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Abstract: While the free and open-source Broadly Reconfigurable and Expandable Automa-
tion Device (BREAD) has demonstrated functionality as an inexpensive replacement for
many commercial controllers, some aspects of its design require updating to make it more
aligned with commercial supervisory control and data acquisition (SCADA) systems. Some
of these updates to BREAD for version 2 included improvements to the mechanical design
for stability with an alignment cover, rail mounting with Deutsche Institut fiir Normung
(DIN) rail clips, ESP32 Loaf Controller with local wireless connectivity, and open-source
web browser-based software control. These updates were validated by comparing BREAD
v2 to an existing commercial controller used for airline-based pH control for industrial
seaweed production. BREAD v2 was integrated into an electrical enclosure complete with
pH probes, CO, lines, solenoid valves, and a power supply. After comparing the two
approaches, BREAD v2 was found to be more precise by roughly a factor of five, and less
expensive by a factor of three than proprietary systems, while also offering additional
functionality like data logging and wireless monitoring. Although able to match or beat
specific functions of SCADA systems, future work is needed to transform BREAD into a
full SCADA system.

Keywords: open-source; supervisory control and data acquisition (SCADA); pH control;
open hardware; data acquisition (DAQ); open-source electronics; bioreactor; seaweed farm;
control; sensors

1. Introduction

Despite the success of open-source software [1,2], open-source hardware is still sig-
nificantly behind in its adoption in research and industrial projects [3]. Open-source
hardware [4] has an advantage over proprietary hardware in its repairability, customizabil-
ity, and cost savings [5]. This is because open-source devices, in most cases, have extensive
documentation that outlines the internal circuitry, provides a full bill of materials (BOM),
and provides the source code [6]. Ideally, the user could fully replicate the device using this
documentation depending on their proficiency in electronics. Additionally, the community
of “makers” that often forms around these devices becomes voluntary customer support
via online forums and social media groups [7]. These characteristics of open- source devices

make them desirable for research and educational settings [8].
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Open-source devices are also commonly associated with home “DIY” (do it your-
self) projects. The applications of open hardware, however, are widespread and provide
high-end research tools like laboratory liquid handling [9], microfluidic sensing and con-
trol [10,11], and electrical impedance tomography [12], to more industrial solutions like
smart energy converter testing [13] and building air quality and energy monitoring [14].
Unfortunately, combining open-source devices for novel research processes can be dif-
ficult due to differences in communication protocols (i.e., I2C, UART, SPI, MQTT, etc.),
lack of hardware connection ports (i.e., USB, QWIIC, etc.), and differences in software lan-
guage/abstraction (i.e., C, Python, etc.). This reliance on the user’s proficiency in electronics
has been a major bottleneck in the adoption of open hardware in spaces that commonly
rely on proprietary hardware [5]. The Broadly Reconfigurable and Expandable Automation
Device (BREAD) framework was created to enable the interoperability of open-source
devices by integrating new and existing open-source designs together into a consistent
hardware and software standard [15]. BREAD has demonstrated its capabilities as a data
acquisition (DAQ) system for temperature monitoring [16] as well as a supervisory control
and data acquisition (SCADA) system for automating biological growth experiments within
a bioreactor [17] or controlling the heating zones within a pyrolysis reactor to break down
plastic waste into fuel, oil, and wax [18]. SCADA systems consist of physical hardware
responsible for controlling and monitoring actuators and sensors, and software to display
these data and allow users to interact with the system. Proprietary SCADA devices like
National Instrument’s (NI) CompactRIO (cRIO) [19] and Opto 22’s groov EPIC systems [20]
are commonly used in research and industry to automate experiments and industrial pilot
projects. For example, the cRIO system has been used for power grid simulation [21], power
factor correction and monitoring [22], and railway acoustic roughness measurement [23].
There are other open-source SCADA systems, including those for power system monitor-
ing [24], monitoring industrial processes [25], and several forms of open-source software
for SCADA systems [26,27], which do well in comparison to proprietary software [28,29].

Unfortunately, the proprietary hardware/software packages are prohibitively expen-
sive for research projects in low-resource environments, which limits access to high-quality
SCADA [8]. Open-source SCADA exist (e.g., based on SCADA-LTS [30], OpenSCADA [27],
Node-Red [31], and Thinger.IO [32]) and the hardware for the open-source versions is fo-
cused on specific applications (e.g., open-source solar-powered reverse osmosis [33], solar
photovoltaic power monitoring [34,35] and biomass plant monitoring [36]) rather than
being broadly useful for any SCADA application. A novel process may require multiple
reconfigurations of the control system before an optimal process is determined, which
leads to additional costs when non-customizable and proprietary hardware is used [18].
BREAD has proven to be a significantly less expensive alternative to some of the functions
of proprietary SCADA systems without sacrificing functionality as shown in Table 1. This,
in part, is due to the well-established economic savings for open hardware [37], as it is built
upon the Arduino platform [38]. Despite BREAD’s advantages, in its current configuration,
it can be difficult to set up and lacks the robustness and hardware organization typical of
commercial products like NI's cRIO and Opto 22’s groov EPIC systems. The motivation for
this study is to move BREAD towards a full SCADA system. Some of the aspects of BREAD,
summarized in Table 2, were improved to make the system more robust and desirable for
eventual SCADA applications. This article will summarize and validate the improvements
made to BREAD by comparing it with a commercial pH controller used to balance the pH
of small-scale seaweed growth tanks as a case study.
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Table 1. Cost comparison between NI CompactRIO and BREAD for a bioreactor control system
(approximate costs assume each circuit board is ~$5 from JLCPCB [39]).

Function Comlilc {RIO Cost (CAD) BREAD Cost (CAD)

' o Loaf Backplane ~$10
Chassis for plugging in modules NI cRIO-9030 $7695 [40] Loaf Controller 670

Temperature measurement NI 9210 $855 [41]
Heating/relay control NI 9482 $440 [42] RLHT Slice =575
DC motor control NI 9470 $1580 [43] DCMT Slice (x2) ~$97

pH sensing NI 9203 $1415 [44]
Dissolve oxygen sensing NI 9219 $2815 [45] PHDO Slice ~5715
Total $14,800 Total $1064

Table 2. Changes to BREAD v1 and v2.
BREAD Limitation BREAD v2 Improvement

No Loaf mounting method. BREAD system could be
easily knocked over.

Loaf mounted to DIN rail clips.
Loaf form factor changed so multiple can be connected. Slice

Loafs could not be physically connected. Limit of limit based on integrity of IC signal (~30 Slices over 1 m).
8 Slices per system.

No Slice mounting method. Slices could become
unplugged easily.

Slices mounted with two M3 screws to Loaf.

Difficult to align 10-pin Slice connector with Loaf to
plug in Slices.

Each 10-pin connector has a 3D printed alignment cover.

Individual Loafs need a full Raspberry Pi (RPi)
desktop for normal operation (RPi, monitor,
keyboard, mouse). Impractical and expensive for

Loaf Controller changed to an ESP32. All communication with
Loafs happens wirelessly over a locally hosted Wi-Fi network

. on the ESP32.
multiple systems.
User interface requires users to have some comfort New software, hosted by the ESP32, runs in a Chrome web
with Linux terminal coding to start up the system. browser on the user’s laptop or computer of choice.

2. Materials and Methods

While the new BREAD v2 architecture remains the same, some changes to the Slice
cases, Loaf Backplane and new Loaf Controller enable the system to be expandable. All
changes to the BREAD system in this article are available on the Open Science Frame-
work [46] and the live version is available on GitHub: https://github.com/FHafting/
BREAD (accessed on 21 March 2025) [47].

Figure 1a shows how the Slices plug into the Loaf and all mount to a Deutsches
Institut fiir Normung (DIN) rail for installation in an electrical enclosure. The new Loaf
configuration has 4 Slices per circuit board and multiple Loafs can be connected to create
larger systems (Figure 1b). The new Loaf Controller connects to the left-most Loaf in the
system (Figure 2) and is responsible for running the software Butter v1 [48]. Assembly
instructions are shown in Appendix A.


https://github.com/FHafting/BREAD
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Figure 1. (a). Slice connection configuration. (b). Loaf connection configuration.

New software, called “Butter”, was created to facilitate real-time control of each Slice
through a convenient web interface hosted by an ESP32 microcontroller (Loaf Controller).
It is responsible for logging data from Slices to an SD card, sending commands to Slices
when new parameters are assigned by users, and displaying the current state of each Slice.
The ESP32 hosts its own local Wi-Fi network that users first connect to. Then they can
type in the IP address “192.168.4.1” into a Chrome web browser where, after 20-30 s, the
web interface will display allowing the user full control of the BREAD system. Butter was
created for a specific BREAD system that combines the pyrolysis reactor [18], bioreactor [17],
and a chemical deconstruction reactor. As shown later in this study, however, the software
can be modified to suit a variety of BREAD configurations.
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Loaf
Controller

Figure 2. Loaf Controller connection configuration.

A high-level bill of materials (BOM) is shown in Table 3. This is consistent with every
BREAD v2 system; however, the specific Slice PCB will need to be chosen by the user from
the Open Science Framework (OSF) repository.

Table 3. BREAD v2 general bill of materials.

BREAD Element Part # URL (All Accessed 21 March 2025)
Slice PCB 1 ﬁiiir/t?zz??sl/{?ziigf Gerbers found on OSF:
Slice Top Case 1 3D Print: https://osf.io/wyfbr
Slice Slice Bottom Case 1 3D Print: https:/ /osf.io/ce6zv
M2x25mm screws 4 https:/ /www.mcmaster.com/92010A111/
M2 nuts 4 https:/ /www.mcmaster.com/90592A075/
M3x12mm screws 2 https:/ /www.mcmaster.com/91292A114/

Order through JLCPCB. Gerbers found on OSEF:

Loaf PCB 1 https:/ /osf.i0/u2hdg /
Loaf Support 1 3D Print: https://osf.io/u453q

Loaf Backplane Pin Aligner 1 3D Print: https://osf.io/utq5c
DIN Mount 2 3D Print: https://osf.io/cna48
M3 nuts 4 https:/ /www.mcmaster.com/90592A085/
M3x15mm screws 4 https:/ /www.mcmaster.com/92095A119/
Loaf Controller PCB 1 ﬁiiir/t?zzlfligsl/{ll,z(}ﬁgf Gerbers found on OSF:
Loaf Controller Case 1 3D Print: https:/ /osf.io/2xwr3

Loaf Controller DIN Mount 1 3D Print: https://osf.io/cna48
M3 nuts 2 https:/ /www.mcmaster.com/90592A085/
M3x15mm screws 2 https:/ /www.mcmaster.com/92095A119/
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2.1. Comparison Setup

Controlling the pH of large tanks in a continuous manner is common in swimming
pool facilities. Products exist which balance the pH of the pool by injecting carbon dioxide
(CO,) such as Clearwater’s pH Pure [49]. Similar control is used to balance the pH of
seaweed growth tanks. During photosynthesis, CO; is consumed by seaweed, driving
a seawater pH increase, which can result in a productivity decrease if left unchecked. A
controller is used to facilitate CO, injection, when needed, to maintain a desired setpoint.
Commercial controllers work by monitoring the pH and actuating a solenoid valve to
inject CO; until the pH reaches a value below the setpoint. This feedback loop allows the
controller to balance the pH. The world’s largest seaweed production tanks are shown in
Figure 3 (Acadian Seaplants, Nova Scotia).

Figure 3. Acadian Seaplants Industrial Seaweed Growth Plant, Nova Scotia, Canada.

Some open-source controllers could balance a single tank’s pH with CO,, like the
pHysio-stat [50] or this solenoid-based pH controller [51]; however, they cannot be con-
nected together and monitored from a central device which is common in SCADA systems.
Within the realm of proprietary controllers, simple tasks like pH control and heating
become expensive when data logging capabilities are also desired. BREAD is less expen-
sive than many proprietary controllers, provides more functionality in terms of control
customizability, and has data logging capabilities [15].

To validate BREAD v2, it was compared to a JENCO pH/ORP Controller 3672 [52],
referred to as the “commercial controller”, which is already installed at Acadian Seaplants
(Figure 3) and used for balancing pH. Because this controller is proprietary and has no
data logging capabilities, when it fails, the researchers are unable to diagnose the issue or
determine when the failure occurred. Additionally, the commercial controller is large and
difficult to move during lab reconfigurations. The BREAD controller, detailed below, is
already more compact, modular, and provides data logging. Thus, after comparing the two
controllers, BREAD will be considered an improvement if it can achieve a similar control
precision while being less expensive.

2.2. BREAD Hardware

Within the BREAD framework, no Slice exists which monitors pH and can control a
solenoid valve. A new Slice called “PHCL” was created for this purpose. To first validate
the feasibility of using BREAD as a commercial pH controller alternative, an open-source
amplifier board from DF Robot was integrated into each Slice. The Gravity pH Meter
V2.0 is a simple amplifier circuit which scales the +0.414 V potential measured at the
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pH probe (equivalent to pH 14-0, respectively,) to 5-0 V which can be measured with an
Arduino Nano analog-to-digital converter (ADC). This board can only be purchased within
a $57 kit, so the cost of this Slice can be further reduced by integrating the amplifier circuit
components into the next Slice iteration. Solenoid actuation was achieved by reusing the
relay circuit found in the RLHT Slice used for pyrolysis heating control [18]. The finished

Slice is shown in Figure 4.

Figure 4. PHCL Slice ((Left): Top, (Right): Bottom).

To compare BREAD with a commercial pH controller, complete with a system to
deliver CO,, an electrical enclosure was made to contain the BREAD system with CO,
lines, solenoid valves, and a power supply (Figures 5 and 6). Since each BREAD Loaf can
hold 4 Slices, the enclosure was sized for 4 tanks. Sizing for 4 tanks was also more cost
effective than a single tank since most of the cost of the system was the enclosure and CO,

line hardware.

CO2In

]t

Flow Valves 9—

W Solenoid Valves

CO2 Out

o

7

o

i

L

i

7

7 | I |
PHCL Slice 1 PHCL Slice 2 PHCL Slice 3 PHCL Slice 4
Loaf Controller
BREAD (Sparkfun ESP32 Power Supply
Controller Thing Plus C)
-

J

pH Probes
Tank 1

Tank 2

Tank 3

Figure 5. BREAD controller schematic (black: pneumatic connections, red: electrical connections).
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Figure 6. BREAD enclosure: closed (top) and open (bottom).
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Setpoint: |5.00 |

Setpoint: [0.00 |

2.3. BREAD Software

The software, aptly named Butter, allows users to control BREAD wirelessly from
any device without a Wi-Fi network in place. The user first connects to the local network
running on an ESP32 microcontroller and then enters an IP address in their web browser
to view the user interface (UI) as a webpage. By entering setpoints and controller tuning
parameters, they can monitor and operate the sensors and actuators attached to their
BREAD system. This new software improves upon the MOST OpenReactor software
v1 [53] which was used previously to control BREAD. Features include the following:

e  Real-time data tracking with scrollable and resizable graphs (e.g., temperature, pH,
etc.).

Color-changing gauges to quickly show real-time data and indicate values well below
or above a desired setpoint (e.g., overheating).

Inputs for variables (e.g., temperature and pH setpoints and motor speed) along with
the proportional (Kp), the integral (Ki), and the derivative (Kd) components for the
PID controllers.

Data logged to an SD card in comma-separated value (CSV) files.

The ability to download and clear data directly from the webpage.

Connection indicator to show if the user is connected to the ESP32.

Emergency stop button that immediately sets all actuators to a safe state.

Note that the software was created for a specific setup consisting of a pyrolysis
reactor [18], bioreactor, and chemical deconstruction reactor. However, alternative setups
can be created by copying software elements like the gauges and graphs and modifying
their labels. Part of the bioreactor section of Butter is shown in Figure 7.

Thermocouple 2

200 Temperature Data

300 ih e6h 12h 24h all

—— Thermocouple 1

0

Degrees Celsius

19:00
Apr 18, 2024

1915 19:45 20:00 20:15 20:30

Time

Number of previous seconds to track: | |[ Track Data |

pH Sensor 2 pH Data
S,
1h 6h 12h 24h all

5.08 —— pH Sensor 1

Push Data | [ Push Data

Kp:[2.00 Kp:[0.00
Ki:[1.00 | Ki:[0.00

Push Data |

19:00 19:15 19:45 20:00 20:15
J Apr 18, 2024

Time

Number of previous seconds to track: | |[ Track Data |

Figure 7. Thermocouple and pH sensor elements of Butter software for bioreactor.

Additionally, the software for BREAD, Butter [48], was modified for pH control which
allowed users to use single or two-point calibration, show the current pH of each tank,
and set a window of time when pH control is enabled (for experimentation). Additional
features, added for convenience and potential future experimentation, are listed below:
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e Individual disable buttons for cleaning and startup (different from an E-STOP button
which temporarily disables all Slices through hardware).

e  Saved settings in event of a power outage (system will continue working as normal
when the power comes back on).

e  SD card indicator to show how much space is filled with data.

Figure 8 shows the user interface. Operation instructions are shown in Appendix B.

BREAD Configuration and Controls

Download Logged Data
Start Logging Data =Sy fel ez Clear All Logged Data

pH Controllers

ENABLE OFF
Disable Start Time: |--:-- --
Disable Duration (hours):

Single Point: |[ Calibrate |

Two Point:
Calibrate 7.0 || Calibrate 10.0

Connection Status:

Used Space: 0%

ENABLE OFF ENABLE OFF ‘ ENABLE OFF

Disable Start Time:|--:-- -- ][ Set] Disable Start Time:[--:-- -- @] :Sei Disable Start Time: [--:-- -- O|[Set]
Disable Duration (hours): | Set Disable Duration (hours): Set Disable Duration (hours): Set |
Single Point: | Calibrate |~ Single Point: Calibrate Single Point: Calibrate

Two Point:
[ Calibrate 7.0 || Calibrate 10.0

Two Point:
Calibrate 7.0 || Calibrate 10.0 |

Two Point:
Calibrate 7.0 || Calibrate 10.0 |

Figure 8. Modified software for pH control.

2.4. Experimental Setup

To compare the BREAD system with a commercial pH controller, two 5-gallon growth
tanks were prepared, each with an airline and pH probe. The JENCO pH/ORP Controller
3672 performs bang-bang control [54], injecting CO, into the tank’s airline when the pH
rises above the setpoint. However, the control scheme cannot be modified and, since the
controller has no data logging feature, the probe from Tank 1 of the BREAD controller was
placed inside the tank to gather data. The BREAD controller was responsible for controlling
the pH of tank 2 using a PID algorithm which adjusted the pulse duty cycle of a solenoid
valve to inject CO; into the airline. The specifications of each controller and setup are
summarized in Table 4. PID tuning parameters were chosen through trial and error by
observing the response over time. Figure 9 shows the experimental setup with the BREAD
controller and Figure 10 shows the commercial controller. Both tanks were left for 12 h so
each could reach a steady state.

Table 4. Controller setup parameters. Note: Kp, Ki, and Kd represent the proportional, integral, and
derivative gains, respectively, which are used to adjust the controller’s response to a deviation from
the set point.

Parameter Tank 1 Tank 2
Controller JENCO pH/ORP Controller 3672 BREAD Controller
Control scheme Bang-bang PID
Kp=2
Tunings N/A Ki=1

Kd=0
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Figure 10. JENCO pH/ORP Controller 3672 “commercial controller”.

Before starting the experiment, the BREAD controller was calibrated using a two-point
calibration of pH 7.0 and 10.0. Since both the BREAD and commercial controllers do not
have temperature compensation of the pH readings, each requires calibration when moving
to a new environment.
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8.1

7.9
= 7.8
7.7
7.6

7.5
7/17/24 12:00 PM

3. Results

As mentioned previously, the BREAD controller is already more compact, modular,
and provides data logging, so the following results investigate the performance and cost
comparison. The pH from Tank 1, with the commercial controller, and Tank 2, with the
BREAD controller, are plotted over time and shown in Figure 11. As can be seen in Figure 11,
the BREAD controller exceeded the precision of the commercial controller and reduced
the amount of undershoot around the setpoint. Table 5 summarizes the performance
characteristics of both controllers. Bang-bang control requires a deadband around the
setpoint so the solenoid is not continuously toggling. This preserves the longevity of the
valve; however, this deadband also causes significant undershoot from the setpoint. Since
the BREAD controller uses PID control to change the duty cycle of a set interval (5 s), there
are only ever two toggles within that time frame. Thus, both the longevity and performance
of the control system can be more easily predicted. Additionally, the BREAD controller
tuning parameters were not optimized, so the precision of the controller could be further
improved using tuning methods like the Ziegler-Nichols method (or other fine- tuning
methods that are less aggressive) [55].

7/17/24 3:00 PM 7/17/24 6:00 PM 7/17/24 9:00 PM 7/18/24 12:00 AM
Time [MM:DD:YY hh:mm]

Commercial Controller ——BREAD Controller

Figure 11. Controller results comparing a commercial controller to the open-source BREAD controller.

Table 5. Performance of both controllers.

Controller type Average Deviation
Commercial Controller 7.81 0.095
BREAD Controller 7.98 0.019

The hardware to deliver CO, to the tanks is the same, so the cost of both controllers
can be compared directly. Table 6 summarizes the costs of the BREAD controller when
compared to the commercial controller. For a more in-depth breakdown of the costs and
components, see Appendix C. Not only is the BREAD controller more precise, but it is also
close to three times less expensive than the commercial controller.
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Table 6. Cost breakdown of both controllers.
System Part Individual Cost (CAD) Total Cost (CAD)
Slice $86.78 (x4)
BREAD Controller Loaf $3.61 $454.80
Loaf Controller $66.54

Commercial Controller Commercial Controller $330 (x4) $1320
BREAD Controller $454.80 $861.66

Full System : 0 o

Enclosure/Tubing $406.86 (65% savings)

4. Conclusions and Future Work

The results are clear that the BREAD v2 controller is a significant improvement over the
commercial controller, both in cost and functionality. It improved upon existing open-source
pH controllers [50,51] by providing a dedicated user interface, customizable controller
behavior (by means of PID tuning), and wireless operation. BREAD also continues to
be a formidable alternative to some functions of commercial SCADA systems, with both
a reduction in costs and improvement in specific functionality. More work is needed,
however, before BREAD can provide all the functions of a full SCADA system. With that
understanding, the new form factor of BREAD v2 enables it to be installed in an electrical
enclosure, which widens its application possibilities. This study demonstrated how BREAD
can be integrated into a full pH control system that can be easily set up and used.

While these controllers were compared under steady-state conditions, the startup
conditions should also be addressed. The PID control worked well once it reached a steady
state but was significantly slower than bang-bang control when trying to initially balance
the pH to the setpoint. Fortunately, the BREAD v2 controller can be easily reprogrammed
to use bang-bang control initially until the pH reaches the setpoint and switches to PID
control to maintain a balance. This would be especially useful for larger commercial tanks.
Additionally, the CO, flow rate could not be adjusted during normal operation because the
solenoid was being pulsed continuously. There needs to be a way to manually turn on the
solenoid valve so the CO; flow rate can be adjusted, or the adjustable flow valves could be
removed entirely if reducing CO, consumption is not a concern.

The reliability of BREAD should also be tested by running longer tests over weeks or
months. In addition, the ESP32 has poor anti-interference ability, and an alternative version
of BREAD would need to be used. Industrial controllers need to function in a variety of
environments and the corrosive nature of the saltwater used to grow the seaweed could
lead to poor connectivity of the external pH probe connectors. Testing the system for longer
may also reveal runtime errors like timer overflows and idle loop states.

The BREAD controller was compared to a bang-bang control scheme; however, it
should also be compared to a commercial controller using a similar PID control scheme.
While this would be a closer performance comparison, the commercial controller was
already in use and in need of improvement, which is why it was used in comparison
instead. BREAD can also be compared to a commercial programmable logic controller
(PLC) as this may have a similar cost and performance. BREAD is a clear improvement
over the commercial controller; however, a highly functional system with a lower cost than
NI’s cRIO system could also be a logical replacement.

Since BREAD is easily customizable, these changes can be added in the future, and
the software can be continuously modified to ensure it best meets the needs of the user.
Also, due to the open-source nature of BREAD, users with some coding knowledge can
choose to add their own changes to suit their needs. The power of BREAD as a controller
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lies in its documentation [46]. Since users have free access to the continuously updated
repository of Slice designs, they can diagnose hardware issues and purchase replacement
parts without needing to buy a new system. Open-source hardware has made it easier than
ever to replace proprietary products with powerful, easily customizable, and reparable
alternatives that are both cheaper and provide more functionality.
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Appendix A. BREAD Assembly Instructions

In-depth instructions on populating Slices with components from their BOM can be
found in [15].

1. Print all parts in needed quantities in 3D. The parts can be 3D printed on a self-
replicating rapid prototype (RepRap)-class fused filament fabrication-based 3D
printer [56-58].

Place M3 nuts within the Loaf support and DIN mount parts as shown in Figure Al.
Assemble Loaf with all parts in Table 3 as shown in Figure A2.

Assemble Slice with all parts in Table 3 as shown in Figure A3.

Connect Slice to Loaf according to Figure A4.

Assemble Loaf Controller with all parts in Table 3 as shown in Figure A5.

NS U W

Connect Loaf Controller to Loaf according to Figure A5.

-©

Figure A1. M3 Nut placement in Loaf support (left) and DIN mount (right) parts.
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Figure A2. Loaf assembly.

Figure A3. Slice assembly ((Left): Full Slice, (Right): Screw location).

Figure A4. Slice connection to Loaf.
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Figure A5. Loaf Controller ((Left): Assembly, (Right): Connection to Loaf).

Appendix B. Operation Instructions

Setting up the firmware on each Slice is described in Appendix B of [18]. Setting up
the Loaf Controller with Butter is outlined below:

1.  Download the contents from the GitHub repository: https://github.com/FHafting /
BREAD-Local-Software (accessed on 21 March 2025).

2. Upload the contents under “Website Code on SD Card” to the SD card on the ESP32.

Upload the code under “Arduino Code” to the ESP32.

4. Turn on the system and connect to the “BREAD” Wi-Fi network. The password is
12345678.

5. Navigate to a Chrome browser and type “192.168.4.1” into the address bar. Wait
20-30 s for the web interface to display.

@

After opening the web interface, there are a variety of inputs, gauges, and graphs
which are used to control Slices and display data. Their purposes are summarized in
Table Al.

Table A1. Gauge descriptions in Butter software.

Element Image Purpose

Valve
200

0.0 V"

Assign the desired setpoint and PID tuning

PID Controller parameters for heating, cooling, or pH control.

Setpoint: [170 |

] Push Data \

Kp:[5 |

Ki: |2 |

Kd: |0 |

| Push Data |

Acid Pump 1
50
Assign the desired motor speed from —100% to
Motor/Pump Controller 3 O 100% (full speed reverse and full speed
’ e forward, respectively).
Setpoint: 30 g

[ Push Data |
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Table Al. Cont.

Element Image Purpose
Turbidity 1
2 4
Turbidity Controller . : . Assign the sarpphng interval of the
turbidity pump.
Sample time (s):
[15
| Push Data |
[ ENABLE ON |
Disable Start Time: [06:00 PM O |[ Set |
Disable Duration (hours): [12 |[Set]
Setpoint: (8 |[ Push Data |
Kp:[5 |
Ki: |2 \
\I\:us‘r? Do | Based on the PID control block. Assign desired
7 pH setpoint and PID tuning parameters.
New pH Controller Single Point: | |[ Calibrate | Assign disable period for experimentation. Set
N single point calibration or use two-point
[ Calibrate 7.0 | [ Calibrate 10.0 | calibration for higher accuracy.
Tank 1
5
10
W 7.23
The top header of the webpage is used to start logging data, set the emergency
stop, download and clear data, show the current space used in the SD card, and show
the connection status to the Loaf Controller (yellow: no communication, green: good
communication). Figure A6 shows the webpage header.
BREAD Configuration and Controls
(o ] C ion Status:
sentapong ot e e
Figure A6. Butter Webpage Header.
Appendix C. BREAD Controller Cost Breakdown
Table A2. Enclosure/Tubing cost.
Part # Cost Total URL (Accessed on 21 March 2025)
Electrical box 1 $95.99 $95.99 https:/ /www.amazon.ca/dp/BOBN3MWN6K/?th=1
https:/ /www.digikey.ca/en/products/detail /ideal-
Power supply 1§58 52584 power-1td /56YSD30S-1202500 /14306708
Solenoid valve 4 $12.59 $50.36 https:/ /www.amazon.ca/ GENEDEY-Solenoid-Normally-

Closed-Switch/dp/B08K8QRRBJ/



https://www.amazon.ca/dp/B0BN3MWN6K/?th=1
https://www.digikey.ca/en/products/detail/ideal-power-ltd/56YSD30S-1202500/14306708
https://www.digikey.ca/en/products/detail/ideal-power-ltd/56YSD30S-1202500/14306708
https://www.amazon.ca/GENEDEY-Solenoid-Normally-Closed-Switch/dp/B08K8QRRBJ/
https://www.amazon.ca/GENEDEY-Solenoid-Normally-Closed-Switch/dp/B08K8QRRBJ/
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Table A2. Cont.

Part # Cost Total URL (Accessed on 21 March 2025)
https:/ /www.amazon.ca/Control-Flowmeter- Acrylic-
Flow meter 4 828 $131.56 Adjustable-1-10LPM /dp/BOC79414W5/
DIN Rail 1 $16.99 $16.99 https:/ /www.amazon.ca/ DKARDU-Slotted- Aluminum-

Mounting-Terminal /dp/B09Z6BS51D/

Power cable

https:/ /www.amazon.ca/ AmazonBasics-Extension-Cord-

1§19 $11.99 Feet-Black/dp/B075BMVZ2N/

Tubing + Tube Fittings

https:/ /www.amazon.ca/ GREDIA-Connect-Purifiers-

1 $16.19 $16.19 Fittings-Reverse/dp/BOSNVHRW6B/

Screw tube fittings

1 $15.97 $15.97 https:/ /www.amazon.ca/dp/B08RS4VCSV/

https:/ /www.amazon.ca/ZAOJIAO-Bulkhead-

Bulkhead fittings 1 %% 99 Connector-Connect-Reverse/dp/B06Y29M74D /
. ?psc= =
BCN jumper cable ’ $15.99 $31.98 https://www.amazon.ca/dp/ BO9D3]FL4$. psc=1&ref
ppx_yo2ov_dt_b_product_details
Total $406.86
Table A3. PHCL Slice cost.
Part # Cost Total URL (Accessed on 21 March 2025)
https:/ /www.mouser.ca/ProductDetail / DFRobot/
pH reader 1 5728 §57.28 SEN0161-V22qs=qSfu]%252Bfl/ d6e AiYFumrJvQ==
https:

22 uF 3 $0.51 $1.53 / /www.digikey.ca/en/products/detail /samsung-
electro-mechanics/CL31A226KAHNNNE /3888705

https:

100 nF 1 $0.16 $0.16 / /www.digikey.ca/en/products/detail /samsung-
electro-mechanics/CL31B104KBCNNNC /3886675
https:/ /www.digikey.ca/en/products/detail / tdk-

4.7 uH 1 $2.32 $2.32 corporation/BCL322520RT-4R7M-D /15849704

https:/ /www.digikey.ca/en/products/detail /
AP63205 1 $1.31 $1.31 diodes-incorporated / AP63205WU-7 /9858424
https:
TCMT1100 2 $0.92 $1.84 / /www.digikey.ca/en/products/detail /vishay-

semiconductor-opto-division/TCMT1100/1738630

WS2812B_5050

https:/ /www.digikey.ca/en/products/detail /

1 $0.91 $0.91 sparkfun-electronics/COM-16347 /11630204

General_Purpose_Diode

https:/ /www.digikey.ca/en/products/detail /

2 $0.14 $0.28 onsemi/1N914B /978757

Fuse clip

https:/ /www.digikey.ca/en/products/detail /bel-

2 $0.10 $0.20 fuse-inc/fc-203-bright-tin /2650843

Fuse5 x 15mm 10 A

https:/ /www.digikey.ca/en/products/detail /

1 $0.71 $0.71 littelfuse-inc/0225010-MXUP /777789

Conn_01x10_Female

https:
1 $1.09 $1.09 / /www.digikey.ca/en/products/detail /sullins-
connector-solutions/PPTC101LGBN-RC /775904



https://www.amazon.ca/Control-Flowmeter-Acrylic-Adjustable-1-10LPM/dp/B0C79414W5/
https://www.amazon.ca/Control-Flowmeter-Acrylic-Adjustable-1-10LPM/dp/B0C79414W5/
https://www.amazon.ca/DKARDU-Slotted-Aluminum-Mounting-Terminal/dp/B09Z6BS51D/
https://www.amazon.ca/DKARDU-Slotted-Aluminum-Mounting-Terminal/dp/B09Z6BS51D/
https://www.amazon.ca/AmazonBasics-Extension-Cord-Feet-Black/dp/B075BMVZ2N/
https://www.amazon.ca/AmazonBasics-Extension-Cord-Feet-Black/dp/B075BMVZ2N/
https://www.amazon.ca/GREDIA-Connect-Purifiers-Fittings-Reverse/dp/B08NVHRW6B/
https://www.amazon.ca/GREDIA-Connect-Purifiers-Fittings-Reverse/dp/B08NVHRW6B/
https://www.amazon.ca/dp/B08RS4VCSV/
https://www.amazon.ca/ZAOJIAO-Bulkhead-Connector-Connect-Reverse/dp/B06Y29M74D/
https://www.amazon.ca/ZAOJIAO-Bulkhead-Connector-Connect-Reverse/dp/B06Y29M74D/
https://www.amazon.ca/dp/B09D3JFL4S?psc=1&ref=ppx_yo2ov_dt_b_product_details
https://www.amazon.ca/dp/B09D3JFL4S?psc=1&ref=ppx_yo2ov_dt_b_product_details
https://www.mouser.ca/ProductDetail/DFRobot/SEN0161-V2?qs=qSfuJ%252Bfl/d6eAiYFumrJvQ==
https://www.mouser.ca/ProductDetail/DFRobot/SEN0161-V2?qs=qSfuJ%252Bfl/d6eAiYFumrJvQ==
https://www.digikey.ca/en/products/detail/samsung-electro-mechanics/CL31A226KAHNNNE/3888705
https://www.digikey.ca/en/products/detail/samsung-electro-mechanics/CL31A226KAHNNNE/3888705
https://www.digikey.ca/en/products/detail/samsung-electro-mechanics/CL31A226KAHNNNE/3888705
https://www.digikey.ca/en/products/detail/samsung-electro-mechanics/CL31B104KBCNNNC/3886675
https://www.digikey.ca/en/products/detail/samsung-electro-mechanics/CL31B104KBCNNNC/3886675
https://www.digikey.ca/en/products/detail/samsung-electro-mechanics/CL31B104KBCNNNC/3886675
https://www.digikey.ca/en/products/detail/tdk-corporation/BCL322520RT-4R7M-D/15849704
https://www.digikey.ca/en/products/detail/tdk-corporation/BCL322520RT-4R7M-D/15849704
https://www.digikey.ca/en/products/detail/diodes-incorporated/AP63205WU-7/9858424
https://www.digikey.ca/en/products/detail/diodes-incorporated/AP63205WU-7/9858424
https://www.digikey.ca/en/products/detail/vishay-semiconductor-opto-division/TCMT1100/1738630
https://www.digikey.ca/en/products/detail/vishay-semiconductor-opto-division/TCMT1100/1738630
https://www.digikey.ca/en/products/detail/vishay-semiconductor-opto-division/TCMT1100/1738630
https://www.digikey.ca/en/products/detail/sparkfun-electronics/COM-16347/11630204
https://www.digikey.ca/en/products/detail/sparkfun-electronics/COM-16347/11630204
https://www.digikey.ca/en/products/detail/onsemi/1N914B/978757
https://www.digikey.ca/en/products/detail/onsemi/1N914B/978757
https://www.digikey.ca/en/products/detail/bel-fuse-inc/fc-203-bright-tin/2650843
https://www.digikey.ca/en/products/detail/bel-fuse-inc/fc-203-bright-tin/2650843
https://www.digikey.ca/en/products/detail/littelfuse-inc/0225010-MXUP/777789
https://www.digikey.ca/en/products/detail/littelfuse-inc/0225010-MXUP/777789
https://www.digikey.ca/en/products/detail/sullins-connector-solutions/PPTC101LGBN-RC/775904
https://www.digikey.ca/en/products/detail/sullins-connector-solutions/PPTC101LGBN-RC/775904
https://www.digikey.ca/en/products/detail/sullins-connector-solutions/PPTC101LGBN-RC/775904
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Table A3. Cont.

Part # Cost Total URL (Accessed on 21 March 2025)

https:/ /www.digikey.ca/en/products/detail /jst-
sales-america-inc/SM04B-SRSS-TB /926710

https:/ /www.digikey.ca/en/products/detail /

12C_01x04 1 $0.85 $0.85

Term_PressFit_Phoenix_Contact 1 $4.70 $4.70

5mm phoenix-contact/1991011 /2527265
https:
Relay G5Q-1 2 $2.27 $4.54 / /www.digikey.ca/en/products/detail /omron-
electronics-inc-emc-div/G5Q-14-DC12 /355243
https:
Arduino nano 1 $9.06 $9.06 / /www.amazon.ca/ ELEGOO-Arduino-ATmega328
P-Without-Compatible/dp/B0713XK923/
Total $86.78
Table A4. Loaf Controller cost.
Part # Cost Total URL (Accessed on 21 March 2025)
Sparkfun Thing Plus C 1 $24.95 $24.95 https:/ /www.sparkfun.com/products /20168
https:/ /www.amazon.ca/Gigastone-32GB-U1-C10-
32GB SD Card 1 $34.98 $34.98 Nintendo,/ dp/B07N73LBAT/
https:/ /www.digikey.ca/en/products/detail /sullins-
Conn_01x10_Female 1 $1.09 $1.09 connector-solutions/PPTC101LGBN-RC /775904
https:/ /www.digikey.ca/en/products/detail /samsung-
22 uF 3 $0.51 $1.53 electro-mechanics/CL31A226KAHNNNE /3888705
https:/ /www.digikey.ca/en/products/detail /samsung-
100 nF 1 $0.16 $0.16 electro-mechanics/CL31B104KBCNNNC /3886675
https:/ /www.digikey.ca/en/products/detail / tdk-
47 uH 1 $2.32 $2.32 corporation/BCL322520RT-4R7M-D /15849704
https:/ /www.digikey.ca/en/products/detail /diodes-
AP63205 1 $1.31 $1.31 incorporated/AP63205WU-7 /9858424
. https:/ /www.digikey.ca/en/products/detail /yageo/RCO
Resistor 2.2k 2 $0.10 $0.20 603JR-132K2L./ 14286397
Total $66.54
Table A5. Loaf Backplane cost.
Part # Cost Total URL (Accessed on 21 March 2025)
Conn_01x10_Male 4 $0.25 $1.00 https:/ /www.digikey.ca/en/products/detail /

amphenol-cs-fci/10129378-910002BLF /7915958
1x10 RA Male Header https:/ /www.digikey.ca/en/products/detail /

2.54 mm Pitch 1 $0.23 $0.23 amphenol-cs-fci/10129379-910002BLF /7916010
PinSocket_1x10_P2.54mm_ 1 $0.77 $0.77 https:/ /www.digikey.ca/en/products/detail /sullins-
Horizontal ' ' connector-solutions/PPTC101LGBN-RC /775904

BarrelJack_CUI_PJ-
063AH_Horizontal

https:/ /www.digikey.ca/en/products/detail / cui-

1 $1.61 $1.61 devices/pj-063ah /2161208

Total $3.61
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https://www.digikey.ca/en/products/detail/phoenix-contact/1991011/2527265
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https://www.amazon.ca/Gigastone-32GB-U1-C10-Nintendo/dp/B07N73LB4T/
https://www.digikey.ca/en/products/detail/sullins-connector-solutions/PPTC101LGBN-RC/775904
https://www.digikey.ca/en/products/detail/sullins-connector-solutions/PPTC101LGBN-RC/775904
https://www.digikey.ca/en/products/detail/samsung-electro-mechanics/CL31A226KAHNNNE/3888705
https://www.digikey.ca/en/products/detail/samsung-electro-mechanics/CL31A226KAHNNNE/3888705
https://www.digikey.ca/en/products/detail/samsung-electro-mechanics/CL31B104KBCNNNC/3886675
https://www.digikey.ca/en/products/detail/samsung-electro-mechanics/CL31B104KBCNNNC/3886675
https://www.digikey.ca/en/products/detail/tdk-corporation/BCL322520RT-4R7M-D/15849704
https://www.digikey.ca/en/products/detail/tdk-corporation/BCL322520RT-4R7M-D/15849704
https://www.digikey.ca/en/products/detail/diodes-incorporated/AP63205WU-7/9858424
https://www.digikey.ca/en/products/detail/diodes-incorporated/AP63205WU-7/9858424
https://www.digikey.ca/en/products/detail/yageo/RC0603JR-132K2L/14286397
https://www.digikey.ca/en/products/detail/yageo/RC0603JR-132K2L/14286397
https://www.digikey.ca/en/products/detail/amphenol-cs-fci/10129378-910002BLF/7915958
https://www.digikey.ca/en/products/detail/amphenol-cs-fci/10129378-910002BLF/7915958
https://www.digikey.ca/en/products/detail/amphenol-cs-fci/10129379-910002BLF/7916010
https://www.digikey.ca/en/products/detail/amphenol-cs-fci/10129379-910002BLF/7916010
https://www.digikey.ca/en/products/detail/sullins-connector-solutions/PPTC101LGBN-RC/775904
https://www.digikey.ca/en/products/detail/sullins-connector-solutions/PPTC101LGBN-RC/775904
https://www.digikey.ca/en/products/detail/cui-devices/pj-063ah/2161208
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Table Ae6. Slice case hardware cost.

Part # Cost Total URL (Accessed on 21 March 2025)
M2x25mm screws (x50) 2 $9.31 $18.62 https:/ /www.mcmaster.com/92010A111/
M2 nuts (x100) 1 $4.00 $4.00 https:/ /www.mcmaster.com/90592A075/
M3x12mm screws ( x 100) 1 $6.00 $6.00 https:/ /www.mcmaster.com/91292A114/
M3 nuts (x100) 1 $2.62 $2.62 https:/ /www.mcmaster.com/90592A085/
m3x15 bolts 1 $6.28 $6.28 https:/ /www.mcmaster.com/92095A119/
Total $37.52
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