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Abstract

Digital Microfluidics (DMF) is a second generation technique, derived from the conventional
microfluidics that instead of using continuous liquid fluxes, it uses only individual droplets driven by
external electric signals.

In this thesis a new DMF control/sensing system for visualization, droplet control (movement,
dispensing, merging and splitting) and real time impedance measurement have been developed. The
software for the proposed system was implemented in MATLAB with a graphical user interface. An
Arduino was used as control board and dedicated circuits for voltage switching and contacts were
designed and implemented in printed circuit boards. A high resolution camera was integrated for
visualization. In our new approach, the DMF chips are driven by a dual-tone signal where the sum of
two independent ac signals (one for droplet operations and the other for impedance sensing) is applied
to the electrodes, and afterwards independently evaluated by a lock-in amplifier. With this new
approach we were able to choose the appropriated amplitudes and frequencies for the different
proposes (actuation and sensing). The measurements made were used to evaluate the real time droplet
impedance enabling the knowledge of its position and velocity. This new approach opens new

possibilities for impedance sensing and feedback control in DMF devices.

Keywords: Digital microfluidics, Control system, Real-time sensing, Impedance measurement,
Droplet control, MatLab, Arduino, Lock-in amplifier
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Resumo

Microfluidica Digital é uma técnica de segunda geracdo, que deriva da microfluidica
convencional e em vez de utilizar fluxos de liquidos continuos, utiliza apenas gotas individuais
guiadas por sinais elétricos externos.

Nesta tese foi desenvolvido um novo sistema de controlo/medida para visualizagdo, controlo da
gota (mover, dispensar, juntar e separar) e medida de impedancia em tempo real. O software para 0
sistema proposto foi implementado em MATLAB com uma interface grafica de utilizador. Um
Arduino foi utilizado como placa de controlo. Foram desenhados e implementados circuitos dedicados
a comutacgdo de tensdo e contactos para chips de Microfluidica Digital em placas de circuito impresso.
Para a visualizacdo uma camara de alta resolucdo foi integrada. Nesta nova abordagem, aos chips de
Microfluidica Digital foi aplicado um sinal de dois tons, onde a soma de dois sinais AC independentes
(um para as operagdes da gota e outro para a medida de impedéancia) foi aplicado aos elétrodos, e em
seguida avaliados individualmente por um amplificador lock-in. Com esta nova abordagem, foi
possivel escolher as amplitudes e frequéncias apropriadas para os diferentes propdsitos (atuacdo e
medida). As medidas feitas foram usadas para avaliacdo da impedancia da gota em tempo real,
possibilitando o conhecimento da sua posicéo e da sua velocidade. Esta nova abordagem abre caminho

para novas medidas de impedancia e controlo por feedback nestes dispositivos.

Palavras-chave: Microfluidica digital, sistema de controlo, medida em tempo real, medida de

impedancia, controlo da gota, MatLab, Arduino, lock-in amplifier
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Motivation

Conventional microfluidics (CMF) emerged from the necessity of creating a platform for
biosensors that used much less volume of reagents and performed biological tests much quickly.
Digital microfluics (DMF), a descendant of the conventional microfluidics, is an area that is growing
fast in the scientific world nowadays. Differently from its predecessor, DMF allows actuation over
individual droplets, which lower even more the volume of reagents used, and enable the possibility of
performing reactions at a much higher rate. This area of study presents itself as very interesting and
refreshing in a society where faster things are expected (as microprocessors, for example).

The control system for actuation and sensing represents a crucial part in the whole DMF system
that combines various fields of knowledge and resort to various tools, needed, for it to work. This
means that there is a need to research for an efficient way of controlling the DMF chip, especially in
the signals used for the actuation and monitoring the droplets movement.

This thesis objectives relayed in the assembly of a control system for DMF and as well as the
implementation of a sensing system capable of measuring the impedance independently from the

signals used for droplet movement.
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1 Introduction

1.1 State of the Art

Conventional microfluidics is generally a system based in micro-channels enclosed in a
monolithic substrate where liquids with a few microliters are mixed [1, 2]. This combination allows
the application of this technique in various fields of knowledge as chemistry [3-5], biology [6-8], and
medicine [9-12]. However, despite its diversity, it is limited in number of actions it is able to perform
[2].

Digital microfluidics (DMF) is a descendant of this technique that instead of using enclosed
micro-channels, it uses an array of electrodes to address individually liquid droplets by the application
of electrostatic forces [13, 14]. The use of individual droplets causes a great reduce in the volume of
samples required (it can be between picoliters and microliters), reaction rates are much higher and heat
transfer is faster. These advantages opens the possibility of integration, to create lab-on-a-chip devices
[14, 15].

DMF relies on the electrowetting on dielectric (EWOD) effect to address the droplets, which
means that when an voltage is applied across a dielectric layer, above which is a layer of a
hydrophobic material, if an aqueous droplet is placed over this surface, (within the electric field

created) its contact angle will be substantially reduced, i.e. wetting is verified (Figure 1.1).

Closed Contiguration Open Contiguration
' Glass
R ITO
- - : Teflon
Conductive Liquid Filler Conductive Liquid
I : I Teflon - '
Parylene
I Electrodes | N EEEENE
Glass

Figure 1.1 - Effect of Electrowetting on Dielectric on a droplet, in a closed configuration and in an open
configuration, and its respective structure.

There are two most common configurations in DMF chips: the two-plated configuration and the
one-plated configuration. The first one is also known for having a closed format (as represented by
Figure 1.1, left), and is composed by a plate (bottom plate) with the same layers as described before

and a top plate that comprises a transparent conductor covered by a hydrophobic layer. The second
3
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one is only composed by the plate described as the bottom plate for the closed format (Figure 1.1,
right). Both of these formats are used depending on the application. The closed format is better suited
for performing droplet operations, as for mixing, moving, splitting, and dispensing. However, in
comparison, open format is better suited for integration of external detectors [16, 17]. Also,
evaporation rate of droplets is much higher in the open format than the closed format, which can be
relevant depending on the application [15].

Despite the chip configuration, digital microfluidics system is not only constituted by the chip
itself. It is also needed a way to control the voltage applied to the electrodes, a way to visualize what is
happening in the DMF chip (with a camera), and a measurement system to obtain information about
the droplets (chemical reaction rates, position, velocity, impedance, etc.), which may vary from
application to application. The control system is basically a bridge of communication between a
computer or any user interface and a dedicated control board, which will drive a High Voltage
Switching Unit (HVSU). Afterwards it receives a high voltage signal and, on command, can provide
switching between the highest electric potential and the ground on each individual electrode (Figure
1.2) [13, 18-20].

Signal
Generator

A 4
High Voltage
Amplifier

L

DMF High Voltage Control
Device [* Switching Unit  [* Board

!

Figure 1.2 — Block diagram of the DMF chip control system.

Using a visualization system it is possible to understand what is happening in the DMF device,
however, because so small droplets are being maneuvered, there may be some phenomena that cannot
be detected through naked eye or using a normal camera. Therefore, the measurement system can be
used to complement the DMF setup. According to Fobel et al. [13], to be able to do so, it is needed to
extract the information about droplet impedance, which will allow determining the droplet position,

velocity and even changes in its content. However, with all the parasitic impedances (from the

4
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electronic switches, from the dielectric and hydrophobic layers, etc.) it is sometimes difficult to extract
that information.

To overcome that problem Fobel et al. [13] inserted a impedance-based sensor system in which
a voltage divider was used with a 10 MQ resistor in series with a reference resistor (it differs
according to the attenuation desired), to calculate the impedance, by evaluating the output voltage
between both resistors . A similar system is used by Ma et al. [21] and Sadeghi et al. [22]: a resistor is
used as a voltage divider, to acquire a voltage in a digital acquisition interface, and consequentially
calculate the impedance (Figure 1.3).

V éRm Sample
= droplet

EWOD
device

Vref [\Vin |

\
C{‘) l/l’ Electrode
—_
CCD
camera

Figure 1.3 - Schema of the impedance measurement system used by Ma et al. [21] and Sadeghi et al. [22].
Adapted from [21].

ovd

Computer

Shih et al. [18] presented a feedback system similar to the one presented by Fobel et al. [13],
however it differs because instead of having a voltage divider with only two resistors, it is composed
by two 1 MQ resistor, one 1 pF capacitor and one trimmer, as shown in Figure 1.4. It assumes that

most of the potential is lost in the insulator and the rest in the measurement circuit.
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Device Measurement | Circuit

chyﬂ,ins
[T + [F—

Bottom plate

Glass MCr [Parylene-C [J Teflon-AF W ITO
& Teflon-AF

Vieeq to PC

Driving voltage (from relay box)

Figure 1.4 - Schema of the measurement circuit used by Shih et al. [18]. Adapted from [18].

Later on, Shih et al. [20] present a new setup that consists, as well, in a voltage divider with two
digital potentiometers controlled by an Arduino® board. However it uses a buffer to avoid capacitive
effects of the Arduino inputs in the feedback circuit (Figure 1.5).

5V
R.qj
JAN
I I + Vieed
VAN im -

Figure 1.5 - Feedback system presented by Shih et al. [20].

With these systems is possible to extract enough information to locate the droplet, know its

velocity and its chemical status, and also reproduce a feedback system that is usually used to obtain a

! Single-board microcontroller. www.arduino.cc



Control System for Actuation and Sensing in Digital Microfluidics .
Devi Introduction
evices

more homogenous movement of the droplet. Although, all of the setups share a common drawback:
none of them are capable of separating the signal used for the droplet movement from the signal used
for impedance measurement.

With this in mind, the final goal of this thesis is to develop a system capable of measuring the
impedance in real time using a signal independently from the one used for the droplet movement. This
will be achieved by applying a “dual-tone” signal, where one frequency will be suited for the droplets
movement and the other to extract information about the droplet electric properties, which are related
to its physical and chemical properties. For that, firstly, it was required to assemble the whole control
system to perform all the possible droplet operations.

Chronologically, there are three main goals. The first main goal is to design and implement a
functional Digital Microfluidics system. That includes the design and production of the printed circuit
boards for the High Voltage Switching Unit and Contact Board, the assembly of a support structure for
the DMF system, programming the Control Board and the communication with the computer and the
design of a Graphical User Interface, to control the DMF system.

The second main goal is to design and implement a system capable of converting the electric
current flowing through the system into a voltage and using that voltage to calculate the impedance of
the system and extract information about the droplet properties while microfluidics operations are
being performed.

The third main goal is to use the impedance calculated to determine the droplet’s relative

position and its instantaneous velocity, while the system is functioning.
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2 Materials and Methods

To describe the methods applied in this thesis, the DMF system was divided in various parts:

DMF device control, DMF device visualization and DMF device measurements.

2.1 DMF device control

In the DMF device control, the methods used relied in printed circuit board design, printed
circuit board manufacturing, electrical components soldering and code writing. The system built was

adapted from Dropbot open-source DMF system?.
2.1.1 Printed Circuit Board Design

For the board design of the High Voltage Switching Unit and the Control Board, software
Cadsoft Eagle PCB Software version6.5.0 was used (freeware), where schematics and layouts were

made. The schematics and the layouts produced are available in Appendix 1.
2.1.2 Printed Circuit Board Manufacturing

For the board manufacturing of the High Voltage Switching Unit, a double-sided copper-coated
board with a coating of pre-sensitized photoresist was sensitized using a double-sided vacuum UV
lamp unit, afterwards revealed and etched to create the HVSU board. Then 1mm holes copper for vias
and contacts were drilled. Lastly the circuit board was immersed in a tin solution to deposit tin over
the remaining copper. The procedure is described in Appendix 2.1: Printed Circuit Board
Manufacturing. For the Control Board the same procedure was used, though the board was just one-

sided. Components soldering was made using a soldering iron and tin solder (Sn60).
2.1.3 Program Development

The code to program the control board (Arduino MEGA 2560) was written in Arduino software
while the code to control the control board was written in MATLAB?® using the GUIDE

complemented with some hard code (Appendix 3 — Program Code).

2 http://microfluidics.utoronto.ca/trac/dropbot/wiki/ControlBoard
® Multi-paradigm numerical computing environment and fourth-generation programming language.
www.mathworks.com
9
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2.2 DMF device visualization

The DMF device visualization consists in a HD Webcam (Microsoft LifeCam HD) and a DMF
chip holder.

2.2.1 Camera and DMF chip holder

The holder was reproduced using a 3D printer, part by part, and then assembled. The 3D files
used are available at the DropBot official website*. Two pieces of acrylic for the holder were designed
in Adobe Illustrator and cut using a Universal Laser Systems VLS3.50. Images of the projected parts

and the output are represented in Appendix 4 -DMF system structural support.

2.3 DMF device measurements

For the impedance measurements, an electronic circuit dedicated was designed and assembled.
This circuit was basically a transimpedance amplifier that would result as an I/V converter. This
transimpedance amplifier was constituted by a 1 kQ feedback resistor (that could vary depending on

the sensibility desired for the system), an AD549LH amplifier, and a 560 pF feedback capacitor.

* http://microfluidics.utoronto.ca/trac/dropbot/wiki/120ChannelDeviceConnector
10
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3 Results and Discussion

3.1 Assembling the system

3.1.1 Control Board and PC serial communication

The first goal was to create a basic system that would allow the control of the HVSU. This
means that the first part of the project to be prepared was the Control Board. A pre-code to test the
functionality of the Control Board (Arduino) was written. This component decodes a binary word, sent
by the user interface, which will be the PC, and sends a signal through its digital outputs that will
control the HVSU. The preliminary test performed and its results are shown in Appendix 3.1: Control
Board (test with LEDs).

After this test, a Graphical User Interface was designed and implemented in MATLAB to send
the commands to the Control Board. This approach allows simplifying the Arduino code previously
written for a more basic and, consequentially, faster response. The code written for the MATLAB GUI

and the graphical interface created are available in Appendix 3.3: MATLAB GUI v. 1.0.
3.1.2 HVSU and Contact Board

The HVSU (High Voltage Switching Unit) is needed to control the switching between the high
voltage and the ground as well as a Contact Board is needed to perform the necessary contacts with
the DMF chip pads. Both boards where based on the open source DMF system DropBot®, but with
some modifications. The boards’ schematics and layouts are available in Appendix 1.1: HVSU (High
Voltage Switching Unit) and Appendix 1.2: Contacts Board, respectively. They were fabricated using
the methods described in Appendix 2.1: Printed Circuit Board Manufacturing, where the HVSU was
double sided and the contact board was one sided.

The Contact Board was designed to support up to 32 contacts. This means that the system
supports up to four HVSUs (8 swithes per board).

3.1.3 3D printed DMF structure and acrylic support parts

Using as reference the DropBot open source material, the structure that would support the DMF

device was printed on a 3D printer. A 3D computerized image of this structure is shown in Figure

> http://microfluidics.utoronto.ca/dropbot/
11
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A.15, Appendix 4.1: 3D printed DMF support structure, and a figure of the assembled chip support

structure is shown in Figure 3.1.

Figure 3.1 — Chip support structure for DMF system.

3.1.4 Control Board and PC serial communication improving

The Arduino code was then improved to be able to decode 32 bit binary words (can be
consulted in Appendix 3.2: Control Board (final)). The MATLAB environment was divided in
different GUIs in order to keep the simplicity and the user friendly characteristics. A menu-like GUI
was designed, the connection to Arduino was separated from the main GUI, and a personalized GUI
for each chip model was created. Also it was added a GUI that allows the evaluation of the RBG
values of certain pixels of a picture. The code written for this new user interface and its graphical
interface are available in Appendix 3. The hierarchic relation between the different GUIs is

represented in Figure 3.2.

12
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— Select 8 chip model———

® uodel 1 Configure Control Board

Model 2
Analyze mage

Loag mode!

US - CENMAT, May 2014

A 4 A 4

V2.0

DMF System GUI v2.0 Model1 Control Interface
Image Analysis

DMF System GUI V2.0
Control Board Connection

|com2

= == = = Set Configuration

] E— ! L -.d MS - CENMAT, May 2014

Figure 3.2 — Hierarchic relation between the developed GUIs for the DMF control system.
3.2 Testing the system

After the assemblage of the whole system, a test was performed. The test consisted in
performing all the droplet operations with a droplet of a solution of NaCl (3M), using the available
chips.

The configuration used was the closed format, represented in Figure 1.1, where the filler used
was silicone oil. This configuration differs from the open format since a top plate and silicone oil were
used. However, both have the same objective: to reduce the necessary applied voltage to the
electrodes, in order to observe electrowetting and, consequentially, movement of the droplet. The chip

layout is shown in Figure 3.3.

Figure 3.3 — Layout of the chip used for all the tests. Chip composed by 6 electrodes and 2 reservoirs.

13
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The DMF chip characteristics are presented in Table 3.1.

Table 3.1 — Characteristics of the DMF chip used to test the system.

Characteristics Top plate Bottom plate
Electrode /ITO thickness 120 nm 200 nm
Parylene Thickness | = —mememeeees 3.6 um
Teflon Thickness 50 nm
Space between electrodes | 00 e 30 um
Electrode /reservoirarea | ceeeeeeeee- 1 mm? /9 mm?
Space between plates 150 pm

For this particular layout a dedicated GUI was developed as represented in Figure 3.4. It has an
image showing the layout of the selected model, and the buttons to select the desired state of each one
of the electrodes. It also has the option to control manually or sequentially, using the table to store the
states and the time on each state as on version 1.0. The Mirrored and Inverted checkboxes are to help

the user to have an easier interaction with the DMF chip, if it is mirrored in both x and y axis, and if

the camera mirrors the image (i.e. R1 from the camera image is R8 in the device).

DMF System GUI v2.0
Model1 Control Interface

Reservoir 1 Electrode 2 Electrode 3 Electrode 4 Electrode 5 Electrode & Electrode 7 Reservoir 8

‘ oFF ‘ ‘ OFF OFF ‘ ‘ OFF ‘ ‘ OFF ‘ ‘ OFF ‘ ‘ OFF ‘ ‘ OFF ‘

State time

State Time

i

Set State

Control Mode-

i

Manual Control Add Sequence

H

@ Sequencial Control Clear tabls

Send table

| Mirrored Inverted

MS - CENIMAT, May 2014

Figure 3.4 — DMF System Graphical User Interface version 2.0 Model 1.
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A solution of 3 M of NaCl was used with some drops of red food coloring solution, so it was
easier to see the droplet through the camera. The space of 150 um between both plates was obtained
using kapton tape. A droplet of 1 puL was placed in the reservoir and then the chip was closed and
placed in the support structure. A voltage of 70 Vs was applied to the reservoir and electrowetting
was observed (the droplet wetted the reservoir), then the voltage was applied through the electrodes in
order to dispense a smaller droplet from the reservoir, which is considered to be the most difficult

droplet operation in DMF systems. This was achieved and the results are shown in Figure 3.5.

Figure 3.5 — Droplet operations performed in the first test: moving a small droplet through electrodes (a-
c) and dispensing a bigger droplet from the reservoir (d-f).

The first droplet operations performed relied on moving the droplet by applying the high
potential to the electrode where it is required the droplet to go, while connecting the present electrode
to the ground. This is possible to see from a, through b, to ¢ where the droplet is moving from one
electrode to the next. The other droplet operation performed relied on dispensing a smaller droplet
from the reservoir by stretching the droplet into various electrodes and shutting down the ones in the
middle. This is possible to see from d, through e, to f, the droplet is stretched along 4 electrodes plus
the reservoir, and split by applying a potential on the reservoir and the next electrode, and the two on
the other edge, leaving an electrode connected to the ground. The “H” on the image stands for High,
so that electrode is connected to high potential and the “L” stands for Low, which means it’s

connected to the ground. The ones without any identification are connected to the ground.

3.3 Impedance Measurement Circuit

As stated in the introduction of this document, there are systems that allow the measurement of
the impedance, through a voltage divider, nevertheless those systems always rely on the same signal

for impedance measurements and droplet movement, which is not always the best solution, as
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different droplet electrical characteristics demands different frequency signals to extract relevant

information from the droplet impedance.
3.3.1 Static Measurements

To measure the impedance it is necessary to know the current flowing through the chip. To be
able to do so, a transimpedance amplifier was used to convert the current of the system in a voltage
and connected to a lock-in amplifier. The schematic of the measurement system can be observed in

Figure 3.6.

1
| E; |
1 1
I _ I
1 1
' I
1
1T Cr !
: ) 1 \'?nut ! T .
- . l, r LOCK-IN | PC
. f | I L )
e : l Ref
Cd.mp ;-Rdm 1 1
[ I . I
t i Transimpedance I
Cooter : Amplifier :
Cfpa_r """"""""""
L Ll ‘ T
Vi
HV

Figure 3.6 — Schema of the measurement system assembled.

Basically when a high voltage is applied to an electrode, an electrical circuit is closed, so the
current generated will flow, through the layers of parylene, top Teflon and bottom Teflon, but also
through the droplet. The amplifier, with the Ry in feedback, will perform a current-voltage conversion,
transforming the current that flows from the whole system to V, that is given by:

Vout = - Rfeed x1 (Eq 1)

This signal will be filtered on high frequencies (the feedback capacitor in parallel with the
feedback resistor will act as a low-pass filter). The values of these components and the cut-off

frequency of the filter are available in Table 3.2.
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Table 3.2 — Characteristics of the low-pass filter.

R¢ Cs fe

989 O 560 pF 287 kHz

Afterwards, the signal will be received by the Lock-In that will lock to the frequency in its
reference input, and evaluate the amplitude and phase of the signal in that frequency. Those values
will be sent to the PC throughout the arduino. Once establishing the Ry.q Value, the current that flows

on the whole circuit, is given by:

— _ Yout
1= ” (Eq. 2)
The impedance measured is related to all the impedances between the high voltage generator
and the transimpedance amplifier. This means that the impedance measured is not only the droplet
impedance but also the impedance from all DMF device layers and the parasitic impedances in the

switching unit. The impedance modulus is given by:

V.
2] = Ed (Eq.3)

And so,
1Z] = ;’—; X Ry (Eq. 4)

Where Rf and Vj, are constant, and V,,; may only vary with the droplet impedance (assuming
the chip impedance constant). That happens in two occasions: if some chemical reaction has taken
place that changes the electrical properties of the droplet; or when the droplet is moving. In this last
case, the measured impedance varies because the impedance between the two plates changes from oil
impedance to the droplet impedance.

To test the accuracy of the proposed system, impedance measurements were made for different
frequencies and compared with measurements taken with an Agilent 4294A Precision Impedance
Analyzer. Results are shown in Figure 3.7. In the proposed system, a voltage of 10 Vs was used and
R¢=2.67 kQ.

17
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Figure 3.7 — Chip impedance modulus as a function of frequency (between 100 Hz and 1 MHz), using a
droplet of salt solution (3M). In red, the measurements made with the Agilent 4294A and in blue, the data
extracted from the proposed system, at 0.5, 1, 2, 5 and 10 kHz.

The measured impedances are related to the teflon and parylene capacitances and the droplet

impedance. Knowing that the capacitance is given by:

C= £T£0§ (Eq. 5)

Where ¢, is the relative permittivity, &, the vacuum permittivity, A the area of the electrodes

and d the distance between plates; and the resistance is given,

d
R = P (Eq. 6)

Where, p is the material resistivity (which is related to its conductivity by its inverse); and that

the correspondent impedances are given by:

Zz =R (Eq. 8)

18



Control System for Actuation and Sensing in Digital Microfluidics

_ Results and Discussion
Devices

Then, also knowing the thickness of the layers of the chip, it is possible to determine the
theoretical values of capacitance, resistance and impedance of those different layers. These values are

presented in Table 3.3.

Table 3.3 — Electric characteristics of the different layers used at 1 kHz.

Material Parylene Teflon (per layer)  Salt solution (3M) Silicone oil
Dielectric Constant 3 2 80 2.75
Capacitance (F) 7.38 x 10712 3.54 x 10710 472 x 10712 1.62 x 10713
Resistance () | - | mmmeee- 946 | @ -
Impedance module (Q) 2.16 x 107 4.49 x 10° 9.46 9.8 x 108

If the droplet is considered to be modeled by a capacitance in parallel with a resistance, its
impedance is mainly resistive for lower frequencies and mainly capacitive for higher frequencies. In
other words, if the impedance measured by this system at lower frequencies is much higher than the
impedance of the droplet, any variation on the droplets impedance is not felt, for it is masked by the
other layers impedance, but if this impedance is measured at higher frequencies, any variation on the
droplets impedance is felt. However this characteristic changes with the conductivity of the droplet, as

it can be seen on Figure 3.8.
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— 0,1 mS/m
0,0
10" 10' 10° 10’ 10" 10° 10° 10’ 10° 10’ 10" 10" 10"”

f/Hz

Figure 3.8 — Variability of relative impedance modulus with frequency for different conductivities in
NaCl solutions. The conductivity of the solution of 3 M of NaCl was measured, 15.86 S/m.
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3.3.2 Dynamic Measurements and the “dual-tone” system

Differently from the static measurements, the actual system it supposed to move the droplets
while measuring its impedance. But, as seen before, there is a frequency above which the variations of
impedance in the droplet are more visible, which means that it’s more appropriate for the impedance
measurements. Nonetheless, while the measurement is better at higher frequencies, the movement may
not be so. This is due to the fact that the droplet behaves like a dielectric above certain critical
frequency, and below that frequency, the droplet behavior is manly conductive which is a condition
for the electrowetting and consequently for droplet movement. This critical frequency, where ohmic
and displacement currents are equal, is given by:

we =7 (Eq. 9)
Where g7 and &; are the conductivity and dielectric constant of the droplet, respectively, and &,
is the permittivity of the vacuum [23]. Assuming two extreme cases, where the conductivity of the
liquid is very low (as ultra-pure water) or very high (as salt solution, for example 3M), the critical

frequency becomes completely different, as observed in Figure 3.9.

Low Conductivity High Conductivity
0,7 - 0,7 -
1.5kHz ] 357 GHz
0,6 H < > 0,6 N -
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= =
N N
0,2 0,2
0.1 4 0,1
0,0 S — 0,0 -
10" 10' 100 10° 0" 100 100 100 10" 10" 10
f/Hz f/Hz

Figure 3.9 — Comparison of relative impedance modulus of a low conductivity liquid (left; ultra-pure
water, 6 = 6.67x10"° S/m) and a high conductivity liquid (right; salt solution 3 M, ¢ = 15.86 S/m).

The critical frequency of the low conductivity liquid limits its conductive zone up to 1.5 kHz,

which means electrowetting is possible only with frequencies below 1.5 kHz. This allows, however,
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measuring the impedance at frequencies over 1.5 kHz. The high conductivity liquid, on the other hand,
allows a higher range of frequencies to actuate the droplet (up to 3.57 GHz) but for a better measure,
frequencies above 3.57 GHz are required.

To be able to perform better measures and to still move the droplet by electrowetting, a dual-
tone signal was implemented, using the sum of two independent AC signals. Because for the
movement a high voltage is required, but not for the measurement, with this approach it is also
possible to choose appropriate amplitudes (besides the frequency) for each interaction with the droplet
(actuation or measurement). The new system is illustrated in Figure 3.10. V ess IS SUMmmed with V oy
and connected to the reference of the Lock-in Amplifier, in order to evaluate only the remaining signal
with the same frequency of that signal.

' meas | |Ref

vm ov ® DMF D evice Lo Ck-ill

Figure 3.10 — Block diagram of the control system using a dual-tone signal.

O~ QO -~

This system was afterwards tested again with the impedance analyzer. The test was made
statically, when both signals were being applied. The result of the test is plotted in Figure 3.11. In the
proposed system, a voltage of 10 Vs was used for the measure and a voltage of 70 Vs was used for
the movement at a frequency of 10 kHz. R= 2.67 kQ. In Agilent 4294A, to simulate similar

conditions to the system, a DC signal of 40V was applied to the electrode in measurement.
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Figure 3.11 - Chip impedance modulus as a function of frequency (between 100 Hz and 100 kHz), using

a droplet of salt solution (3M).

As it is possible to observe the system proposed is capable of reliable impedance measurements

and it is the first time that a system of this kind has been implemented in Digital Microfluidics.

3.3.3 Practical tests

Tests were made to understand what changes took place during the application of voltage to the

different electrodes, or during the different droplet operations. For that a droplet of 1 pL of a 3M salt

solution (NaCl) was added in top of an electrode. The rest of the surface of the chip was filled with

silicone oil and then a top plate was placed. Then by application of the electrical signals the droplet

was moved from one electrode to another, then back to the first one. The resulting impedance values,

extracted from our system are presented in Figure 3.12.
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Figure 3.12 — Impedance modulus measured by the “dual-tone” system upon droplet movement from one

electrode to another, then back to the first one. Vimeas = 10 Vims, fneas = 1 KHZ, Vinov = 70 Vims, Tov = 10 KHZ, Ryeeq
=989 Q.

It is possible to observe that when the voltage is applied to the electrode where the droplet is,
the measured impedance is around 14 MQ. However, when the next electrode is turned on, the
measured impedance triplicates and as the droplet starts to occupy the electrode where the voltage is
being applied, the impedance decreases until it reaches the same value as before.

This movement, with this voltage, takes about 5 seconds to occur. But having in mind that with
a higher voltage it is possible to create greater electrical fields, and consequentially create a greater
electrowetting effect, then the time that it takes for the droplet to complete a movement varies with the

applied voltage. This supposition can be verified by Figure 3.13. The droplet takes more time to
perform the movement with lower voltages then with higher voltages.
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Figure 3.13 — Impedance modulus measured by the system upon droplet movement from one electrode to

another, with different voltages (RMS).

As observed, the applied voltage is directly related to droplet velocity. Also observing Figure

3.13 it is possible to understand that the droplet impedance is related to its relative position in the

electrode.

3.3.4 High Conductivity Droplets

When using high conductivity droplets, which means that its impedance is very small, signals of

very high frequency have to be used in order to be able to measure any changes in its impedance, as
seen in Figure 3.9. However, as applying signals of gigahertz with the available system is
impracticable, a new way of measuring these differences is purposed. This system relies in applying
an inverted signal of the one that is being applied to the DMF device to nullify the signal, so that small
changes in the droplet are possible to be measured. The schematic of this system can be consulted in
Figure 3.14.
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Figure 3.14 — Block diagram of the system used for the measurement of small impedance variations in the DMF
system.

To test this system a biochemical test was implemented. This test relied on the aggregation of
gold nanoparticles that are dispersed in a solution. Gold nanoparticles, when dispersed in solution,
tend to aggregate in the presence of a certain concentration of salt. The schematic of the reaction is

represented in Figure 3.15.
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Figure 3.15 — Schema of the aggregation of AuNPs in presence of salt solution.

There is a certain concentration of salt, for a concentration of AuNPs, above which the
nanoparticles aggregate and below which the nanoparticles remain dispersed. To test this
concentration some pre-tests were made. It was used a wide range of concentrations of salt: 10 mM,
25 mM, 50 mM, 75 mM, 90 mM, 100 mM, 1M, 2M and 3M. Solutions with 20 uL were placed in a
respective eppendorf, previously prepared with 20 uL of AuNPs dispersed solution. The solutions
were mixed. The solutions of 1, 2 and 3 M instantaneously turned blue right after the solutions mixed.
The solution of 100 mM took between 1 and 2 seconds before changing its color. The solution of 75
and 90 mM took about 3 minutes, while the solution of 50 mM took between 7 and 8 min before
turning blue. The last two solutions, 25 mM and 10 mM didn’t turn blue, which means that the critical
concentration is somewhere between 25 mM and 50 mM. A negative control test with phosphate
tampon was used to verify the quality of the results. This control test didn’t change its color.

This pre-test revealed the critical concentration to aggregate the AuNPs but also allowed to

choose the best solution for this test, which is 50 mM. This is because the test inside the DMF device
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requires measuring the impedance and with a solution that takes as much as 7 min to fulfill its purpose
it is possible to observe the changes in the impedance measured.

To perform the test, 1 pL of each solution was placed in its respective reservoir. The conditions
used in this test were the same as the previous tests. Smaller droplets were not dispensed in this test,
rather the droplets were pulled to the center of the chip with a voltage of 70 Vs to actuate. The signal
to measure was turned off because of the limitations of the system available. Right after joining the
droplets the signal was lowered to 10 Vs with a frequency of 1 kHz. The feedback resistance was
previously changed to 98.9 kQz. The inverted signal was turned on at the same intensity and
frequency as the other signal, and then balanced in order to obtain a value near zero in the lock-in
amplifier. The value obtained was 2.33 Vs The variation of impedance measured is presented in
Figure 3.16.
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Figure 3.16 — Variation of the impedance modulus measured with the AuNPs test.

As it is possible to observe there is a variation of the impedance measured, however, with such
small droplets it is not possible to affirm that the nanoparticles have aggregate and that this variation

occurs because of that. Also it is possible that this variation may be caused by the spreading of the
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droplet along the whole electrode, including the metal tracks. Further work is consider to be necessary

in order to take conclusions.

3.4 Real-time Position and Velocity Determining

The circuit assembled allows extracting the impedance of the system over time. This impedance
has in account not only the impedance of the droplet but also the impedances of chip and parasitic
impedances from the switches, between electrodes, cables, amplifier input, etc. Also, if the droplet is
moving, the variation in the impedance measured is due to the parallel between the droplet and oil
(filler).

The droplets used, however, are a salt solution of 3 M, i.e. an ionic solution. This means that
with the application of an electric potential the ions in the droplet will rearrange themselves forming a
double layer capacitance that will depend on the voltage applied. A schematic of the elements that
influences the measured impedance is shown in Figure 3.17, left, and a simplified schematic is shown

on the right.

Droplet BB Cetip D Zenip

— Ca L . || Zeco D 7. D Z

Figure 3.17 — Schematic of the impedances measured by the DMF system. Simplified version on the right.

The impedances of the chip layers, the oil and the droplet, except for its double layer
capacitance, are theoretically determinable as seen in Table 3.3. However, the parasitic and the double
layer impedances are not.

The position of the droplet over time is possible to extract from the impedance measured over
time knowing how the impedance of the droplet will vary with its position. For that the values of the
double layer and parasitic impedances are required. Therefore, for each DMF chip, droplet solution

and voltage used, a calibration is required.
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3.4.1 Calibration

The calibration of the system consists in determining the undetermined impedances (double
layer and parasitic). To do so, it is required to measure the impedance over time of the droplet moving
from an electrode to another while filming its position. With that it’s possible to crossover the movie
with the measured impedance and extracting the experimental variation of the impedance with the
distance traveled by the droplet.

The movement of the droplet, from an electrode to another, will make the impedance measured
vary from a case where the droplet impedance is practically not measured to a case where the oil
impedance is practically not measured. So, the capacitance of the oil and the capacitance of the

droplet, respectively, will vary with the distance traveled according to:

Ix(l-x)
a

(Eqg. 10)

Coit = €oit€o

l
Cdrop = &arop€o % (Eq 11)

Being | the size of the electrode and x the width of the electrode occupied with the droplet

(distance traveled). The resistance of the droplet also varies with the distance traveled and it is given

by:

d
Rdrop = O-drop@ (Eg. 12)

By Eq. 7 and Eq. 8 it is possible to calculate the respective impedances. The impedance of the
droplet is the parallel of the impedances of Ry, and Cgyrop, in series with the double layer impedance.

The variation of the double layer capacitance (Eg. 13) will be similar to the droplet capacitance,
varying from a maximum value, when it’s occupying the whole electrode, to null, when it’s not on the
electrode. The parasitic impedance (Eq. 14), however, will linearly vary from a maximum value, when
the droplet isn’t on the electrode, to a minimum value, when the droplet has occupied the whole
electrode. So, it is considered that the equations that would give the impedance of the double layer and
parasitic capacitance, respectively, would be given by:

! (Eq. 13)

Ly =—————
DL .
JwCprmax-X

Zparas = _ijaras,max(l - 0,6X) (Eq 14)
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Where x comes in millimeters. With these equations and Figure 3.17 in mind it is possible to
find an equation for the theoretical impedance measured by the system as a function of the distance

traveled, with only two unknown variables: Cp max @Nd Zyarasmax- The general equation is given by:

Ztotal = ((Zdrop”Zoil) + Zchip) || Zparas (Eq 15)

Plotting the experimental and theoretical values of impedance over distance traveled by the
droplet, the values of Cpp max and Zaras max Were adjusted in order to obtain a better correlation between
both curves, for different applied voltages (50 V, 70 V and 90 V). The curves for the measured
impedance over time used for calibration are plotted in Figure 3.13. The optimum values adjusted for

CoLmax and Zparas max fOr each voltage are presented in Table 3.4.

Table 3.4 — Adjusted values of parasitic impedance and double layer capacitance for 50, 70 and 90 V.

VOItage CDL,max Zparas,max
50 V 4.7x1012 F
5x10° Q
70V 6.4x1012 F
90V 7.2 X102 F 5.1x10" Q

3.4.2 Position and Velocity vs. Time

With the system calibrated a function of the impedance with the distance travelled is available.
Crossing the values of impedance of this function with the values measured by the system a relation
between the position and the time is obtained. This crossing was made for each of the voltages used
and the results are plotted in Figure 3.18, as well as the values extracted from the crossing between the

movie and the impedance measurement (resulting in a function of position over time).
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Figure 3.18 — Theoretical and experimental variation of the distance travelled over time, for 50, 70 and 90 V.

As it is visible, the theoretical and experimental curves, for each voltage, have a good
correlation, what suggests that the model used is viable and that the system is capable of determining
the position of the droplet over time. The distance travelled extracted from the film may input some
minor errors in the convergence of the theoretical and experimental values. That is due to the fact that
the distance travelled was measured in a representative number of frames of each videos, but the
droplet isn’t square, has considered, also, the metal of the electrodes mirrors the droplet which might
give an error in the droplet position. However, Figure 3.18 demonstrates that despite those minor
errors, the model is relatively accurate.

Differentiating the droplet position in time, a graphic of the experimental and theoretical

velocity over time is obtained for the applied voltages. This graphic is represented in Figure 3.19.
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Figure 3.19 — Theoretical and experimental variation of the velocity over time, for 50, 70 and 90 V.

Again, the values obtained suggest that the model is fairly accurate and opens the possibility of
performing these calculations while measuring the impedance in real time, which will give

information about the position and velocity of the droplet in real time.

3.5 Feedback System

With the data that is possible to extract from the values obtained in the “dual-tone” system, it is
also possible, in a future work, to implement a feedback system. This system in parallel with the
model used to calculate the position and velocity of the droplet in real time will, automatically, apply
more or less voltage to the electrode, depending if it presents a higher resistance to the movement or a
higher velocity, respectively. This allows a slower degradation of the chip and a more fluidic and

homogenous droplet movement.
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3.6 Practical Application

As a practical application, an immune-assay was performed. After placing 1 pL of horseradish
peroxidase (0.1 mg/mL) in phosphate buffer (pH 5, 100 mM), the enzyme, and 1 pL of the H,0, in
ABTS solution (0.05%), the substrate, in the reservoirs, a smaller droplet was dispensed from both the
reservoirs, using a voltage of 90 Vs for both.

The droplet with the substrate moves better than the droplet with the enzyme due to its higher
conductivity, therefore easier to maneuver it the chip. After colliding both droplets, in the middle of
the chip, the electrodes nearby were switched on and off in order to accelerate the mixing and the
chemical reaction. The reaction occurred and the droplet became green (when previously both were
transparent). The stages of the reaction are available in Figure 3.20. The change of color is due to
having the ABTS in the solution, that will oxidize if the enzyme degrades H,O, and the solution will
turn green/blue. In a) two dispensed droplets are barely visible in the opposite sides of the chip, in b)
the droplets have merged and a greenish coloration is starting to be visible and in c) the reaction was

complete and the pretended coloration has been observed.

] )

Figure 3.20 — Reaction of the horseradish peroxidase with H,0,.
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4 Conclusions

In this thesis a control system for both actuation and sensing in Digital Microfluidic devices was
developed.

The system for actuation was created using an Arduino as a control board and MATLAB
graphical user interface as the interface to control Arduino. Boards for high voltage switching and for
point contacts with the chip were designed and manufactured.

The system for sensing was created using a transimpedance amplifier and applying a “dual-
tone” signal. This signal was demodulated by the lock-in amplifier that allowed determining the
system impedance and evaluating its changes during fluidic operations as for dispensing, moving,
splitting and merging. This was the first time, in Digital Microfluidics, that a system of this kind was
implemented and it was shown that the system performed reliable impedance measurements. The
information extracted from the lock-in also allowed determining the droplet relative position and its
velocity using a theoretical model that relates the position with the impedance measurements.

This system is functional and has been proven that it is capable of functioning as a biosensor,
through the immune-assays performed. In future work, the gold nanoparticles agglomeration test may
be a first step towards specific DNA detection.

As future improvements, it is important to lower the voltages used to drive the electrodes.
However, a master’s thesis that was elaborated in parallel with the present one, demonstrates the
capability of actuate a droplet with voltages as low as 10 Vs, with a multi-layered dielectric layer
device. Also, the feedback system was a great improvement to the DMF system, which would allow
the system not to damage the devices used so quickly, and also being able to compensate some
imperfections on the device’s surface, with higher or lower voltage.

Another possible improvement would be the implementation of the whole 32 contacts available,
and, of course, design of the graphical user interface for those models. Simplifying the system
represented also a wide range of possible improvements: the substitution of Arduino by a dedicated
microprocessor, the substitution of the lock-in amplifier with a much smaller dedicated circuit, the
light up of the circuit in order to be able to observe the droplets better, even if transparent, enhance the
RGB analyzer program design in MATLAB GUI (Figure A.13) and preferentially using a transparent
chip, etc. In terms of graphical user interface, an interface with the Android systems would also be
possible.
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Appendix

Appendix 1- Schematics and Layouts

Appendix 1.1: HVSU (High Voltage Switching Unit)

The purpose in the system of the High Voltage Switching Unit is to switch between a high
electric potential and the ground, by receiving a digital signal from the Control Board. The switch has
two photodiodes, both being fed by Arduino at 5 V in it positive terminal. The negative terminal in
one is connected to the signal from the Control Board, while the other is connected to the inverted
signal from the Control Board. When one of them is polarized the other is not (if one has a digital
high signal, the other has a digital low signal), i.e. when one is polarized the output will be the high
voltage, and when the other is polarized the output will be the ground.

This board has 8 digital inputs, 8 analog outputs and 4 inputs for 5 Vp¢, ground from the

Arduino, high voltage and ground from the high voltage generator.
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e Schematic:

VDD

R10

K1-1
1 18 HVGND

HV 21 T [IE_
M@ —L-lmu'n

4
Qﬁl I’61 SOn
s T

GND T
1
OUT1 .».*“[IQSHV

o L= pouzisop
HVGND) M=
- T o) |E Kz2-1
4‘3| O 1 8 HVGND
e —

VDD EfZison

Mcécmu ) ;}\r‘qg

+ Lo aouzisop
X K3-1

: 8 HVGND
) ~Ia [ia .
¥ :
IcL &
o2 = a v _ﬁ.ﬁﬁgic"'!" ) :
Of H e v B E -
Ss Ha vhE—— | qum ¥ da 5 HY
20 = E= HVOUT
- A be ] P
o5 1 e %}3— ©l o ApWz1SOP 15
O3 1 A7 Ml Sermn | | k4-1 0
O A8 Y8 D ] 8 LVGND 1‘%
IN1 1 i , * e [ia ; 20
= 2 ~aL | 65
74AC540DW _quﬁ%lcnp }M SOO
el 3
|5 HY

aure ¥

Tw l~ aouzisop

Figure A.1 — Partial schematic of the High Voltage Switching Unit. The complete unit has four more
AQW?210SO0P, as well as two resistors per switch.
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e Layout:

The drill marks are for better alignment before exposure of the board.
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Figure A.2 — Layout of the High Voltage Switching Unit.

e Board Produced:

Figure A.3 — High Voltage Switching Unit: Prototype.
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Figure A. 4 — High Voltage Switching Unit: v2.0.

e Electronic Material:
o 16x309Q 1206 resistor;
o 8x4.7kQ 1206 resistor;
o 1x100nF 1206 capacitor;
o 2x1row, 8 way connector;
o 1xIC 74AC540;
o 8x AQW240s;

Appendix 1.2: Contacts Board

The purpose of the Contact Board in the system is to receive the high voltage from the HVSU
and apply it to the DMF device through contact point probes. This board is constituted by 2 headers
receiving the signals from the 4 HVSU and by the 32 contact point probes that will apply the same
signals to the DMF device. The drill marks in the board are to fasten to the DMF system structure.

e Schematic:

Figure A.5 — Schematic of the Contact Board.
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Figure A.6 — Layout of the Contact Board.

e Board Produced:

Figure A.7 — Contact Board fastened to the DMF system structure.

e Electronic Material:
o 2X 2 rows, 2 way connectors;

O 32x point contact probes.

41



Control System for Actuation and Sensing in Digital Microfluidics Devices Appendix

Appendix 2 — Laboratorial Procedures

Appendix 2.1: Printed Circuit Board Manufacturing

Firstly, a single or double layer board with copper and pre-sensitized photoresist and a protective
cover above the photoresist is cut to meet the width and length of the layout design plus 2
centimeters. These extra centimeters have various purposes: to ensure that the layout is within the
board and to ensure that all the layout is equally revealed. This is critical because in spite of
having a protective cover, the edges of the photoresist becomes sensitized before the UV
exposure which will compromise the revelation of the photoresist.

Then the layout is printed in an acetate sheet in duplicate (only the copper layers, i.e., top or
bottom and pads, and for visual orientation vias, holes, and dimension. If it is a double layered
board than the top and bottom layers in Eagle and printed but in separate sheets).

The duplicate sheets are aligned to create a better mask to sensitize the photoresist. If the board is
double layered than the top and bottom prints are aligned as well.

The UV lamps are previously turned on for 3 minutes to heat up.

Turn the heater of the revelation and the etching baths.

Removal of the protective covers of the board with haste, alignment of the acetate masks and the
board and closure of the UV lamps exposure unit.

Power on the vacuum pump inside the expose unit (to avoid misalignments), and close the
vacuum valve.

Exposure for 90 seconds.

Turn the vacuum pump of and open the valve (to air admission).

Open the exposure unit, avoiding the expose of daylight (or artificial white light), and quickly
immerse the board in the revelation bath. Wait for a few seconds until the copper is visible. The
layout of the circuit should be completely covered by photoresist.

Wash with water and immerse the board in the etching bath until the copper that was not covered
by the photoresist is etched, being only visible the layout of the circuit.

Wash with water again and then with acetone to remove the photoresist.

Dry and immerse the board in a tin solution, to ease soldering and to avoid copper oxidation.

If the board has vias or holes it is advised to follow the previous step after the drilling and the

vias assemble.
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Appendix 3 — Program Code

Appendix 3.1: Control Board (test with LEDs)

To understand the control of the High Voltage Switching Unit and how to program the Control
Board so it could control the HVSU desirably, a testing code was made. This testing code relied in the
existence of eight LEDs divided in two rows of 4 LEDs each. It uses the serial console of the Arduino
software in order to give the directives to Arduino. The Arduino receives a series of commands
including one for each LED, to light that LED specifically, a command to turn all the LEDs off, a
command to know which LEDs are on and which are off, and a command to specify a state so the
desired LEDs are lit or turned off. The layout of the test is shown in Figure A.8.

PC Arduino »
T MEGA m
(Arduno sottware) 2560 E

Figure A.8 — Block diagram of the system assembled to test the code written for the Arduino (Control Board).

After this pre-test, a MATLAB GUI was created to bridge the communication between the
Control Board and the PC. This bridge was developed to be more user-friendly. The code for the
MATLAB GUI, as well as the graphical interface associated, are available in Appendix 3.3:
MATLAB GUI v. 1.0.

The results of the testing of the code are presented in Figure A.9: In a) a state where no “switch”

is on, in b) a state where only the first “switches” of each line are on and in c) a state where all the

Tl

switches are on.

A1)
A

Figure A.9 — Results of the testing of the MATLAB program created.
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e Code:

constintbl =8;
constinth2 =9;
const int b3 = 10;
constint b4 =11;
constint j1 =7;
const int j2 = 6;
const int j3 =5;
const int j4 = 4;
int state_b1 ='0";
int state_b2 ='0";
int state_b3 ='0";
int state_b4 ='0";
int state_j1 ='0";
int state_j2 ='0";
int state_j3 ="0;
int state_j4 ='0";

char inData[50];
charinChar = -1;
intindex = 0;
String inDatal;
charvazio[1] =",

int dummy ="'0";

void setup(){
Serial.begin(9600);
pinMode (b1, OUTPUT);
pinMode (b2, OUTPUT);
pinMode (b3, OUTPUT);
pinMode (b4, OUTPUT);
pinMode (j1, OUTPUT);
pinMode (j2, OUTPUT);
pinMode (j3, OUTPUT);
pinMode (j4, OUTPUT);
delay (100);
digitalWrite(b1, LOW);
digitalWrite(b2, LOW);
digitalWrite(b3, LOW);
digitalWrite(b4, LOW);
digitalWrite(j1, LOW);
digitalWrite(j2, LOW);
digitalWrite(j3, LOW);
digitalWrite(j4, LOW);

Serial.write("Sistema
inicializado.\nDisposicao dos pads:\n
|b1|b2|b3|b4[\n |--|--|--]--]\n
li1j21j3]j4[\n");}

String lerserial (){
inDatal = String(vazio);
index = 0;

while (Serial.available() > 0){
inChar = Serial.read();
inData[index] = (char)inChar;
index++;

inData[index] ="\0";}

inDatal = String(inData);
return inDatal; }

voidlerserialmatrix (){
index = 0;

while (Serial.available() > 0){
inChar = Serial.read();
inData[index] = (char)inChar;
index++;

inData[index] ="\0";}

if (index < 9){

state_b1 = inData[0];
state_b2 = inData[1];
state_b3 = inData[2];
state_b4 = inData[3];

state_j1 = inData[4];

state_j2 = inData[5];

state_j3 = inData[6];

state_j4 = inData[7];

}

else Serial.write("Numero invalido de
bits™);}

void loop(){
dummy ="1";

Serial.write("Inserir comando:\n");
while (Serial.available() == 0);{}
delay(100);

if (lerserial().equals(b1")) {
Serial.printin(lerserial());
dummy ='0";
digitalWrite(b1, HIGH);
digitalWrite(b2, LOW);
digitalWrite(b3, LOW);
digitalWrite(b4, LOW);
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digitalWrite(j1, LOW);
digitalWrite(j2, LOW);
digitalWrite(j3, LOW);
digitalWrite(j4, LOW);
state_ b1 ="1"

state_b2 ='0";

state_ b3 ="0";

state_b4 ='0";

state_j1 ="0"

state_j2 ="0";

state_j3 ="0"

state_j4 ='0"}

if (lerserial().equals("b2")) {
Serial.printin(lerserial());
dummy ='0";
digitalWrite(b1, LOW);
digitalWrite(b2, HIGH);
digitalWrite(b3, LOW);
digitalWrite(b4, LOW);
digitalWrite(j1, LOW);
digitalWrite(j2, LOW);
digitalWrite(j3, LOW);
digitalWrite(j4, LOW);
state_ bl ="0";

state_ b2 ='1";

state_ b3 ="0";

state_b4 ='0";

state_j1 ='0";

state j2 ='0;

state j3="0"

state_j4 ='0";}

if (lerserial().equals("b3")) {
Serial.printIn(lerserial());
dummy ='0";
digitalWrite(b1, LOW);
digitalWrite(b2, LOW);
digitalWrite(b3, HIGH);
digitalWrite(b4, LOW);
digitalWrite(j1, LOW);
digitalWrite(j2, LOW);
digitalWrite(j3, LOW);
digitalWrite(j4, LOW);
state_bl ="0";

state_b2 ='0";

state b3 ="1"

state_b4 ='0";

state_j1 ="0";
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state_j2 ='0
state_j3="0"
state_j4='0"}

if (lerserial().equals("b4™)) {
Serial.printin(lerserial());
dummy ='0";
digitalWrite(b1, LOW);
digitalWrite(b2, LOW);
digitalWrite(b3, LOW);
digitalWrite(b4, HIGH);
digitalWrite(j1, LOW);
digitalWrite(j2, LOW);
digitalWrite(j3, LOW);
digitalWrite(j4, LOW);
state_bl="'0"

state_b2 ='0"

state b3 ="0";

state_b4 ="1";

state_j1 ="0"

state_j2 ='0"
state_j3="0"
state_j4='0"}

if (lerserial().equals(*j1™)) {
Serial.printin(lerserial());
dummy ='0";
digitalWrite(b1, LOW);
digitalWrite(b2, LOW);
digitalWrite(b3, LOW);
digitalWrite(b4, LOW);
digitalWrite(j1, HIGH);
digitalWrite(j2, LOW);
digitalWrite(j3, LOW);
digitalWrite(j4, LOW);
state_ b1 ="0";

state_ b2 ='0";

state_ b3 ="0";

state_b4 ='0";

state_j1 ="1"

state_j2 ='0

state_j3 ="0

state_j4 ='0"}

if (lerserial().equals("j2") {
Serial.printin(lerserial());
dummy ='0";
digitalWrite(b1, LOW);
digitalWrite(b2, LOW);
digitalWrite(b3, LOW);

digitalWrite(b4, LOW);
digitalWrite(j1, LOW);
digitalWrite(j2, HIGH);
digitalWrite(j3, LOW);
digitalWrite(j4, LOW);
state_ bl ='0";

state_ b2 ='0";

state_b3 ="0";

state_b4 ='0";
state_j1="'0";

state_j2 ="1";
state_j3="0";
state_j4="'0";}

if (lerserial().equals("j3")) {
Serial.printin(lerserial());
dummy ='0";
digitalWrite(b1, LOW);
digitalWrite(b2, LOW);
digitalWrite(b3, LOW);
digitalWrite(b4, LOW);
digitalWrite(j1, LOW);
digitalWrite(j2, LOW);
digitalWrite(j3, HIGH);
digitalWrite(j4, LOW);
state_bl="0"

state_b2 ='0";

state_b3 ="0";

state_b4 ='0";
state_j1="0";

state_j2 ='0";

state j3="1"

state_j4 ='0"}

if (lerserial().equals("j4")) {
Serial.printin(lerserial());
dummy ='0";
digitalWrite(b1, LOW);
digitalWrite(b2, LOW);
digitalWrite(b3, LOW);
digitalWrite(b4, LOW);
digitalWrite(j1, LOW);
digitalWrite(j2, LOW);
digitalWrite(j3, LOW);
digitalWrite(j4, HIGH);
state_b1 ="0";

state_b2 ='0";

state_ b3 ="0";

state_b4 ='0";

state_j1 ='0";
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state_j2 ="0
state_j3="0"
state_j4='1"}

if (lerserial().equals("off")) {
Serial.printin(lerserial());
dummy ='0";
digitalWrite(b1, LOW);
digitalWrite(b2, LOW);
digitalWrite(b3, LOW);
digitalWrite(b4, LOW);
digitalWrite(j1, LOW);
digitalWrite(j2, LOW);
digitalWrite(j3, LOW);
digitalWrite(j4, LOW);
state_bl="0"

state_ b2 ='0";

state_ b3 ="0";

state_b4 ='0";

state_j1 ="0";

state_j2 ='0";
state_j3="0"

state_j4 ='0"}

if (lerserial().equals(“current state™)) {

Serial.printin(lerserial());
dummy ='0";
Serial.write(" |");
Serial.print(state_b1 - 48);
Serial.write("|");
Serial.print(state_b2 - 48);
Serial.write("|");
Serial.print(state_b3 - 48);
Serial.write("|");
Serial.print(state_b4 - 48);
Serial.write("|\n |");
Serial.print(state_j1 - 48);
Serial.write("|");
Serial.print(state_j2 - 48);
Serial.write("|");
Serial.print(state_j3 - 48);
Serial.write("|");
Serial.print(state_j4 - 48);
Serial.write("|\n");}

if (lerserial().equals("next state")) {

dummy ='0";
Serial.printIn(lerserial());

while (Serial.available() == 0);{}

delay(100);
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lerserialmatrix();
delay(100);

Serial.write(" |");
Serial.print(state_b1 - 48);
Serial.write("|");
Serial.print(state_b2 - 48);
Serial.write("|");
Serial.print(state_b3 - 48);
Serial.write("|");
Serial.print(state_b4 - 48);
Serial.write("|\n |");
Serial.print(state_j1 - 48);
Serial.write("|");
Serial.print(state_j2 - 48);
Serial.write("|");
Serial.print(state_j3 - 48);

Command list:

e bl;turns ononly bl.

e b2; turns on only b2.

e b3; turns on only b3.

e b4; turns on only b4.

e jl1;turnsononly jl.

e j2;turnsononly j2.

e j3:turnsononly j3.

e j4;turnson only j4.

o Off; turns all LEDs off.

Serial.write("[");
Serial.print(state_j4 - 48);
Serial.write("[\n");

if (state_bl == '0") digitalWrite(bl,
LOW);

elsedigitalWrite(b1, HIGH);

if (state_b2 == '0") digitalWrite(h2,
LOW);

elsedigitalWrite(b2, HIGH);

if (state_b3 == '0) digitalWrite(b3,
LOW);

elsedigitalWrite(b3, HIGH);

if (state_b4 == '0") digitalWrite(b4,
LOW);

elsedigitalWrite(b4, HIGH);

if (state_j1 == '0") digitalWrite(j1,
LOW);

e current state; shows the actual state.

elsedigitalWrite(j1, HIGH);

if (state_j2 == '0") digitalWrite(j2,
LOW);

elsedigitalWrite(j2, HIGH);

if (state_j3 == '0") digitalWrite(j3,
LOW);

elsedigitalWrite(j3, HIGH);

if (state_j4 == '0") digitalWrite(j4,
LOW);

elsedigitalWrite(j4, HIGH);}
if (dummy =="1"){
Serial.write("Comando

incorrecto.\n");}

delay (100);}

e next state; waits for the next state in binary code, from b1 to j4.

Appendix 3.2: Control Board (final)

This code is the code utilized as final for the Control Board. It only receives a binary word of 32

bits which are related to each of the maximum of switches the Control Board might be connected to.

The Arduino decodes this word as turns on or off each of the switches.

e Code:

/I Control Board on Arduino v1.0
/I 1A and 1B

constint p11 = 22;

constint p12 = 24;

constint p13 = 26;

constint p14 = 28;

constint p15 = 30;
constint p16 = 32;
constint p17 = 34;
constint p18 = 36;
constint p21 = 23;
constint p22 = 25;
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constint p23 = 27;
constint p24 = 29;
constint p25 = 31;
constint p26 = 33;
constint p27 = 35;
constint p28 = 37;
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/l 2A and 2B

constint p31 = 38;
constint p32 = 40;
constint p33 = 42;
constint p34 = 44;
constint p35 = 46;
constint p36 = 48;
constint p37 = 50;
constint p38 = 52;
constint p41 = 39;
constint p42 = 41;
constint p43 = 43;
constint p44 = 45;
constint p45 = 47;
constint p46 = 49;
constint p47 = 51;
constint p48 = 53;

int state_p11 ='0";
int state_p12 ='0";
int state_p13 ='0;
int state_p14 ='0";
int state_p15 ='0";
int state_p16 ='0";
int state_p17 ='0;
int state_p18 ='0";
int state_p21 ='0";
int state_p22 ='0";
int state_p23 ='0";
int state_p24 ='0";
int state_p25 ='0";
int state_p26 ='0";
int state_p27 ='0";
int state_p28 ='0;

int state_p31 ='0";
int state_p32 ='0";
int state_p33 ='0;
int state_p34 ='0";
int state_p35 ='0";
int state_p36 ='0";
int state_p37 ='0";
int state_p38 ='0";
int state_p41 ='0";
int state_p42 ='0";
int state_p43 ='0";
int state_p44 ='0";
int state_p45 ='0";
int state_p46 ='0";

int state_p47 ='0";
int state_p48 ='0";

/Ito serial port reading
charinData[50];
charinChar = -1;

int index = 0;

String inDatal;
charvazio[1l] ="";

void setup(){
Serial.begin(9600);
pinMode (p11, OUTPUT);
pinMode (p12, OUTPUT);
pinMode (p13, OUTPUT);
pinMode (p14, OUTPUT);
pinMode (p15, OUTPUT);
pinMode (p16, OUTPUT);
pinMode (p17, OUTPUT);
pinMode (p18, OUTPUT);
pinMode (p21, OUTPUT);
pinMode (p22, OUTPUT);
pinMode (p23, OUTPUT);
pinMode (p24, OUTPUT);
pinMode (p25, OUTPUT);
pinMode (p26, OUTPUT);
pinMode (p27, OUTPUT);
pinMode (p28, OUTPUT);
pinMode (p31, OUTPUT);
pinMode (p32, OUTPUT);
pinMode (p33, OUTPUT);
pinMode (p34, OUTPUT);
pinMode (p35, OUTPUT);
pinMode (p36, OUTPUT);
pinMode (p37, OUTPUT);
pinMode (p38, OUTPUT);
pinMode (p41, OUTPUT);
pinMode (p42, OUTPUT);
pinMode (p43, OUTPUT);
pinMode (p44, OUTPUT);
pinMode (p45, OUTPUT);
pinMode (p46, OUTPUT);
pinMode (p47, OUTPUT);
pinMode (p48, OUTPUT);
delay (100);
digitalWrite(p11, LOW);
digitalWrite(p12, LOW);
digitalWrite(p13, LOW);
digitalWrite(p14, LOW);
digitalWrite(p15, LOW);
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digitalWrite(p16, LOW);
digitalWrite(p17, LOW);
digitalWrite(p18, LOW);
digitalWrite(p21, LOW);
digitalWrite(p22, LOW);
digitalWrite(p23, LOW);
digitalWrite(p24, LOW);
digitalWrite(p25, LOW);
digitalWrite(p26, LOW);
digitalWrite(p27, LOW);
digitalWrite(p28, LOW);
digitalWrite(p31, LOW);
digitalWrite(p32, LOW);
digitalWrite(p33, LOW);
digitalWrite(p34, LOW);
digitalWrite(p35, LOW);
digitalWrite(p36, LOW);
digitalWrite(p37, LOW);
digitalWrite(p38, LOW);
digitalWrite(p41, LOW);
digitalWrite(p42, LOW);
digitalWrite(p43, LOW);
digitalWrite(p44, LOW);
digitalWrite(p45, LOW);
digitalWrite(p46, LOW);
digitalWrite(p47, LOW);
digitalWrite(p48, LOW);}

voidlerserialmatrix (){
index = 0;

while (Serial.available() > 0){
inChar = Serial.read();
inData[index] = (char)inChar;
index++;

inData[index] ="\0';}

if (index == 32){
state_pll =inData[0];
state_p12 = inData[1];
state_pl13 = inData[2];
state_pl14 = inData[3];
state_p15 = inData[4];
state_p16 = inData[5];
state_pl7 = inData[6];
state_p18 = inData[7];
state_p21 = inData[8];
state_p22 = inData[9];
state_p23 = inData[10];
state_p24 = inData[11];
state_p25 = inData[12];
state_p26 = inData[13];
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state_p27 = inData[14];
state_p28 = inData[15];
state_p31 = inData[16];
state_p32 = inData[17];
state_p33 = inData[18];
state_p34 = inData[19];
state_p35 = inData[20];
state_p36 = inData[21];
state_p37 = inData[22];
state_p38 = inData[23];
state_p41 = inData[24];
state_p42 = inData[25];
state_p43 = inData[26];
state_p44 = inData[27];
state_p45 = inData[28];
state_p46 = inData[29];
state_p47 = inData[30];
state_p48 = inData[31];

void loop(){

while(Serial.available()==0);{}

delay (100);
lerserialmatrix();
if (state_p11

3

digitalWrite(p11, LOW);
else digitalWrite(p11, HIGH);

if (state_p12

digitalWrite(p12, LOW);
else digitalWrite(p12, HIGH);

if (state_p13

digitalWrite(p13, LOW);
else digitalWrite(p13, HIGH);

if (state_p14

digitalWrite(p14, LOW);
else digitalWrite(p14, HIGH);

if (state_p15

digitalWrite(p15, LOW);
else digitalWrite(p15, HIGH);

0)

0)

)

0)

0)

if (state_p16 ==
digitalWrite(p16, LOW);

else digitalWrite(p16, HIGH);

if (state_p17 ==
digitalWrite(pl7, LOW);

else digitalWrite(p17, HIGH);
if (state_p18 ==
digitalWrite(p18, LOW);

else digitalWrite(p18, HIGH);

if (state_p21 ==
digitalWrite(p21, LOW);

else digitalWrite(p21, HIGH);
if (state_p22 ==
digitalWrite(p22, LOW);

else digitalWrite(p22, HIGH);

if (state_p23 ==
digitalWrite(p23, LOW);

else digitalWrite(p23, HIGH);

if (state_p24 ==
digitalWrite(p24, LOW);

else digitalWrite(p24, HIGH);

if (state_p25 ==
digitalWrite(p25, LOW);

else digitalWrite(p25, HIGH);

if (state_p26 ==
digitalWrite(p26, LOW);

else digitalWrite(p26, HIGH);

if (state_p27 ==
digitalWrite(p27, LOW);

else digitalWrite(p27, HIGH);
if (state_p28 ==
digitalWrite(p28, LOW);

else digitalWrite(p28, HIGH);

if (state_p31 ==
digitalWrite(p31, LOW);

else digitalWrite(p31, HIGH);

if (state_p32 ==
digitalWrite(p32, LOW);

else digitalWrite(p32, HIGH);

if (state_p33 ==
digitalWrite(p33, LOW);

Appendix 3.3: MATLAB GUI v. 1.0

)

)

0)

0)

)

)

0)

)

0)

0)

0)

0)

0)

0)

else digitalWrite(p33, HIGH);
if (state_p34 ==
digitalWrite(p34, LOW);

else digitalWrite(p34, HIGH);

if (state_p35 ==
digitalWrite(p35, LOW);

else digitalWrite(p35, HIGH);
if (state_p36 ==
digitalWrite(p36, LOW);

else digitalWrite(p36, HIGH);
if (state_p37 ==
digitalWrite(p37, LOW);

else digitalWrite(p37, HIGH);

if (state_p38 ==
digitalWrite(p38, LOW);

else digitalWrite(p38, HIGH);
if (state_p41 ==
digitalWrite(p41, LOW);

else digitalWrite(p41, HIGH);
if (state_p42 ==
digitalWrite(p42, LOW);

else digitalWrite(p42, HIGH);

if (state_p43 ==
digitalWrite(p43, LOW);

else digitalWrite(p43, HIGH);

if (state_p44 ==
digitalWrite(p44, LOW);

else digitalWrite(p44, HIGH);
if (state_p45 ==
digitalWrite(p45, LOW);
elsedigitalWrite(p45, HIGH);

if (state_p46 ==
digitalWrite(p46, LOW);

else digitalWrite(p46, HIGH);
if (state_p47 ==
digitalWrite(p47, LOW);

else digitalWrite(p47, HIGH);
if (state_p48 ==
digitalWrite(p48, LOW);

else digitalWrite(p48, HIGH);
while (Serial.read() != -1);{}}

)

0)

0)

0)

0)

0)

0)

)

0)

0)

0)

0)

0)

This is the first version of the user interface to send the binary word to Arduino. It’s divided in 3

parts: a) buttons to choose the LEDs on or off and the next state button to send the state to the

Arduino, b) setup of the communication between the Arduino and MATLAB (serial port and Baud

Rate), c) table to store the state and time in each state and send the states stored to Arduino.
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e User Interface:

v ] ] ] || i—
PR N R -

Next stat
state a

Palavra tempo

Add State

Clear

Send Words

Baud
Rate 9600

| Connect

Figure A.10 — Graphical User Interface of the communication bridge generated in MATLAB.

e Code:

function varargout = HVSwitching(varargin)
gui_Singleton = 1;

gui_State = struct('gui_Name', mfilename, ...
'gui_Singleton’, gui_Singleton, ...
'gui_OpeningFcn’', @HVSwitching_OpeningFen, ...
'gui_OutputFen', @HVSwitching_OutputFen, ...
'gui_LayoutFen', ], ...

‘gui_Callback’, []);

if nargin && ischar(varargin{1})
gui_State.gui_Callback = str2func(varargin{1});
end

if nargout

[varargout{1:nargout}] = gui_mainfcn(gui_State,
varargin{:});

else

gui_mainfcn(gui_State, varargin{:});

end

function HVSwitching_OpeningFcn(hObject, eventdata,
handles, varargin)

trans ='00000000";

handles.out = trans;

serialPorts = instrhwinfo('serial’);

nPorts = length(serialPorts.SerialPorts);
set(handles.portList, 'String’, ...

[{'Select a port'} ; serialPorts.SerialPorts 1);
set(handles.portList, 'Value', 2);
A=cell(0,0);

set(handles.sequency, Data’,A);
handles.output = hObject;

guidata(hObject, handles);

function varargout = HVSwitching_OutputFen(hObject,
eventdata, handles)

varargout{1} = handles.output;

function b1_Callback(hObject, eventdata, handles)
handles.out(1) = int2str(get(hObject, Value"));
guidata(hObject, handles);

function b2_Callback(hObject, eventdata, handles)
handles.out(2) = int2str(get(hObject, \Value"));
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guidata(hObject, handles);

function b3_Callback(hObject, eventdata, handles)
handles.out(3) = int2str(get(hObject, Value'));
guidata(hObject, handles);

function b4_Callback(hObiject, eventdata, handles)
handles.out(4) = int2str(get(hObject, Value"));
guidata(hObject, handles);

function j1_Callback(hObject, eventdata, handles)
handles.out(5) = int2str(get(hObject, Value"));
guidata(hObject, handles);

function j2_Callback(hObject, eventdata, handles)
handles.out(6) = int2str(get(hObject, Value'));
guidata(hObject, handles);

function j3_Callback(hObject, eventdata, handles)
handles.out(7) = int2str(get(hObject, Value'));
guidata(hObject, handles);

function j4_Callback(hObject, eventdata, handles)
handles.out(8) = int2str(get(hObject, Value'));
guidata(hObject, handles);

function next_state_Callback(hObject, eventdata,
handles)

out=handles.out;
pause(0.0000000000000000000000000000001);
fwrite(handles.serConn,out);

function portList_Callback(hObject, eventdata, handles)

function portList_CreateFcn(hObject, eventdata, handles)

if ispc && isequal(get(hObject, BackgroundColor'),
get(0,'defaultUicontrolBackgroundColor'))

set(hObject,'BackgroundColor','white');
end

function baudRateText_Callback(hObject, eventdata,
handles)

function baudRateText_CreateFcn(hObject, eventdata,
handles)

if ispc && isequal(get(hObject, BackgroundColor'),
get(0,'defaultUicontrolBackgroundColor'))

set(hObject,'BackgroundColor','white');
end

function  connectButton_Callback(hObject, eventdata,
handles)

if strcmp(get(hObject,'String’),'Connect’) % currently
disconnected

serPortn = get(handles.portList, "Value');
if serPortn ==1
errordlg('Select valid COM port’);
else
serList = get(handles.portList,'String’);
serPort = serList{serPortn};
serConn = serial(serPort, TimeOut', 1, ...
'‘BaudRate’, str2num(get(handles.baudRateText,
'String")));
try
fopen(serConn);
handles.serConn = serConn;
set(hObject, 'String’,'Disconnect’)
catch e
errordlg(e.message);
end
end
else
set(hObject, 'String','Connect")
fclose(handles.serConn);
end
guidata(hObject, handles);

function time_Callback(hObject, eventdata, handles)
guidata(hObject, handles);

function time_CreateFcn(hObject, eventdata, handles)

if ispc && isequal(get(hObject,'BackgroundColor’),
get(0,'defaultUicontrolBackgroundColor'))

set(hObject,'BackgroundColor','white');
end

function Add_state_Callback(hObject, eventdata,
handles)

data = get(handles.sequency,'Data’);

k = size(data,1)+1; % Which row number does the new
row get

if K == 1 % Data is converted the first time, but only
needs one

B = num2cell(data);

else

B = data;

end

B{k,1} = handles.out;

B{k,2} = str2num(get(handles.time,'String"));
set(handles.sequency,'Data’,B)
guidata(hObject, handles);
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function clear_Callback(hObject, eventdata, handles)
A=cell(0,0);

set(handles.sequency, Data’',A);

guidata(hObject, handles);

function  Send_words_Callback(hObject,  eventdata,
handles)

i=1;
data=get(handles.sequency,'Data’);
k = size(data,1);

while i<=k

word = data{i,1};

Appendix 3.4: MATLAB GUI v2.0

time = data{i,2};
pause(0.0000000000000000000000000000001);
fwrite(handles.serConn,word);

pause(time);

i=i+1;

end

function  gui_CloseRequestFcn(hObject,  eventdata,
handles)

if isfield(handles, 'serConn’)
fclose(handles.serConn);
end

This is the second version of the user interface to control the Control Board. This is a more

complex one, divided in a hierarchic structure as shown in Figure 3.2. It is divided in 4 user interfaces:

Menu, Control Board Connection, Image Analysis and Control.

e Menu:

The Menu has 3 buttons, to configure the Control Board, to analyze the RGB of images and to

load the model chosen and a checkbox group to choose the model of the chip on use.

DMF System GUI v2.0

Menu

— Select a chip model

@ Model 1

) Model 2

Configure Control Board

Analyze image

Load model

WS - CENIMAT, May 2014

Figure A.11 — DMF System Graphical User Interface version 2.0 Menu.
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o Code:

function varargout = menu(varargin)
gui_Singleton = 1;

gui_State = struct(‘gui_Name',
‘gui_Singleton’, gui_Singleton, ...
‘gui_OpeningFcn', @menu_OpeningFcn, ...
'gui_OutputFen', @menu_OutputFen, ...
'gui_LayoutFen', [], ...

‘gui_Callback', []);

if nargin && ischar(varargin{1})
gui_State.gui_Callback = str2func(varargin{1});
end

if nargout
[varargout{1:nargout}] =
varargin{:});

else

gui_mainfcn(gui_State, varargin{:});
end

mfilename, ...

gui_mainfcn(gui_State,

function menu_OpeningFcn(hObject, eventdata, handles,
varargin)

handles.output = hObject;

guidata(hObject, handles);

function  varargout =
eventdata, handles)

varargout{1} = handles.output;

menu_OutputFen(hObject,

function  CtrIBrdConf_Callback(hObject, eventdata,
handles)
CtrBrdConnector;

function load_Callback(hObject, eventdata, handles)

if  (strcmp(get(get(handles.models, 'SelectedObject'),
'Tag'), 'modell’))

if isempty(getappdata(0, 'SerialPort'))

e Control Board Connector:

errordlg('Control Board not configurated! Please
configure the Control Board to continue.’, ‘Control Board
error');

uiwait
CtrBrdConnector
else

Impedance;
modell;

end

elseif (strcmp(get(get(handles.models, 'SelectedObject’),
"Tag'), 'model2'))

if isempty(getappdata(0, 'SerialPort’))

errordlg('Control Board not configurated! Please
configure the Control Board to continue.', ‘Control Board
error');

uiwait
CtrBrdConnector
else

Impedance;
model2;

end

else

errordlg('Invalid Model Selected! Select a valid model’,
‘Invalid model!");

end

function analisys_Callback(hObject, eventdata, handles)
Analisys;

function figurel_CloseRequestFcn(hObject, eventdata,
handles)

if isempty(getappdata(0, '‘BRate"))
else

rmappdata(0, 'BRate");
rmappdata(0, 'SerialPort');

end

delete(hObject);

The Control Board Connection has one button to set the configurations of the Control Board

connection, a list with all the ports available and a editable text to enter the baud rate. It is not possible

to load a model from the menu while a configuration for the Control Board connection hasn’t been set.
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DMF System GUI V2.0
Control Board Connection

Select a port
COM1
Comz

-

Baud
Rate 2500
Set Configuration

MS - CENIMAT, May 2014

Figure A.12 — DMF System Graphical User Interface version 2.0 Control Board Connection.

o Code:

function varargout = CtrBrdConnector(varargin)
gui_Singleton = 1;

gui_State = struct('gui_Name',
‘gui_Singleton’, gui_Singleton, ...
‘gui_OpeningFcn', @CtrBrdConnector_OpeningFcen, ...
'gui_OutputFen', @CtrBrdConnector_OutputFcen, ...
'gui_LayoutFen', [], ...

‘gui_Callback', []);

if nargin && ischar(varargin{1})
gui_State.gui_Callback = str2func(varargin{1});

end

if nargout
[varargout{1:nargout}] =
varargin{:});

mfilename, ...

gui_mainfcn(gui_State,

else

gui_mainfcn(gui_State, varargin{:});

end

function CtrBrdConnector_OpeningFcn(hObject,

eventdata, handles, varargin)
handles.output = hObject;

serialPorts = instrhwinfo('serial’);

nPorts = length(serialPorts.SerialPorts);
set(handles.portList, 'String’, ...

[{'Select a port'} ; serialPorts.SerialPorts ]);
set(handles.portList, 'Value', 2);
guidata(hObject, handles);

function varargout =
CtrBrdConnector_OutputFcn(hObject, eventdata,
handles)

varargout{1} = handles.output;

function portList_Callback(hObject, eventdata, handles)

function portList_CreateFcn(hObject, eventdata, handles)

if ispc && isequal(get(hObject,'BackgroundColor’),
get(0,'defaultUicontrolBackgroundColor'))

set(hObject,' BackgroundColor','white');
end

function
handles)

serPortn = get(handles.portList, "Value');
if serPortn ==1

errordlg('Select valid COM port');

else

serList = get(handles.portList,'String");
serPort = serList{serPortn};

setappdata(0,
str2num(get(handles.baudRateText, 'String')));

setappdata(0, 'SerialPort', serPort);
end
guidata(hObject, handles);

connectButton_Callback(hObject, eventdata,

'‘BRate’,

function
handles)

baudRateText_Callback(hObject, eventdata,
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function baudRateText_CreateFcn(hObject, eventdata, set(hObject,'BackgroundColor','white');
handles) end

if ispc && isequal(get(hObject,'BackgroundColor'),
get(0,'defaultUicontrolBackgroundColor'))

e Image Analysis:
Image Analysis has 5 buttons, to load an image, select the points to analyze, analyze those
points, set the background (use a point as background) and reset the background. The table on the
bottom left will give the coordinates and the RGB values of the selected points. The group on the

bottom right will give the values of the background.

DMF System GUI v2.0
Image Analysis

Load image

Select Points.

Set background

Reset Background

X Coordinate| Y Coordinate| Red Value | Green Value | Blue Value SECK L Yo

Red Green Blue

MS - CENIMAT, May 2014

Figure A.13 — DMF System Graphical User Interface version 2.0 Image Analysis.
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o Code:

function varargout = Analisys(varargin)
gui_Singleton = 1;

gui_State = struct(‘gui_Name', mfilename, ...
‘gui_Singleton’, gui_Singleton, ...
‘gui_OpeningFcn’, @Analisys_OpeningFcn, ...
'gui_OutputFen', @Analisys_OutputFen, ...
'gui_LayoutFen', [], ...

‘gui_Callback', []);

if nargin && ischar(varargin{1})
gui_State.gui_Callback = str2func(varargin{1});
end

if nargout
[varargout{1:nargout}] =
varargin{:});

else

gui_mainfcn(gui_State, varargin{:});
end

gui_mainfcn(gui_State,

function  Analisys_OpeningFcn(hObject,  eventdata,
handles, varargin)

handles.output = hObject;
set(handles.image, 'Visible', 'off");
B=cell(0,0);

set(handles.points, Data’,B);
guidata(hObject, handles);

function varargout = Analisys_OutputFcn(hObject,
eventdata, handles)

varargout{1} = handles.output;

function load_Callback(hObject, eventdata, handles)
filename=  uigetfile("*.tif;*.jpeg;*.png;* jpg’, 'Pick a
MATLAB code file');

| = imread(filename);

handles.l = imshow (1);

guidata(hObject, handles);

function select_Callback(hObject, eventdata, handles)
[X,y,c] = impixel;

e Control GUI (modell example):

handles.A=[x y c];
guidata(hObject, handles);

function analyse_Callback(hObject, eventdata, handles)
B=cell(0,0);

set(handles.points,'Data’,B);
if(isempty(get(handles.bred, 'String")))
set(handles.points, Data’,handles.A);

else

[a b] = size(handles.A);

A=handles.A;

forr=1:a

A(r,3)=A(r,3)- str2num(get(handles.bred, 'String"));
A(r,4)=A(r,4)- str2num(get(handles.bgreen, 'String’));
A(r,5)=A(r,5)- str2num(get(handles.bblue, 'String’));
end

set(handles.points,' Data’,A);

end

guidata(hObject, handles);

function  background_Callback(hObject,  eventdata,
handles)

[x,y,c] = impixel;

if (length(x) > 1)

errordlg('Select only 1 point for background', 'Error');
return;

end

set(handles.bred, 'String’, ¢(1));

set(handles.bgreen, 'String’, ¢(2));

set(handles.bblue, 'String’, ¢(3));

guidata(hObject, handles);

function  resetbckgrd_Callback(hObject,  eventdata,
handles)

a=[l;

set(handles.bred, 'String’, a);
set(handles.bgreen, 'String’, a);
set(handles.bblue, 'String’, a);
guidata(hObject, handles);

The Control has an image showing the layout of the selected model, and the buttons to select the

desired state. It also has the option to control manually or sequentially, using the table to store the

states and the time on each state as on version 1.0. The Mirrored and Inverted checkboxes are to help

the user to have an easier interaction with the DMF chip, if it is mirrored in both x and y axis, and if

the camera mirrors the image (R1 from the camera image is R8 in the device).
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DMF System GUI v2.0
Model1 Control Interface

Reservoir 1 Electrode 2 Electrode 3 Electrode 4 Electrode 5 Electrode & Electrode 7 Reservoir &
‘ OFF ‘ ‘ OFF OFF ‘ ‘ OFF ‘ ‘ OFF ‘ ‘ OFF ‘ ‘ OFF ‘ ‘ OFF ‘
State time
Set State State Time

Control Mode.

Manual Control Add Sequence

@ Sequencial Control Clear table

i

Send table

V| Mirrored Inverted
MS - CENIMAT, May 2014
Figure A.14 — DMF System Graphical User Interface version 2.0 Model 1.
o Code:
function varargout = model1(varargin) handles.|=imshow (1);
gui_Singleton = 1; set(handles.l,'ButtonDownFcn' . {@ImageClickCallback,

handles});

trans = '00000000000000000000000000000000'; % 32x0
handles.out = trans;

a=getappdata(0, 'SerialPort");

b=getappdata(0, 'BRate");

handles.arduino = serial(a, 'BaudRate', b);
fopen(handles.arduino);

if (strcmp(get(get(handles.CtrMode, 'SelectedObject’),
'String’), 'Manual Control'))

gui_State = struct('gui_Name', mfilename, ...
'gui_Singleton’, gui_Singleton, ...
'gui_OpeningFcn’', @modell_OpeningFcn, ...
'gui_OutputFen', @modell_OutputFen, ...
‘gui_LayoutFen', [1, ...

‘gui_Callback’, []);

if nargin && ischar(varargin{1})
gui_State.gui_Callback = str2func(varargin{1});

?nd set(handles.time, 'Enable’, 'OFF");

if nargout ) ) ) set(handles.addseq, 'Enable’, 'OFF");
5‘;?;?&?2?}%“”90m}] = gui_mainfcn(gui_State, set(handles.clear, 'Enable’, 'OFF");
else ' set(handles.statetable, 'Enable’, 'OFF');
gui_mainfcn(gui_State, varargin{:}); set(handles.send, ‘Enable’, OFF);

end else

set(handles.time, 'Enable’, 'ON");

. . . handles. , 'Enable’, 'ON");
function modell_OpeningFcn(hObject, eventdata, set(handles.addseq, ‘Enable )

handles, varargin) set(handles.clear, 'Enable’, 'ON");
handles.output = hObject; set(handles.statetable, 'Enable’, 'ON');
I=imread(‘modelL.tif); set(handles.send, 'Enable’, 'ON’);
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end

A=cell(0,0);
set(handles.statetable,'Data’,A);
guidata(hObject, handles);

function varargout = modell_OutputFcn(hObiject,
eventdata, handles)

varargout{1} = handles.output;

function ImageClickCallback (hObject, eventData,
handles)

axesHandle = get(hObject, Parent’);
coord = get(axesHandle,'CurrentPoint');
coord = coord(1,1:2);

if (coord(l) > 240 && coord(1l) < 480 && coord(2) >
270 && coord(2) < 545)

if(strcmp(get(handles.Reserl, 'String"), 'OFF"))
set(handles.Reserl, 'String', 'ON');
set(handles.Reserl, 'Value', 1);

else

set(handles.Reserl, 'String’, ‘OFF');
set(handles.Reserl, 'Value', 0);

end

handles.out(10) = int2str(get(handles.Reserl,'\VValue"));

elseif (coord(1) > 480 && coord(1) < 595 && coord(2) >
360 && coord(2) < 440)

if(strcmp(get(handles.Elect2, 'String'), 'OFF"))
set(handles.Elect2, 'String’, 'ON");
set(handles.Elect2, "Value', 1);

else

set(handles.Elect2, 'String’, 'OFF");
set(handles.Elect2, "Value', 0);

end

handles.out(9) = int2str(get(handles.Elect2,"Value'));

elseif (coord(1) > 595 && coord(1) < 710 && coord(2) >
360 && coord(2) < 440)

if(strcmp(get(handles.Elect3, 'String'), 'OFF"))
set(handles.Elect3, 'String’, 'ON");

set(handles.Elect3, "Value', 1);

else

set(handles.Elect3, 'String’, 'OFF");
set(handles.Elect3, "Value', 0);

end

handles.out(11) = int2str(get(handles.Elect3,"Value'));

elseif (coord(1) > 710 && coord(1) < 825 && coord(2) >
360 && coord(2) < 440)

if(strcmp(get(handles.Elect4, 'String'), 'OFF"))
set(handles.Elect4, 'String’, 'ON");
set(handles.Elect4, "Value', 1);

else

set(handles.Elect4, 'String’, 'OFF");
set(handles.Elect4, 'Value', 0);

end
handles.out(12) = int2str(get(handles.Elect4,"Value'));

elseif (coord(1) > 825 && coord(1) < 940 && coord(2) >
360 && coord(2) < 440)

if(strcmp(get(handles.Elect5, 'String'), 'OFF")
set(handles.Elect5, 'String’, 'ON");

set(handles.Elect5, 'Value', 1);

else

set(handles.Elect5, 'String', 'OFF");
set(handles.Elect5, 'Value', 0);

end

handles.out(20) = int2str(get(handles.Elect5, Value'));

elseif (coord(1) > 940 && coord(1l) < 1055 && coord(2)
> 360 && coord(2) < 440)

if(strcmp(get(handles.Elect6, 'String’), 'OFF"))
set(handles.Elect6, 'String’, 'ON’);

set(handles.Elect6, 'Value', 1);

else

set(handles.Elect6, 'String’, 'OFF");
set(handles.Elect8, 'Value', 0);

end

handles.out(19) = int2str(get(handles.Elect6, Value'));

elseif (coord(1) > 1055 && coord(l) < 1160 &&
coord(2) > 360 && coord(2) < 440)

if(strcmp(get(handles.Elect7, 'String'), 'OFF")
set(handles.Elect7, 'String’, 'ON");

set(handles.Elect7, 'Value', 1);

else

set(handles.Elect7, 'String’, 'OFF");
set(handles.Elect7, "Value', 0);

end

handles.out(17) = int2str(get(handles.Elect7,"Value'));

elseif (coord(1) > 1160 && coord(l) < 1400 &&
coord(2) > 270 && coord(2) < 545)

if(strcemp(get(handles.Reser8, 'String’), 'OFF"))
set(handles.Reser8, 'String’, 'ON');
set(handles.Reser8, 'Value', 1);

else

set(handles.Reser8, 'String', 'OFF");
set(handles.Reser8, 'Value', 0);

end

handles.out(18) = int2str(get(handles.Reser8,'VValue"));
end

guidata(hObject, handles);

function Reserl_Callback(hObject, eventdata, handles)
if(strcmp(get(handles.Reserl, 'String’), 'OFF"))
set(handles.Reserl, 'String’, 'ON');

set(handles.Reserl, 'Value', 1);

else

set(handles.Reserl, 'String', 'OFF');
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set(handles.Reserl, 'Value', 0);

end

handles.out(10) = int2str(get(hObject,'Value'));
guidata(hObject, handles);

function Elect2_Callback(hObject, eventdata, handles)
if(strcmp(get(handles.Elect2, 'String’), 'OFF"))
set(handles.Elect?, 'String', 'ON);

set(handles.Elect2, 'Value', 1);

else

set(handles.Elect2, 'String’, 'OFF");

set(handles.Elect2, 'Value', 0);

end

handles.out(9) = int2str(get(hObject, VValue'));
guidata(hObject, handles);

function Elect3_Callback(hObject, eventdata, handles)
if(strcemp(get(handles.Elect3, 'String’), 'OFF"))
set(handles.Elect3, 'String’, 'ON");

set(handles.Elect3, "Value', 1);

else

set(handles.Elect3, 'String’, 'OFF");

set(handles.Elect3, "Value', 0);

end

handles.out(11) = int2str(get(hObject, Value'));
guidata(hObject, handles);

function Elect4_Callback(hObject, eventdata, handles)
if(strcmp(get(handles.Elect4, 'String'), 'OFF")
set(handles.Elect4, 'String’, 'ON");

set(handles.Elect4, "Value', 1);

else

set(handles.Elect4, 'String’, 'OFF");

set(handles.Elect4, "Value', 0);

end

handles.out(12) = int2str(get(hObject, Value));
guidata(hObject, handles);

function Elect5_Callback(hObject, eventdata, handles)
if(strcmp(get(handles.Elect5, 'String'), 'OFF"))
set(handles.Elect5, 'String’, 'ON");

set(handles.Elect5, "Value', 1);

else

set(handles.Elect5, 'String’, 'OFF");

set(handles.Elect5, "Value', 0);

end

handles.out(20) = int2str(get(hObject,'Value'));
guidata(hObject, handles);

function Elect6_Callback(hObject, eventdata, handles)

if(strcmp(get(handles.Elect6, 'String'), 'OFF")
set(handles.Elect6, 'String’, 'ON");
set(handles.Elect6, 'Value', 1);

else

set(handles.Elect6, 'String’, 'OFF");
set(handles.Elect6, 'Value', 0);

end

handles.out(19) = int2str(get(hObject, Value"));
guidata(hObject, handles);

function Elect7_Callback(hObject, eventdata, handles)
if(stremp(get(handles.Elect7, 'String'), 'OFF")
set(handles.Elect7, 'String', 'ON");

set(handles.Elect7, 'Value', 1);

else

set(handles.Elect7, 'String’, 'OFF");

set(handles.Elect7, 'Value', 0);

end

handles.out(17) = int2str(get(hObject,"Value"));
guidata(hObject, handles);

function Reser8_Callback(hObject, eventdata, handles)
if(stremp(get(handles.Reser8, 'String’), 'OFF"))
set(handles.Reser8, 'String’, 'ON');

set(handles.Reser8, 'Value', 1);

else

set(handles.Reser8, 'String', 'OFF");
set(handles.Reser8, 'Value', 0);

end

handles.out(18) = int2str(get(hObject, VValue"));
guidata(hObject, handles);

function addseq_Callback(hObject, eventdata, handles)
if stremp(get(handles.time,'String’), )

errordlg('No state time inserted! Please insert state time
desired','State time error');

else
data = get(handles.statetable,'Data’);

k = size(data,1)+1; % Which row number does the new
row get

if kK == 1 % Data is converted the first time, but only
needs one

B = num2cell(data);

else

B = data;

end

B{k,1} = sprintf(R1=%d, E2=%d, E3=%d, E4=%d,
E5=%d, E6=%d, E7=%d, R8=%d',

str2num(handles.out(10)), str2num(handles.out(9)),
str2num(handles.out(11)), str2num(handles.out(12)),
str2num(handles.out(20)), str2num(handles.out(19)),
str2num(handles.out(17)), str2num(handles.out(18)));
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B{k,2} = str2num(get(handles.time,'String"));
handles.word{k,1} = handles.out;
set(handles.statetable,'Data’,B)

end

guidata(hObject, handles);

function time_Callback(hObject, eventdata, handles)
guidata(hObject, handles);

function clear_Callback(hObject, eventdata, handles)
A=cell(0,0);

set(handles.statetable,'Data’,A);

guidata(hObject, handles);

function setstate_Callback(hObject, eventdata, handles)
test=handles.out;

if (get(handles.mirrored, ‘Value')== 1 &&
get(handles.inverted, 'Value')==0)

test(10)= handles.out(18);
test(18)= handles.out(10);
test(9)= handles.out(17);
test(17)= handles.out(9);
test(11)= handles.out(19);
test(19)= handles.out(11);
test(12)= handles.out(20);
test(20)= handles.out(12);
out=test;

setappdata(0, 'R1', test(18));
setappdata(0, 'E2', test(17));
setappdata(0, 'E3', test(19));
setappdata(0, 'E4', test(20));
setappdata(0, 'E5', test(12));
setappdata(0, 'E6', test(11));
setappdata(0, 'E7', test(9));
setappdata(0, 'R8', test(10));

elseif  (get(handles.mirrored,
get(handles.inverted, 'Value')==1)

test(9)= handles.out(12);
test(12)= handles.out(9);
test(10)= handles.out(11);
test(11)= handles.out(10);
test(20)= handles.out(17);
test(17)= handles.out(20);
test(19)= handles.out(18);
test(18)= handles.out(19);
out=test;

setappdata(0, 'R1', test(11));
setappdata(0, 'E2', test(12));
setappdata(0, 'E3', test(10));
setappdata(0, 'E4', test(9));
setappdata(0, 'E5', test(17));

Value)== 0 &&

setappdata(0, 'E6', test(18));
setappdata(0, 'E7', test(20));
setappdata(0, 'R8', test(19));

elseif  (get(handles.mirrored,
get(handles.inverted, 'Value')== 1)

test(9)= handles.out(20);
test(20)= handles.out(9);
test(10)= handles.out(19);
test(19)= handles.out(10);
test(12)= handles.out(17);
test(17)= handles.out(12);
test(11)= handles.out(18);
test(18)= handles.out(11);
out=test;

setappdata(0, 'R1', test(19));
setappdata(0, 'E2', test(20));
setappdata(0, 'E3', test(18));
setappdata(0, 'E4", test(17));
setappdata(0, 'E5', test(9));
setappdata(0, 'E6', test(10));
setappdata(0, 'E7", test(12));
setappdata(0, 'R8', test(11));
else

out=test;

setappdata(0, 'R8', test(18));
setappdata(0, 'E7', test(17));
setappdata(0, 'E6', test(19));
setappdata(0, 'E5', test(20));
setappdata(0, 'E4', test(12));
setappdata(0, 'E3', test(11));
setappdata(0, 'E2', test(9));
setappdata(0, 'R1', test(10));
end
pause(0.0000000000000000000000000000001);
fwrite(handles.arduino ,out);
guidata(hObject, handles);

Value)== 1 &&

function send_Callback(hObject, eventdata, handles)
i=1;

data=get(handles.statetable,'Data’);

k = size(data,1);

while i<=k

word = handles.word{i,1};

time = data{i,2};

test=word,;

if (get(handles.mirrored, ‘Value')== 1 &&
get(handles.inverted, 'Value')==0)

test(10)= word(18);
test(18)= word(10);
test(9)= word(17);
test(17)= word(9);
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test(11)= word(19);
test(19)= word(11);
test(12)= word(20);
test(20)= word(12);
out=test;

setappdata(0, 'R1', test(18));
setappdata(0, 'E2', test(17));
setappdata(0, 'E3', test(19));
setappdata(0, 'E4’, test(20));
setappdata(0, 'E5', test(12));
setappdata(0, 'E6', test(11));
setappdata(0, 'E7', test(9));
setappdata(0, 'R8', test(10));

elseif  (get(handles.mirrored,
get(handles.inverted, 'Value')== 1)

test(9)= word(12);

test(12)= word(9);

test(10)= word(11);
test(11)= word(10);
test(20)= word(17);
test(17)= word(20);
test(19)= word(18);
test(18)= word(19);
out=test;

setappdata(0, 'R1', test(11));
setappdata(0, 'E2', test(12));
setappdata(0, 'E3', test(10));
setappdata(0, 'E4', test(9));
setappdata(0, 'E5', test(17));
setappdata(0, 'E6', test(18));
setappdata(0, 'E7', test(20));
setappdata(0, 'R8', test(19));

elseif  (get(handles.mirrored,
get(handles.inverted, 'Value')==1)

test(9)= word(20);

test(20)= word(9);

test(10)= word(19);
test(19)= word(10);
test(12)= word(17);
test(17)= word(12);
test(11)= word(18);
test(18)= word(11);
out=test;

setappdata(0, 'R1', test(19));
setappdata(0, 'E2', test(20));
setappdata(0, 'E3', test(18));
setappdata(0, 'E4", test(17));
setappdata(0, 'E5', test(9));
setappdata(0, 'E6', test(10));
setappdata(0, 'E7', test(12));
setappdata(0, 'R8', test(11));

Value)== 0

Value)== 1

&&

&&

else

out=test;

end
pause(0.0000000000000000000000000000001);
fwrite(handles.arduino,out);

pause(time);

i=i+1;

end

guidata(hObject, handles);

function CtrMode_SelectionChangeFcn(hObject,
eventdata, handles)

if((stremp(get(get(handles.CtrMode,
'String’), 'Manual Control')))

set(handles.time, 'Enable’, 'OFF);
set(handles.addseq, 'Enable’, 'OFF");
set(handles.clear, 'Enable’, 'OFF");
set(handles.statetable, 'Enable’, 'OFF");
set(handles.send, 'Enable’, 'OFF");
else

set(handles.time, 'Enable’, 'ON");
set(handles.addseq, 'Enable’, 'ON");
set(handles.clear, 'Enable’, 'ON");
set(handles.statetable, ‘Enable’, 'ON’);
set(handles.send, 'Enable’, 'ON");

end

guidata(hObject, handles);

'SelectedObject'),

function figurel_CloseRequestFcn(hObject, eventdata,

handles)

fclose(handles.arduino);
delete(instrfind('Name','Serial-COM3));
delete(hObject);

function eventdata,

handles)

statetable_CreateFcn(hObject,

function time_CreateFcn(hObject, eventdata, handles)

if ispc && isequal(get(hObject,'BackgroundColor’),
get(0,'defaultUicontrolBackgroundColor"))

set(hObject,'BackgroundColor','white');
end

function image_CreateFcn(hObject, eventdata, handles)

function eventdata,

handles)

image_ButtonDownFcn(hObject,

function mirrored_Callback(hObject, eventdata, handles)

function inverted_Callback(hObject, eventdata, handles)
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Appendix 4 —-DMF system structural support

Appendix 4.1: 3D printed DMF support structure

This is the structure assembled to support the DMF system. The structure is composed by 9
pieces: a base and a top plate, 2 hinge pins, a camera holder, a left and a right clasp and a left and right
camera arm. Everything was printed in a 3D printer. The software used to make this image was

Blender, a 3D modeling freeware.

Figure A.15 — Support structure for the DMF system.
Appendix 4.2: Laser cut acrylic

This is the acrylic to support the DMF chips. It has 2 singular cuts so that 2 different sized chips
could fit (one that uses up to 8 electrodes in each side, and one that uses up to 16 electrodes in each

side). A mirrored piece of this one was also made for the right side. The software used was Blender.

QS

Figure A.16 — 3D computerized image of the piece of acrylic cut by laser to support the DMF device (left
piece).

61



