules require minimum or no changes when migrating from one research area to another.

PC - User Interface

USE Port Monitoring-

Feedback
Electrical Stimulation
System Prototype

Digital output Analog output

Experiment Setup

Signal Procesing

Figure 1. Block diagram of a complete Stimulation System

The application software, that delivers the output digital data to form the stimulation
patterns, was developed in C++ and runs on an ARM processor based development board.
The application program is stored in an EEPROM and a RAM array stores the waveform
samples and the temporary data generated during execution of experiment. The system
includes a USB or RS232 port for programming and configuration, and parallel ports are used
as four 8-bit GPIO (General Purpose Input Output).

The application software architecture can be summarized as follows:

Set-up: Accept user parameters to define execution and signal generation scheme.

Select signal outputs: Determine, based on user parameters, the data tables, timing, and data
separation to be used in signal generation.

Configure operation: Determine algorithm to construct the data table to be used for
signal output.

Memory data tables: Use base data tables to extract samples for 1 or 2 separate
signals; use base data tables to construct temporary data table for operation mode 3
(superposition of 2 signals).

Waveform superposition. A special case of signal generation occurs when a user needs
to mix 2 different waveforms and frequencies to produce a unique output signal. This is useful
when 2 different motion or manipulation effects are desired at the same time, over the same
sample or device. A timed mix of data samples has to be achieved and stored in a temporary
memory table, before signal generation occurs, so execution time is only used for output
delivering but not for signal building. Figure 4 explains the way a 2-waveform, 2-frequency
signal is achieved from base data tables, and stored into the temporary table.
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The hardware architecture is represented in Figure 2.
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Figure 2. Hardware architecture of the Electric stimulation system.

Processor: executes the application program using maximum crystal frequency to achieve
maximum frequency in the output signals.

Application program memory. Several programs were tested, mainly evaluating 2
schemes: Memory intensive versus Computation intensive. The core of the memory intensive
scheme is the use of data tables containing the sampled waveforms. The core of the
computation intensive scheme uses Taylor series to calculate up to 4 decimals the value of the
signal samples; more decimals were not needed due to the effect of the external filter. Figure
3 shows both. The selection, for maximum output frequency, was Memory intensive scheme.
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i1 Process
Do=D[M 1]+D[M2]
Mz t &x = th1+Addr+ti2+3top+tstore+ting_fase
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Figure 3. Memory intensive versus Computation intensive.

Data memory. Contains 2 types of data tables: the permanent tables containing waveform
samples used to construct and deliver the signal for all the operation modes, and the
temporary tables calculated prior to execution of operation mode 3, because the superposition
of 2 signals has to be calculated before in order to not to take time for it when delivering the
signal. This is the key to obtain maximum frequency output even when superimposing 2
signals with very different frequencies. This procedure is shown in Figure 4.
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Figure 4. Data table construction for 1 and 2 signals.

IO Port. Two 8-bit 10 ports are used to deliver digital data to external Digital to Analog
Converter (DAC) and then to analog filter. 8 bit ports allow internal data tables of 256 data
values for signal samples.

Communication port. A USB port is used for programming, operation, and configuration
of the prototype. Programming allows adding future additions to the current application
program; operation allows using a regular personal computer to install the development
software and the user interface; and configuration allows executing the program under
selected parameters via the same computer or as a standalone module.

Open source code. When needed, open source libraries were used in order to keep a low
cost on the prototype.

Signal conditioning. As the processor based system delivers digital signals, a digital to
analog conversion, filtering, and in some cases amplification, is needed as an external circuit.
All tests were successfully completed for the signal parameters intended in this work.

The interface shown in Figure 5 allows the user to easily select and define the parameters
for the operation.
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ENTER for System to run

Figure 5. User Interface: to configure and operate the signal generator.

First, to select if the signal will be delivered by a finite amount of time, if the
waveform should change automatically during execution, or to make a sweep over a
frequency range. Then, to set the operation mode: select a single signal, or 2 signals over 2
different output channels, or 2 different signals superimposed to deliver on 1 single output.
Then to set the type of waveform, the frequency, and the data samples per signal cycle. The
amount of samples per cycle impacts the maximum achievable frequency, so small numbers
are recommended for high frequencies. Last, for operation modes 2 and 3, parameters for the
2" signal are set. No signal delivery occurs until all the parameters are set and the final Enter
is typed; this is due to the importance of the timing in certain experiments.

Functional specifications. The prototype has been tested in different development
boards from several commercial brands, so its portability is fully demonstrated: it runs on a
LM3S6965 Luminary micro board, on a Tower system from Freescale, a Kinetis Quickstik
from Freescale, and on an Arduino Il. The best performance has been achieved by the ARM
processor based boards, as they are intended for real time applications. If system is transferred
to a board other than the mentioned, full frequency range can be achieved by a processor
running on a 50 MHz or higher clock, an a program memory of at least 256 kB, data SRAM
of 64kB or more, and two 8-bit General purpose 10. A USB port is highly recommended
since it provides input for in-field programming and configuration. If a battery or energy
source is provided, the system can operate as an autonomous system. If long term storage is
needed for data resulting from repeated experimentation, a personal computer attached to the
system is recommended. After rounds of improvement in software and hardware, the
functional specifications of this Electrical Stimulation prototype are shown on Table 2.
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Table 2. Device specifications

Waveforms Sinusoidal, triangle, saw-tooth, and square
Frequency Range 1 Hz - 40 kHz

Data samples per signal cycle From 8 to 256

Output amplitude 200Vpp

Single output, dual output, 2 dephased outupt. 2 separated waveforms,
2 superimposed waveforms
Single, Dual, and Superimposed Output (whether using frequency

Output configurations

Output Types sweep, or simple output mode)
Application software Modular, generates waveforms, stores, repeat patterns
Hardware architecture Stand-alone module, foundation for a lab-on-a-chip

The prototype was tested to show that it delivers the kind of signals mentioned above;
results for the intended frequency range and waveforms were successfully achieved. Figure 6
shows the  experimental setting and the stimulation system.

Figure 6. User interface, Prototype board, Signal viewer. Development board: The LM3S6965 prototyping
a) ARM® Cortex-M3 Processor, b) GPIO, ¢) USB port, d) Reset, ) Memory card slot for data and/or program.

Examples of the waveforms obtained: Simple sinusoid, simple triangle, simple sawtooth,
triangle superimposed over a sinusoid, sawtooth superimposed over a triangle, triangle
superimposed over a sawtooth, and so on. Also, tests were conducted in order to ensure that
different frequencies can be achieved during superposition, as it is shown in Figure 4.
Different number of data samples were used in tests, to ensure waveform remain consistent
regardless the amount of samples; this is achieved due to the external analog filter. These
signals prove to be useful in the research areas mentioned in table I; the parameters achieved
are 200Vpp maximum, of up to 40KHz. Ongoing work is in process to extend the frequency
range in order to reach additional research areas. Figure 7 shows examples of the various
patterns and superposmon that can be delivered by the system.

[ —— —‘—v—"‘—'
‘ \\W

mif

Figure 7. Examples of the delivered signals, different waveforms, different frequencies.

Future work. As use of this system finds its way through on-going research areas,
additional functionality will certainly arise. Audio systems and prosthetic devices use signal
patterns very different form standard sinusoids and saw-tooth, and they can also be
characterized and represented with data tables. Some areas require closing the
experimentation loop by sensing a physical variable to further correct the stimulation signal;
current system can receive input signals from any digital sensor, so its information can be
integrated into the user selection when deciding the signal and operation parameters. Future
work also includes breaking the dependence of the maximum frequency output from the
processor clock speed, by adjusting the time between samples when mixing data samples
from 2 or more different waveforms. An interesting addition is in progress: once a user finds
the tests which are usually performed, the stimulation parameters can be saved in the system

18



for future use, so several tests can be saved as TestFreql, TestFreg2, and so on; this way, the
configuration and operation parameters can be saved and used later, to ensure that the exact
same stimulation is used and can be compared to previous research results.

Conclusion:

Experiment stimulation using electric signals is needed in several research areas. Generic
equipment such as signal generator is available but do not fulfill the need for user
configuration, programming, variety of waveform patterns, and operation. The prototype
presented in this work delivers electric signals over a wide range of parameters, as an
autonomous portable device. It can deliver any combination of different waveforms over up to
4 output channels. Open source software is provided for this application and it can run on
different commercial hardware platforms. Future work on this prototype is in progress, to add
new waveforms, deliver higher voltages, wider frequency range, and to integrate sensors for
giving feedback to the system so it can auto-adjust signal outputs.
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