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Abstract 

DESIGN OF A REAL-TIME RECONFIGURABLE BIOREACTOR 

 

 

Amol Vengurlekar, MS 

 

The University of Texas at Arlington, 2015 

 

Supervising Professor: Taylor Johnson  

In this thesis we present the design of a reconfigurable continuous culture 

bioreactor that allows researchers to grow microorganisms in a controlled environment for 

long periods of time, as long as several months. The bioreactor monitors the experiment 

and measures the growth of microorganisms. A continuous culture bioreactor is an 

important tool that biologists use for research, most notably to study the response of 

bacteria towards drugs. This helps in the fight against the evolution of drug resistance in 

bacteria and other pathogens. 

The bioreactor acts like an isolated ecosystem. It periodically exposes the 

microorganisms to drugs that hamper their growth. One must understand that in each 

successive generation of the microorganisms in question, some random mutations occur 

in their gene pool. Some mutations enable the microorganisms to survive the drugs. Over 

the course of several thousand generations only the microorganisms that evolved drug 

resistance survive in the bioreactor. This process of natural selection is the same 

mechanism by which pathogens evolve drug resistance in the real world. Therefore 

studying this process helps us in developing drugs to counteract the threat of drug resistant 

pathogens. 
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Introduction 

 

Since the 1960s human kind has tamed many of the infectious diseases that 

terrorized generations of people. Widespread use of antibiotics, vaccines and pesticides 

resulted in a dramatic reduction in fatalities due to diseases such as pneumonia, 

tuberculosis, meningitis, influenza, whooping cough and diphtheria [9]. So much so that 

due to global vaccination campaigns smallpox was declared to be eradicated in 1980 by 

the WHO and polio has been eradicated from most of the world.  

But these great victories against diseases have come at a cost. On December 12, 

2014 the Washington Post carried an article [13] that says ‘superbugs’ can one day kill 

more people than cancer. The article refers to infections caused by drug resistant bacteria 

that can easily kill thousands. This is a disturbing claim. In places where a variety of factors 

like lack of regulations, widespread use of antibiotics and high population densities create 

conditions that are perfect for drug resistant superbugs to evolve and thrive. For example, 

bacterial infections that are resistant to most known antibiotics were responsible for more 

than 58000 infant deaths in 2013 in India [10]. Besides developing new drugs, there is not 

much we can do to fight infections that are resistant to all known drugs. 

We are working on improving/replacing an existing system (bioreactor) to grow and 

monitor bacteria. The bioreactor is described by Toprak et al. in their paper [17]. A culture 

of bacteria (or any other microorganism) is grown in a beaker. The bioreactor supplies the 

organism everything that they need for growing and thriving (nutrition, air, light). The culture 

media is a solution that is suitable for the growth of the specific microorganism chosen for 

the experiment. It also inhibits the growth of other microorganisms that would otherwise 

contaminate the experiment. The bioreactor periodically measures the microorganism 
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concentration. When the concentration exceeds some preset threshold parameters the 

system takes control action. This control action may change from experiment to 

experiment. It may either dilute the culture by pumping in more media or reduce the 

microorganism concentration by injecting some drugs in the culture to kill some 

microorganisms. The drugs may kill the organisms or inhibit their growth.   

There are three main operating modes of the bioreactor namely; (a) A Chemostat 

– involving constant volume of the culture, (b) A Turbidostat – involving constant 

concentration of the microorganisms that are being grown, and (c) A Morbidostat – 

involving constant death rate of the microorganisms that are being grown [14]. The 

bioreactor operates on a set of well-defined system parameters (e.g. Limiting 

microorganism concentration, motor/pump on/off timings etc.). The bioreactor has a central 

controller which takes all control decisions. It measures microorganism concentration using 

sensors and actuates motors/pumps which control the flow of culture media, drugs and air 

into the culture solution. Waste may also be removed from the bioreactor. Light intensity 

may also be controlled for photosynthetic microorganisms using LEDs. This setup stays 

operational and uninterrupted for long periods of time allowing the biologists to observe 

some change in the microorganisms. The ultimate goal is to predict and observe genetic 

changes in the microorganisms. By studying these genetic changes (which may be a 

response to the drugs injected by the bioreactor), one can draw more conclusions about 

the evolution of drug resistance in microorganisms.  

 

1.1   Bioreactor as designed by Toprak et al. and implemented by White and Salinas 

The bioreactor as described by Toprak et al. was implemented by some of our 

colleagues White and Salinas at University of Texas Southwestern Medical Center. The 

bioreactor conducts optical measurements using an infrared emitter and a photodiode as 
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a detector. The microorganisms in the culture act like particulate impurities and scatter any 

incident light. The detector is supposed to detect this scattered light. This is why the 

detector is not in direct line of sight of the emitter. The detector and emitter are offset by 

an angle of 135°. That way the detector only receives scattered light, not any light that 

manages to penetrate the culture and pass right through. The voltage at the detector 

depends on the incident light which in turn depends on the optical density of the culture. 

This detector voltage indicates the OD (optical density) of the culture media. OD is roughly 

proportional to the microorganism concentration in the culture media. Thus, by measuring 

the detector voltage we can estimate the microorganism concentration in the culture. 

The detector voltage is sensed by a data acquisition unit (in this case USB-1616FS 

by Measurement Computing Corporation). This unit is supported by the Data Acquisition 

toolbox on Matlab. The control algorithm was written in Matlab on a Windows computer. 

The algorithm measures the optical density periodically and dilutes the microorganism 

culture or injects drugs periodically (or upon exceeding threshold values) to achieve growth 

inhibition. 

When culture media or drugs are to be injected, the computer actuates pumps 

using USB-ERB24, a 24 channel electromechanical relay interface by Measurement 

Computing Corporation. The pumps are peristaltic pumps frequently used in biological 

experiments. They can inject controlled amounts of fluid drop by drop into the culture. 

However they faced problems regarding reliability of their system. Their bioreactor 

would not work properly or stall after a few days. A common problem was that the pumps 

would fail to turn off resulting in beakers to overflow. A closer inspection of the underlying 

software reveals a critical flaw. The software is written in Matlab. To implement all timings 

and synchronization, the biologists used the in-built timer class of Matlab. However the 
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documentation of timer class clearly mentions that it is not advisable to use the timer class 

in any real time application [6]: 

“The timer object is subject to the limitations of your hardware, operating 
system, and software. Avoid using timer objects for real-time applications.” 

 
Furthermore, even while the bioreactor is operational, we cannot be certain about 

the data that is collected because the timer class gives no real time guarantees. Matlab is 

implemented in JAVA which is subject to garbage collection events which are non-

deterministic in nature. The underlying operating system (Windows) provides no real time 

guarantees. 

 

 

Figure 1-1 System Block Diagram of the Bioreactor. 
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1.2   Bioreactor developed in this thesis 

To solve the above issues we propose to redesign the experimental setup. Instead 

of a Windows system running a Matlab program that cannot provide any real time 

guarantees, we propose a system that runs on an embedded Linux platform. However 

Linux is also a general purpose operating system which does not provide any real time 

guarantees. But it can be patched with external software to achieve extra functionalities. 

Xenomai [5] is a real time software framework which cooperates with the Linux kernel to 

provide hard real time support to user space applications. For the hardware platform, we 

had to choose from a couple of popular embedded Linux platforms namely, the Raspberry 

Pi [4] and BeagleBone Black [2]. Both platforms have similar capabilities and cost. 

Raspberry Pi has a larger user base and therefore a more active community. However the 

BeagleBone Black has much more general purpose I/O pins (GPIOs) than the Raspberry 

Pi (BeagleBone Black’s 65 compared to Raspberry Pi’s 8). Furthermore the Raspberry Pi 

does not have Analog to Digital Converters (ADC) while the BeagleBone Black has 7 ADC 

inputs. We needed ADC to collect sensor data from our sensors which were analog in 

nature. Considering all these factors, the BeagleBone Black was the obvious choice for us.  

 

1.3   Proof of concept and early system prototypes 

We wanted to replicate the bioreactor as built by our colleagues at University of 

Texas Southwestern Medical Center, White and Salinas using the BeagleBone Black 

running our software. But initially we had to be sure that the design was technically sound 

and the sensors could measure the optical density of the culture media. We started with 

experimenting with various pairs of Infrared LEDs, photodiodes and phototransistors. 

Toprak et al. used off the shelf components from RadioShack. They used the Infrared 

emitter and detector pair from RadioShack (part number 276-142). We decided to buy 
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different components depending on their technical specifications. We tested various pairs 

of emitters and detectors and compared their performance. Finally we settled with the 

TSAL5100 infrared emitter from VISHAY semiconductor. It emits a beam of infrared light 

at a wavelength of 940nm. It has a high output power density at 130 mW/sr. It also has a 

small radiant angle of 20° (Angle of half intensity = 10°). This light will be scattered by the 

culture media in the bioreactor. The scattered light will be detected by an infrared detector. 

We chose the BPV10NF as our infrared detector. It is also manufactured by VISHAY 

semiconductor. It can detect infrared light that has wavelength from 870 to 950 nm. Also it 

has a built in daylight filter. This is very useful as ambient light does not interfere with the 

experiment. It has a low maximum reverse bias current at 60µA. To detect such low 

currents we amplified it using a transistor. We used a KSD1616 BJT to convert current to 

voltage which we can sense. 

 

Figure 1-2 Schematic of the sensing circuit. 
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Figure 1-3 Peristaltic Pumps used to inject media, drugs and to remove waste. 

Initially we tried to control peristaltic pumps (as shown in Figure 1-3) that required 

110V AC power supply using 5V electromechanical relays. The relays are like a 

mechanical switch that can open and close depending on an input from a microcontroller. 

We used an Arduino [1] board to control the relay. The board has an Atmel AVR 8-bit 

ATmega328 microcontroller. The relay circuit uses a BJT to control the relay along with a 

freewheeling diode to dissipate the fly back voltage spike from the coil of the relay. The 

Arduino board has a 6 channel 10 bit ADC. So it could be used to read the sensor data as 

well as control the pumps. 

 

Figure 1-4 Early prototype using the Arduino board. 
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Next part of the project was to read this data remotely over a network. We used an 

Arduino Ethernet Shield to enable Ethernet connectivity for this system. The shield has a 

slot for microSD card. This can be used to store very large amount of data which can be 

retrieved over an Ethernet connection. We attempted to make the Arduino itself as a 

webserver. It would take sensor measurements and control the pumps depending on the 

sensor readings. The collected data was saved as an html file on the on board microSD 

card. If the Arduino were queried from a web browser from a computer on the network it 

would serve the webpage containing sensor data. We used the Ethernet library along with 

SD library provided by Arduino for using the Ethernet shield with the microSD card. This 

was successful, but we needed more features like remote login to change the system 

settings and behavior on the fly. This could be much more convenient if instead of a 

microcontroller we used an embedded Linux platform which provides facilities like 

networking, GPIO, file systems out of the box. 

We would also like to mention some other prototypes we tried with the 8-bit AVR 

microcontrollers. In order to run multiple tasks we tried to port an RTOS on the ATmega328 

(the same chip as the Arduino board). We tried to port FreeRTOS [3] on ATmega328. 

However, it did not work. We could not port FreeRTOS on the microcontroller that we had. 

We tried another approach for multitasking. We had written a multitasking kernel 

for AVR architecture earlier. It was written for the ATmega640 microcontroller. We were 

able to port that kernel to the ATmega328 and get it working. But as discussed earlier we 

needed more features like out of the box Ethernet connectivity, support for file systems and 

remote login capabilities. So we decided to change our platform from AVR to the 

BeagleBone Black.  
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Modeling the Bioreactor using Hybrid Automata  

  
The study of abstract machines and programs and the problems that can be solved 

using them is called Automata theory [11]. Automaton means self-acting. A virtual machine 

designed using automata theory can pass through various states. The transition from one 

state to another may depend on input conditions and some calculation that the machine 

performs automatically. 

When a discrete system like a digital computer is used to monitor and control an 

analog system, the resulting system is called a hybrid system [7]. Hybrid systems can be 

described using finite state machines that use both discrete states as well as continuously 

varying variables. Such a state machine is called an extended state machine. A 

mathematical model may be used to describe such a finite state machine that may use 

various conditions and differential equations. A hybrid automaton model can evolve over 

changes in discrete states as well as over continuous time using differential equations for 

continuous variables. Such a mathematical model is called a hybrid automaton. Hybrid 

automata models are used to analyze and solve problems regarding embedded systems, 

air traffic control, robotics and biology. 

We developed hybrid automata models of the bioreactor along with models of 

microorganism growth dynamics [15]. These models were developed in Simulink/Stateflow 

(SLSF). Using these models we verified that the bioreactor is stable and meets all 

specifications. We used HyLink [12] to translate the Simulink/Stateflow model into a 

SpaceEx model [8]. It is in SpaceEx that we performed a reachability analysis that further 

enhanced our confidence in our system. 
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In our model, we implemented two different modes of the bioreactor.  When the 

system is configured as a turbidostat, only the media pump operates. The mircoorganisms 

are allowed to grow until their concentration reached a predefined threshold. Let g be the 

specific growth rate of the microorganisms.  Then the microorganisms will grow according 

to the differential equation 

𝑂�̇� = 𝑔 × 𝑂𝐷,                                                           (1) 

where OD is the measured optical density of the culture solution. It should be noted 

that the optical density is proportional to the actual microorganism concentration. 

 If their concentration increases beyond the threshold, then the media pump is 

switched on. The media pump adds sterile media to the culture solution at a constant flow 

rate. This has a diluting effect on the culture. Typically the dilution rate is greater than the 

microorganism growth rate. As a result, when the media pump is on, the microorganism 

concentration reduces. If the dilution rate is d, then the measured optical density can be 

described by 

𝑂�̇� = (𝑔 − 𝑑)𝑂𝐷.                                                        (2)  

Δ
on
m   and Δ

off
m

  represent the on and off time period of the media pump as 

described in table 2-1. The media pump is kept on for Δ
on
m   time. During this time the OD 

reduces below the threshold value. The microorganisms are again allowed to grow and 

the cycle continues.  

In the morbidostat configuration both the media and drug pumps are active. The 

media pump action is same as in the turbidostat mode. The drug pump is switched on when 

the rate of growth of OD increases beyond a preset limit. The rate of growth increases as 

time goes on because of mutations. Mutations occur randomly in the general population of 

the microorganisms. Those that tend to inhibit the effect of drugs live on whereas others 
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disappear. Slowly through natural selection, the general population becomes resistant to 

the drugs and the growth rate increases. When the growth rate again increases beyond 

the preset limit another batch of drugs is added. This kills the microorganisms and 

drastically reduces their population and the OD. After the drugs are added (by switching 

on the drug pump for Δ
on
d

  time) the microorganism population is left to recover. The media 

and drugs pumps are switched on whenever their respective conditions are met. The 

system behavior can be summarized by a hybrid automata in figures 2-1 and 2-2. 

 

Figure 2-1 Hybrid automaton model of the media pump 

 

 

Figure 2-2 Hybrid automaton model of the drug pump. 
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  Table 2-1 Morbidostat parameters and variables. 

Name Description 

Value 
(Initial 

Condition) Unit 

OD Optical density of the microorganism culture varies (0.05) n/a 

V Total Volume of beaker varies (100) mL 

G Specific growth rate varies (0.01) s-1 

Η Microorganism mutation rate varies (0.0004) s-1 

τµ Mutation time varies (0) s 

τm,p Operating time of media and drug pump varies(0 s 

ODt Optical density threshold 0.15 n/a 

OD∆ Optical density derivative threshold 0.01 n/a 

∆
on/off

m
  On/Off operating period of media pump 15, 5 s 

∆
on/off

d
   On/Off operating period of media pump 5, 5 s 

∆µ Mutation time threshold 30 s 

D Dilution rate 0.0225 s-1 

Γ Growth rate gain by drug addition 25 % 

µ Microorganism mutation rate gain 101 % 

Δ 
Microorganism concentration gain by drug 
addition 10 % 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2-3 SLSF simulation (blue) and 

SpaceEx reachability (red). Note that the 

simulation is bounded within the reachability 

states. 

Figure 2-4 Simulation results of the 

morbidostat. Note that as time goes on, 

the growth rate increases even in the 

presence of drugs. 
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Design and Analysis of a Bioreactor using the BeagleBone Black 

 

The BeagleBone Black has a Texas Instruments AM335x 1GHx ARM Cortex-A8 

CPU. It can run Linux. It is shipped with a version of Angstrom Linux preinstalled on its 

2GB on board eMMC flash memory. But this can be changed. The BeagleBone Black has 

a microSD card slot. It can boot from an SD card. We used an SD card flashed with a 

distribution of Debian Linux specifically made for the BeagleBone Black. That way we can 

use Debian Linux, a distribution with which we are very familiar. When we boot off the SD 

card we also get much more data storage space (16 GB SD card in our case) compared 

to the on board eMMC flash memory (2GB).  

 

Figure 3-1 BeagleBone Black. 
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Because we will be using Linux operating system the board has built in Ethernet 

connectivity. We can remotely interact with the BeagleBone Black over a network. We also 

easily get multitasking abilities because of the underlying Linux operating system. 

However, Linux is a general purpose operating system. It cannot provide us the real time 

guarantees that we need. So we patched the Linux operating system with the Xenomai 

real time framework. The Xenomai user space allows us to write programs that deliver real 

time performance. The Xenomai patch appends the existing Linux kernel with its own real 

time scheduler. It also makes use of priorities in the Linux OS making sure that deadlines 

of the Xenomai tasks are always met. Also, we have designed the system such that one 

BeagleBone Black can run three instances of the software. This enables us to control three 

different bioreactors, each with potentially different system parameters. Our software 

consists of 5 Xenomai tasks, each managing a particular component of the system. Very 

briefly, they can be described as follows: 

 

1. Sense Task 

Manages the bacteria concentration measurement timings and requests for 

measurement whenever needed. 

 

2. Sample Task 

Continuously measures the microorganism concentration and provides the sense 

task with a block of data whenever requested. All measured data is sent to the log task for 

logging. 
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3. Control Task 

Takes a control decision based upon measurements obtained from the sense task. 

It injects drug/media depending upon system state. 

 

4. Log Task 

All tasks send data to be logged to the log task. The log task logs whatever data it 

receives. 

 

5. Config Task 

It manages the system configuration. It reads the system config file and defines 

the configuration. If the file is updated during system execution then it updates the system 

configuration at run time. 

 

 

3.1   Configuration file 

The system configuration is defined by the system config file at startup. It contains 

variable definitions like the optical density threshold values, amplifier gain values which are 

used to set the amplifier gains on the hardware which amplify the signal from the sensors. 

To operate the system, we have to set appropriate values to the configuration variables 

and start the program. The program will read the variable values from the configuration file 

and behave accordingly as specified. Below is an example of the configuration file. 
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3.1.1   Example of the configuration file 

// Runtime configurable values 

UPPER_CONTROL_LIMIT = 600 

T_SENSE = 20000      

T_CONTROL = 2000   

MM_ON_TIME = 3000 

MM_WAIT_TIME = 4000 

DM_ON_TIME = 5000     

DM_WAIT_TIME = 6000 

AIR_OFF_LIGHTS_ON_TIME = 1000  

AIR_OFF_LIGHTS_OFF_TIME = 1000 

MAX_DELTA_ADC = 40                        

DM_DUTY_CYCLE = 100 

MM_DUTY_CYCLE = 100 

AIR_DUTY_CYCLE = 100 

LIGHTS_DUTY_CYCLE = 100 

WM_DUTY_CYCLE = 100 

 

// POT_2 controls AMP1 

POT_2 = 100 

PAUSE = 0 

 

//These values are fixed after the system is started 

ADC_CHANNEL = 5  

DRUG_MOTOR_PIN = 15 

MEDIA_MOTOR_PIN = 51  

LIGHTS_PIN = 23  

AIR_MOTOR_PIN = 45  

WASTE_MOTOR_PIN = 60  

 

IO_MODE = 0 
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3.1.2   Rules for writing the configuration file 

When the program reads the configuration file, it expects it to be written in a certain 

format. The following rules must be observed to avoid errors: 

 

 The variable name may not contain spaces. 

Example: 

UPPER_CONTROL_LIMIT 

 Syntax of specifying a value to a variable is: 

<Variable name>=<value> 

Spaces may be inserted between the variable name and the equal sign ‘=’ or 

between the equal sign and the value. All spaces are ignored while interpreting 

the file. Therefore spaces do not matter. 

Example: 

UPPER_CONTROL_LIMIT = 600 

 Comments are added using double slashes (‘//’). This is a single line comment. 

Block comments are not supported. 

 Any text that is added in a new line without double slashes is treated as comments 

and ignored. However if comments are added in the same line as a variable 

definition without double slashes then it will result in error. For ease of use it is 

recommended to always precede comments with double slashes. 
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3.2   Description of variables used in the configuration file 

 
3.2.1   System and software behavior defining variables 

These variables set the control specifications and define the system behavior. 

These variables may be changed at any time even after the system is started. 

 

 UPPER_CONTROL_LIMIT:  

The ADC reading above which the system adds media into the culture solution in 

order to dilute the microorganisms. 

 T_SENSE: 

The time period (in milliseconds) after which the BeagleBone will take an optical 

measurement of the bioreactor culture solution.  

 T_CONTROL: 

Time period of the control task. User need not modify this. 

 MM_ON_TIME: 

Media Motor On Time. The time (in milliseconds) for which the media motor will 

be kept on during the media state to add media. A larger value will add more 

media. 

 MM_WAIT_TIME: 

Media Motor Wait Time. The time (in milliseconds) for which the media state will 

wait (after adding the media) before starting the waste pump to remove waste. 

This is done to allow the media to thoroughly mix in the microorganism culture. If 

the media pumps are very slow then keep this value very small because this wait 

time is not needed. 
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 DM_ON_TIME: 

Drug Motor On Time. The time (in milliseconds) for which the drug motor will be 

kept on during the drug state to add drugs. A larger value will add more drugs. 

 DM_WAIT_TIME: 

Drug Motor Wait Time. The time (in milliseconds) for which the drug state will wait 

(after adding the drugs) before starting the waste pump to remove waste. This is 

done to allow the drugs to thoroughly mix in the bacteria culture. If the drug pumps 

are very slow then keep this value very small because this wait time is not needed. 

 AIR_OFF_LIGHTS_ON_TIME: 

When the optical density measurement is to be taken both air and lights need to 

be turned off. When the air pump is switched off, the system needs to wait for a 

while to let the air bubbles escape. This wait time period depends on the physical 

properties of the particular culture solution and is generally large (sometimes 

about a minute). However, it is desirable that for all this time, the lights still remain 

on to allow for maximum light exposure for photosynthetic microorganisms. The 

AIR_OFF_LIGHTS_ON_TIME variable specifies this time period in milliseconds.  

 AIR_OFF_LIGHTS_OFF_TIME: 

This determines the time (in milliseconds) for which the system turns off the air 

and lights and waits before the OD measurement. This wait period is necessary 

to let the optical sensor acclimatize to the dark conditions after the lights are 

turned off. The OD measurement is to be taken in the dark (at least with the 

system lights off). This value should not be less than 5000 (5 seconds). 
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Figure 3-2 Sensor voltage when lights are switched off 

 

 MAX_DELTA_ADC: 

This determines the maximum increase in successive ADC measurements which 

will not result in drug state. If the ADC reading increases by a value more than 

that given by MAX_DELTA_ADC then the drug state is entered and drugs are 

added to slow the growth rate of bacteria. 

 

 POT_x: 

The bioreactor can run three instances of the software each controlling a different 

experiment. Each experiment is associated with different sensing hardware and 

amplifiers on the circuit board (ADC sensor 1, 2 and 3 corresponding to variable 

set 1, 2 and 3). This is explained in more detail in section 3.2.2. 

The POT_x variable controls the value of the potentiometer x, where x can be 0, 

1 or 2. 
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POT_0 controls the potentiometer for the op-amp for ADC sensor 2. 

POT_1 controls the potentiometer for the op-amp for ADC sensor 3. 

POT_2 controls the potentiometer for the op-amp for ADC sensor 1. 

 

ADC sensor 1,2,3 are not to be confused with AIN 1,2,3 pins of the BeagleBone 

Black. The ADC_CHANNEL variable in the configuration file configures the 

BeagleBone Black AIN pin to be used for that instance of the bioreactor. Do not 

modify it.  

 

The POT_x value controls the gain of the op-amp of that corresponding sensor. 

The op-amps are wired in non-inverting amplifier mode. Refer the circuit 

schematics (figure 3.5). 

 

The resulting voltage gain is as follows: 

 The voltage output of the photodiode sensor is 𝑉𝑝ℎ𝑜𝑡𝑜 

 The voltage output of op-amp is 𝑉𝑜𝑝𝑎𝑚𝑝 

  

𝑉𝑜𝑝𝑎𝑚𝑝 =  𝑉𝑝ℎ𝑜𝑡𝑜 ∗  (1 +  
255 − 𝑃𝑂𝑇_𝑥

𝑃𝑂𝑇_𝑥
) 

  

In Figure 3.5 𝑉𝑝ℎ𝑜𝑡𝑜 is the sensor voltage. [y can be 1, 2 or 3] 

In Figure 3.5 𝑉𝑜𝑝𝑎𝑚𝑝 is the amplified voltage. [y can be 1, 2 or 3]. 

 

As long as 𝑉𝑜𝑝𝑎𝑚𝑝remains below 1.8V, the BBB can safely measure it. A voltage 

of more than 1.8V should never be applied to the BBB ADC inputs. So, if 
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𝑉𝑜𝑝𝑎𝑚𝑝 increases above 1.8V then the circuit (figure 3-6) will not allow this voltage 

to be measured. It will take a precautionary measure and ground the net that is 

measured. Note that the BBB measures the ADC_y net ( which is equal to AMP_y 

net as long as 𝑉𝑜𝑝𝑎𝑚𝑝 <  1.8𝑉). 

 

One instance of the program is responsible for one and only one experiment in 

one bottle. So it should control only its corresponding POT. So mention only the 

POT that is relevant in the configuration file. If other POTs are also mentioned 

then their values will also be changed. This may affect an experiment that is 

already underway in another instance of the program. 

 

In general a larger value of POT_x implies a smaller voltage gain. This system 

was tested on two types of bacteria (cyanobacteria and E. coli). A relatively small 

gain is suggested for cyanobacteria while E. coli can be detected better with larger 

gain.  

 

 PAUSE: 

If PAUSE is set to 1 then the system is paused. All motor/pumps are stopped. 

This can be done to perform routine maintenance on the beakers etc.  

 

 

3.2.2   Hardware describing variables  

These variables define pin connections of the external sensing circuits and the pump 

control circuits. We have designed the hardware and the software such that the system 

can control three bioreactors simultaneously. For obvious reason the hardware 
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connections and wiring cannot be changed frequently. So, for each bioreactor we have 

prepared a set of variables that define the connections necessary to interface the circuits 

corresponding to each bioreactor. It should be noted that the following variables are 

implementation specific and will change if the hardware circuits are changed. For our 

hardware we have defined three sets of variables (one for each bioreactor). For the 

purpose of documentation they are called set 1, set 2 and set 3. For each variable, one 

must choose the appropriate value for a particular set (either set 1 or set 2 or set 3). 

 ADC_CHANNEL: 

Denotes the BBB AINx pin to be used. 

ADC_CHANNEL = 5    :    for set 1 

ADC_CHANNEL = 6    :    for set 2 

ADC_CHANNEL = 4    :    for set 3 

 DRUG_MOTOR_PIN: 

Denotes the BBB GPIO pin to be used to control the Drug pump. 

DRUG_MOTOR_PIN=15    :    for set 1 

DRUG_MOTOR_PIN=49    :    for set 2 

DRUG_MOTOR_PIN=61    :    for set 3 

 MEDIA_MOTOR_PIN: 

Denotes the BBB GPIO pin to be used to control the Media pump. 

MEDIA_MOTOR_PIN=51    :    for set 1 

MEDIA_MOTOR_PIN=112  :    for set 2 

MEDIA_MOTOR_PIN=7      :    for set 3 

 LIGHTS_PIN: 

Denotes the BBB GPIO pin to be used to control the LED Lights. 

LIGHTS_PIN=23    :    for set 1 
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LIGHTS_PIN=47    :    for set 2 

LIGHTS_PIN=26    :    for set 3 

 AIR_MOTOR_PIN: 

Denotes the BBB GPIO pin to be used to control the Air pump. 

AIR_MOTOR_PIN=45    :    for set 1 

AIR_MOTOR_PIN=27    :    for set 2 

AIR_MOTOR_PIN=22    :    for set 3 

 WASTE_MOTOR_PIN: 

Denotes the BBB GPIO pin to be used to control the Waste pump. 

WASTE_MOTOR_PIN=60    :    for set 1 

WASTE_MOTOR_PIN=14    :    for set 2 

WASTE_MOTOR_PIN=20    :    for set 3 

 

 
3.3   Analog input 

 
3.3.1   Enabling ADC using device tree overlays and capemgr 

We need to measure analog voltage from the sensors. The BeagleBone Black has 

7 ADC (Analog to Digital Converter) inputs each with 12 bit resolution. In order to use the 

ADC we first need to enable the ADC. This involves not only enabling the ADC peripheral 

on the AM335x SoC but also allocating the necessary kernel resources and ‘telling’ the 

kernel that the ADC will be used. This is done using the capemgr utility. It is a kernel utility 

that enables dynamically loading the device tree or device tree fragments using device tree 

overlays into the Linux kernel. The device tree provides the kernel information about the 

underlying hardware. Capemgr is used to detect installed hardware and reserve system 

resources load drivers, allocate GPIOs, reserve bus addresses etc. 
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Capemgr can also be used to load device tree fragments dynamically. In our case 

we will load the device tree fragment that contains ADC information dynamically. The 

command to do this is: 

echo cape-bone-iio > /sys/devices/bone_capemgr.*/slots 

This will cause capemgr to search whether an appropriate mapping for cape-bone-

iio exists in the KERNEL_SOURCE/arch/arm/boot/dts/am335x-bone*.dtsi and load the 

appropriate device tree blob (.dtbo) file from /lib/firmware/. The exact file name may be 

different. If not found, then it will attempt to load /lib/firmware/cape-bone-iio-00A0.dtbo. In 

our case the operating system finds /lib/firmware/cape-bone-iio-00A0.dtbo and loads it. 

When this is done the ADC is enabled. This also creates the files from which ADC samples 

are actually read from user space (/sys/devices/ocp.3/helper.15/AIN*) 

 

3.3.2   Reading ADC values 

To actually perform an analog read we just have to read the corresponding AINx 

file in /sys/devices/ocp.3/helper.15/. AINx file contains the ADC value sampled at the AINx 

pin of the BeagleBone Black. Like any other file, it could be read using the Linux command 

cat or from a C program.  

 

3.4   GPIO control  

 
Once the software has determined a control action it has to interface with external 

hardware and take control action. It can be done using the BeagleBone Black’s General 

Purpose Input/Output pins (GPIOs). All GPIO pins operate at 3.3V logic. If any input pin is 

driven using a voltage higher than 3.3V then the BeagleBone Black get be damaged 

permanently.  
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3.4.1   GPIO control using sysfs file system 

Linux kernel offers control over some low level features from the sysfs file system. 

GPIOs can be controlled from the /sys/class/gpio directory. This directory lists all GPIO 

pins that are exported and all 4 GPIO controllers that are present on the AM335x SoC. To 

use a GPIO pin it must first be exported to the Linux user space. It is done by writing the 

GPIO pin number to the file /sys/class/gpio/export. Once that is done, the operating system 

creates a folder corresponding to the GPIO pin in /sys/class/gpio/ that contains files to 

control that particular pin. 

For example: if GPIO 15 is needed then it should be first exported. We can use the 

following commands: 

cd /sys/class/gpio 

echo 15 > export 

The directory gpio15 will appear in /sys/class/gpio/. It contains files to control 

functions of GPIO15. Some of them are: 

 direction: Write the string “out” or “in” in this file. It controls whether the pin will 

be driven by the AM335x SoC or it will be in a high impedance state and act as 

an input pin.  

 value: If the pin is an output pin then the content of this file determines the logic 

level of the pin. Write “1” or “0” in this file to set the pin HIGH or LOW. If the pin 

is configured as an input pin then the content of this file reflects the logic level at 

the pin as perceived by the AM335x SoC. 

 

These files may be modified using Linux commands like echo and cat or they may be 

modified from a C program using fopen(), fputs() and  fgets(). 
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3.4.2   GPIO control using memory mapped IO 

One more method to control GPIO pins is to write to the registers that control the 

GPIOs in the AM335x SoC. The low level memory addresses for each register are provided 

in the Technical Reference Manual for the AM335x SoC [16]. Since these addresses are 

in kernel space, they must be first mapped to user space in order to use them from a C 

program. Otherwise it will cause a segmentation fault. It is done using the /dev/mem device 

file in the Linux file system. mmap() system call is used to map address blocks into user 

space so they can be safely accessed. Using this method we can write appropriate values 

to the AM335x registers to control the GPIO pins. The AM335x has 4 GPIO modules 

namely GPIO0, GPIO1, GPIO2 and GPIO3. First the GPIO module for the particular GPIO 

pin needs to be enabled. This is done by enabling the interface clock for the GPIO modules. 

The interface clocks are enabled by setting the appropriate bits in the Clock Module 

Peripheral Registers (for GPIO1, GPIO2 and GPIO3 modules) or the Clock Module 

Wakeup Registers (for the GPIO0 module). In order to write data on the pins we just have 

to write appropriate values to the GPIO_SETDATAOUT and GPIO_CLEARDATAOUT 

registers of the corresponding GPIO modules. This method is tedious but the advantage is 

that it results in very fast performance which may be desirable in some cases. 
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Figure 3-3 Driver circuit for pump using relay. 

 

 
3.5   Software features 

 
As mentioned before we used the Xenomai. We had to compile Xenomai along 

with the Linux Kernel and build a new Kernel which was installed on a microSD card. This 

card was used to boot the BeagleBone Black. This card also gave us extra storage capacity 

to log all measured data. Using the Xenomai framework we split the entire system into 5 

tasks. The entire system operates as a state machine with three states: monitor, drug and 

media. The software part of the system can be described as follows:  
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3.5.1   Sense task 

The sense task manages the optical density measurement timings and requests 

for measurement whenever needed. This is a periodic task. Its time period is set in the 

configuration file using the T_SENSE variable. The sense task along with the control task 

define the system state. Initially the state is set as monitor. In this state the system monitors 

the bioreactor without taking any control action.  It waits for the task period to elapse and 

then starts operation. It now prepares the bioreactor for measurement. Air is continuously 

being pumped into the bioreactor. This causes lots of air bubbles which interfere with 

optical measurement. Also if photosynthetic microorganisms are being grown, then LED 

lights around the bioreactor are kept on as much as possible. These lights also interfere 

with optical measurement. The Sense Task first turns off the air pump and waits for a time 

specified by the AIR_OFF_LIGHTS_ON_TIME variable in the configuration file. Since we 

have to wait for a long time for all bubbles to disappear (up to a minute for some types of 

cultures like the ones growing E-Coli bacterium), we keep the lights on during this time 

because we need to keep the lights on for as long as possible. Once we are sure that all 

bubbles from the solution have disappeared, we turn off the lights. Even now we cannot 

immediately measure the turbidity of the solution. We need a few seconds for the sensors 

to acclimatize to the lower light conditions. Refer Figure 3-2. This delay is defined by the 

AIR_OFF_LIGHTS_OFF_TIME variable in the configuration file. The task then signals to 

the sample task to fill a buffer that contains ADC measurements. The size of the buffer is 

predefined in code and cannot be changed by the user. It is the sample task’s responsibility 

to take the ADC measurements that represent optical density and place them in a shared 

buffer. The sense task waits for a signal from the sample task that the buffer is full. Once 

it receives this signal, the sense task computes the mean of all the samples that are placed 

in the buffer and uses that as the measured value. It switches on air pump and the lights 
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and sends the measured value to the log task as a message to record in the log file. This 

value is then compared to the upper control limit defined by the UPPER_CONTROL_LIMIT 

variable in the configuration file. If the measured value exceeds this limit then a signal is 

sent to the control task to add media into the bioreactor to dilute the culture media. If the 

measurement reflects a growth larger than that defined by MAX_DELTA_ADC variable 

then a signal is sent to add drugs to the bioreactor. This kills some microorganisms and 

reduces the turbidity. 

There is a feature called model prediction. If it is enabled in the code then the 

following behavior is observed. In some scenarios frequent measurement is not possible 

and growth of microorganisms is very fast. In this case the optical density may overshoot 

the upper control limit and it will be a long time before the system realizes this. This may 

result in the microorganism concentration overshooting to very large quantities. To prevent 

this, model prediction is used. In this mode, the sense task considers previous ten 

measurements and using them, it tries to predict the next measurement before it is actually 

measured (given that microorganisms exhibit exponential growth under ideal conditions, 

this is easy to predict). If the predicted measurement overshoots the upper control limit, 

then the time when it will overshoot the control limit is calculated. When this time arrives 

(which is obviously earlier than the next sampling time) the system blindly starts adding 

media without a measurement in an effort to control the microorganism population. At the 

next sampling time a fresh reading is taken and the control decision based on a prediction 

is reverted if necessary. That way we achieve finer control even if we are not in a position 

to conduct an actual measurement frequently. 
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3.5.2   Sample task 

The sample task continuously measures the microorganism concentration and 

provides the sense task with a block of data whenever requested. All measured data is 

sent to the log task for logging. This is also a periodic with a period of 100ms. Every 100ms 

the sample task takes a measurement of the optical density of the solution. It sends this 

measurement to the log task for logging in the data log files. If a request for data was made 

by the sense task then the shared memory buffer is also filled by the sample task. Once 

the buffer is filled it signals to the sense task that all data is collected. 

 

3.5.3   Control task 

The control task takes control decision based upon measurement obtained from 

sense task. It injects drug/media depending upon signals it receives from the sense task. 

If it receives a drug signal then the system enters a drug state. It turns on the drug pump 

for a time defined by DM_ON_TIME variable in the configuration file. This injects drugs into 

the bioreactor. It waits for a time specified by DM_WAIT_TIME. This is necessary for the 

drugs to thoroughly mix in the bioreactor. If the pumps are slow then this time may not be 

necessary and could be set to 0. The system then starts the waste pump to pump out 

excess solution to prevent the bioreactor from overflowing. The waste pump is kept on for 

a time that is proportional to the time drug pump on time (1.5 times the drug motor on time). 

This ensures all the excess volume that was added is removed. The level of the waste 

pump tube in the bioreactor decides the final level of the culture solution inside the 

bioreactor. A similar procedure is carried out for injecting media.  

After injecting drug or media, the state is reverted back to monitor. While the 

system is in drug or media state, any measurements by the sense and sample tasks are 

ignored. It should be noted that the time for which the system remains in drug or media 
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state could be much greater than the time period of the sense task especially of the pumps 

for injecting drugs and media are slow. If signals for both drug and media are received 

simultaneously then the control task injects only drug because after adding drugs adding 

media again is deemed unnecessary.  

 

3.5.4   Log task 

All tasks send the log task data that needs to be logged. It logs data which it 

receives from all tasks. All data is logged in a csv file. The log file gets bigger with more 

data as time passes. Approximately 10 messages are logged every second. Over long 

periods of time the log file will get very big and difficult to handle. So a size limit is imposed. 

When the data log file increases beyond 5MB, a new file is created and subsequent 

messages are logged in this new file. The log files are named according to this convention: 

<Date>T<Time>_<sequence number>.csv 

Example: 2014-05-19T18_13_11_00000.csv 

<Date> and <Time> are the date time stamp of the start time of the program. 

<sequence number> is allotted by the program. It is incremented when a new file is created 

to log data. 

However most of the data that is logged cannot be used for the sake of drawing 

any conclusions (if the lights are on for photosynthetic microorganisms). Therefore only 

that data that is sent by the sense task and labeled as the averaged value of the 

measurements is saved in another set of files labeled as follows: 

<Date>T<Time>_small_<sequence number>.csv 

Example: 2014-05-19T18_13_11_small_00000.csv 

Because only the averaged ADC measurement data is logged in these files, the 

size of these files increases at a smaller rate, hence the name. These files too are size 
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limited at 5 MB. When the size of these files increases beyond 5MB the sequence number 

is incremented and a new file is used to log data. 

 

3.5.5   Config task 

It manages the system configuration. It reads the system configuration file and 

updates the system variables with the values read from the configuration file. If the file is 

updated during system execution then it updates the system configuration at run time. It is 

a periodic task and runs every second. Therefore every second the configuration file is 

read for changes and the system variables are updated. 

 

3.5.6   Synchronization of experiment data to a cloud for remote monitoring 

We need all data that is generated to be automatically uploaded on a cloud. For 

online data storage we use a Dropbox account. Dropbox has made available their API for 

popular languages. We are using python to develop an app that will use the python API for 

Dropbox an upload data to the Dropbox account. Using the API, the script connects to 

Dropbox account. It walks through the data log directory of the system and looks for newly 

generated data. The script records the time when data was last synced to the Dropbox 

account. Any new data that was generated after the last sync time is uploaded to the 

account. This ensures that could is updated with the latest copy of the data. That way data 

can be monitored without logging in on the BeagleBone. 

 

 
3.6   Hardware features 

3.6.1   Solid state relays 

We had used relays to control motors and pumps before. However that need extra 

circuit components like fly back diodes. In addition to that it does not provide electrical 
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isolation from the high power side of the pumps to the low power signal side of the 

BeagleBone Black. Noise from the pumps side could creep in the BeagleBone side. Adding 

electrical isolation would mean adding more circuit components. Therefore we switched to 

solid state relays (SSR) instead of mechanical relays. The SSRs have built in optical 

isolation. Therefore we don’t need extra components for isolation. We don’t need flyback 

diodes. This greatly reduces the footprint area of the circuit on the printed circuit board. In 

our implementation we are using G3MC SSRs from Omron. 

 

Figure 3-4 Driver circuit for pumps using solid state relays. 

 

 

 
3.6.2   Adding support for variable gains on sensors 

Different microorganisms scatter light in different ways. A good example is a 

comparison between cyanobacteria and E-coli. We grew cultures of both cyanobacteria 

and E-coli. But cyanobacteria are very easily detectable. Similar concentration of E-coli 
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scatter very less light and consequently the sensor detects a very faint reading. Therefore 

in order to grow different organisms we need to tune the sensors to detect both strong and 

faint scattering of light. This calls for amplifiers with adjustable gains. We implement this 

using software controllable gains. We use op-amp amplifiers and one of the resistors that 

contribute to the gain is a digitally controllable potentiometer. The potentiometer is a 

MCP4361 digital potentiometer that has 4 potentiometers. It can be controlled over an SPI 

bus. It is connected to the SPI bus of the BeagleBone Black. In Figure 3-5 the POT is the 

digital potentiometer that can configure the gain of the op-amp.  

 

Figure 3-5 Amplifier for the sensor voltage. 

 

 

3.4.3   ADC protection circuit 

The BeagleBone Black ADC cannot tolerate input voltages greater than 1.8 Volts. 

However under many circumstances the sensing circuit may produce voltages much 

greater than this limit. This can potentially damage the BeagleBone Black permanently. 

Therefore to prevent damage we have incorporated an ADC protection circuit that protects 

the BeagleBone Black from high voltages. If sensor voltages are in the tolerance limit of 

the BeagleBone Black (0 – 1.8V), then the circuit ensures that the same voltage is passed 
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to the ADC pin of the BeagleBone Black. However when the sensor voltage increases 

above the threshold of 1.8V the protection circuit pulls the voltage that is passed to the 

ADC down to ground in order to protect the BeagleBone Black. In Figure 3-6, the two op-

amps constitute the over voltage protection circuit. 

 

 

Figure 3-6 ADC over-voltage protection circuit. 

 

 

3.6.3   Real time clock 

The BeagleBone Black does not have a Real Time Clock. The current date and 

time can be set using the date command in Linux but it is lost as soon at the BeagleBone 

reboots. So in order to keep time we added a DS1306 Real Time Clock chip. It 

communicates with the BeagleBone Black over an SPI bus. Once the current time is stored 

in the RTC chip, it will always keep time. When the BeagleBone is switched off and no 

power is supplied, the RTC chip keeps time using an on board 3V battery. When the board 

is switched on, it reads the time from the RTC chip over the SPI bus. 

 



 

37 

3.6.4   Design of the SPI bus 

On this system, there are two devices on the SPI bus: the MCP4361 Digital 

Potentiometer and the DS1306 Real Time Clock. For the SPI bus, in addition to the two 

data lines and one clock line, it is essential that each device have a separate select line. 

The problem here is that the select line for the RTC chip has to be in logic 1 state when 

the RTC has to be selected whereas, the one for the digital potentiometer has to be in a 

logic 0 state when the potentiometer has to be selected. So it is clear that we cannot simply 

use the one chip select pin on the SPI bus of the BeagleBone Black. We should not connect 

both lines together. Because in that case one of the chips would always remain selected. 

Instead we propose a hardware solution. We allocate a GPIO pin to serve as chip select 

pin for RTC. We configure the SPI driver in Linux to always pull the SPI Chip Select line 

low during communication. When we communicate to the RTC we drive the GPIO pin 

connected to RTC chip select pin high so that RTC is selected and start SPI 

communication. But when SPI communication starts, the Linux SPI driver pulls the SPI CS 

pin of the BeagleBone low. This selects the digital potentiometer. So in order to prevent 

the digital potentiometer from getting selected when we are communicating to the RTC we 

added a small circuit that prevents the digital potentiometer chip select pin from going low 

even if the SPI CS pin of the BeagleBone is driven low when the GPIO pin for RTC chip 

select is high. In other words here is the desired behavior of the chip select pins of both 

chips: 

If RTC chip select is high (selected) the potentiometer chip select is also high (not 

selected). If RTC chip select is low (not selected) then potentiometer chip select pin may 

be driven to any logic level (selected or not selected). 
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Basically if the RTC is selected then digital potentiometer cannot be selected. The 

digital potentiometer can only be selected if the RTC chip is not selected. Only one chip 

can be selected at a time. 

 

Figure 3-7 Bus arbitration circuit for the SPI bus in the unlikely event of a contention. 

 

 

3.6.6   Using the PRU to generate PWM for DC motor control 

We also need to a system that can control DC motors. One of the requirements of 

the DC motor circuit is the ability of generate PWM. That way, we can not only control 

whether the pumps are on or off but also their flow rate precisely. Precise PWM cannot be 

generated using the main CPU that is running a general purpose operating system. We 

could use the Xenomai framework to generate to start real time task that generate PWM. 

But it can be done with much better precision and efficiency with the PRU (Programmable 

Real time Unit) cores. The PRU is a separate 32 bit RISC core on the AM335x.  It executes 
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PRU code. It should be noted that PRU code is completely different from the code of the 

host ARM CPU. It has its own instruction set which is different from the ARM instruction 

set. The AM335x SoC has two PRU cores [18]. Both PRUs run at 200MHz independently 

of each other and the host ARM CPU. So each instruction takes 5ns to execute. The PRU 

does not have an instruction pipeline. This is by design to eliminate unpredictable delays 

when pipelines need to be flushed due to changes in the execution sequence of code when 

a branch or a call instruction is executed. They have their own program memory (8KB 

each) and their own data memory (8KB each). They also have 12KB of memory that is 

shared between both PRUs. This can be used to exchange data between the PRUs. Both 

PRUs have full access to the 512MB of system memory. However in order to access this 

memory the signal must be routed outside the PRU subsystem through the L3 interconnect. 

To do this, the PRU has to compete with the host ARM CPU for control of the bus which is 

also interacting with the memory and peripherals through the L3 interconnect. This 

introduces delays and jitters in the access times for the PRU. This also floods the L3 switch 

matrix with requests to access the memory. This may slow down the host ARM CPU. The 

PRUs also have direct access to some peripherals like UART0 and some GPIO pins. The 

PRUs can modify the peripheral registers in the main memory and control them but this is 

slow as explained earlier. Therefore for fast access PRUs should use the peripherals that 

are directly accessible from the PRU subsystem without going through the L3 interconnect. 

For the bioreactor, a PRU unit can be used to generate a PWM signal to control the speed 

of pumps that deliver media and drugs. Intensity of the lights can also be 

controlled. To enable this we added another parameter in the configuration file called 

‘IO_MODE’. It needs to be specified. It can have one of two possible values: 0 or 1. 
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If IO_MODE is set to 0, the software will enable normal on/off control of all outputs. 

If however, IO_MODE is set to 1 then the software will enable PWM control of all the pumps 

and lights. This will require the duty cycles of all outputs to be defined as well. In that case 

the software will look for more variables in the configuration file that define the duty cycles 

for all output pins. They are defined as follows: 

IO_MODE = 1                                    //Enable PWM using PRU 
DM_DUTY_CYCLE = 35                   //Duty Cycle for the Drug pump       
MM_DUTY_CYCLE = 50                  //Duty Cycle for the Media pump 
AIR_DUTY_CYCLE = 75                  //Duty Cycle for the Air pump 
LIGHTS_DUTY_CYCLE = 90           //Duty Cycle for the Lights 
WM_DUTY_CYCLE = 80                 //Duty Cycle for the Waste pump 
 

Figure 3-8 Block Diagram of the AM335x SoC featuring the general purpose ARM CPU 

along with the two PRU coprocessors. 
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The duty cycles are an integer ranging from 0 to 100. A duty cycle value of 0 means 

the corresponding signal will never be turned on. A duty cycle of 100 means the signal will 

remain on for the entire time specified in the configuration file. For example: 

With PWM enabled, if the system entered the media state,  the media pump would be 

activated for a time defined by MM_ON_TIME. In this case for a period of MM_ON_TIME 

the PRU will produce a PWM signal on the media pump pin with a duty cycle defined by 

MM_DUTY_CYCLE. If MM_DUTY_CYCLE is 0, then the pin will never be driven high even 

in media state. If MM_DUTY_CYCLE is 100 then the media pump pin will always remain 

high in the media state and the result is as if the system is operating with IO_MODE set as 

0. 

IO_MODE is one of the ‘Hardware describing variables’ as mentioned in section 

3.2.2. Therefore it will be read only once at startup. If the system finds IO_MODE set as 1 

then it will load the PRU firmware in the instruction memory of PRU0. The PRU firmware 

generates PWM on the GPIO pins by software bit banging. The host ARM CPU and PRU0 

communicate using the PRU0’s data memory. The host program running on the host ARM 

CPU loads the duty cycles in the PRU0’s data memory. The PRU firmware reads these 

values and achieves PWM output using bit banging.  The host program can configure the 

frequency of the PWM produced by the PRU and sets it to 1 KHz. This frequency is 

common for all the pins. 

The PWM control was mainly desired for DC pumps. In order to control DC pumps, 

we use a ULN2003A Darlington array to drive the pumps. The air pump is still powered by 

an AC source. So we still need the SSRs. 
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Experiments and Results 

We developed the bioreactor as described in the previous chapters. Several 

prototypes were built before the final design was developed. Figure 4-1 and 4-2 show a 

couple of the early prototypes. The prototype in Figure 4-1 is built using general purpose 

prototyping boards. All components are soldered by hand. This setup can still control only 

one growth 

 

 

Figure 4-1 First prototype using all hand soldered components.  
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Figure 4-2 Second prototype of the bioreactor. This uses custom made PCBs. 

experiment. It doesn’t have many of the features present in the final version of the system. 

Figure 4-2 is an advanced version of the system. This version has all the sensor electronics 

soldered on a PCB that we designed. It also incorporates an RTC.  

 

 

Figure 4-3 Current version of the bioreactor.  
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Figure 4-3 is the current version of the system. It has all the features as described 

before. It supports three growth experiments. We designed the PCBs for the sensor 

electronics (green board) and the pump control circuits (blue board). 

Figure 4-4 shows the two boards along with the BeagleBone black. The green 

sensor board has sensor electronics for the three sensors, variable gain amplifiers, real 

time clock with a battery and power distribution circuits. The blue pump control board has 

relays and SSRs to control AC pumps along with a connector for an AC power cable.  

 

 

Figure 4-4 The Sensor board (left), BeagleBone Black (center) and the pump control 

board (right) as used in the bioreactor. 

 

Figure 4-5 shows the pump control board designed for controlling DC pumps. It 

has a Darlington Array chip (ULN2003A). It enables controlling DC pumps that need a 12V 

power supply. The BeagleBone can also use PWM as described in section 3.6.6 to control 

DC pumps. 
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Figure 4-5 DC pump control board 

 

 

 

Figure 4-6 The bioreactor being used to grow cyanobacteria. 
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Figure 4-6 shows the bioreactor as we developed it being used in a growth 

experiment. In this figure we are growing a strain of cyanobacteria. The bright lights which 

are controlled by the bioreactor enable the bacteria to carry out photosynthesis. These are 

a few results of the growth experiments that we conducted.  

 

4.1   Growth Plots 

 

Figure 4-7 Uncontrolled growth of cyanobacteria. 

  

Figure 4-7 is a plot of a growth experiment in which we were growing a strain of 

cyanobacteria. Cyanobacteria typically have a slow growth rate. This growth rate is subject 

to various conditions like availability of light, air, nutrients and the type of culture media 

used. In this experiment we are not controlling the bacteria growth, but merely observing 

it. This is to demonstrate uncontrolled cyanobacteria growth. The measure optical density 

(OD) is roughly proportional to the cyanobacteria concentration. 
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Figure 4-8 Fitting raw data for an exponential growth model. 

 

 

In Figure 4-8 we fit the raw data for an exponential growth model of cyanobacteria 

growth. The growth equation is 𝑂𝐷(𝑡) = 𝑋0 ∗ 𝑒𝐵∗𝑡 where, OD is the exponential curve fit for 

the optical density that models the Cyanobacteria growth, x is the time in hours, 𝑋0 = 470.4 

ADC units and B = 0.05181 hours-1. This equation results in a doubling time of 13 hours 22 

mins (approximately).  
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Figure 4-9 Controlled growth of cyanobacteria. Here their growth is caped at OD of 600. 

 
 

Figure 4-9 is a plot of a growth experiment in which we were control the growth of 

cyanobacteria. In this experiment we cap the OD to a value of 600 units. We can see that 

as soon as the bioreactor measures the OD grow above this limit, it pumps some media 

and dilutes the solution. We can see that it successfully keeps the bacteria concentration 

under control. 
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Figure 4-10 Controlled growth of E.coli bacteria. 

 

 
Figure 4-11 Fitting raw data for an exponential growth model. 

 
 

Figure 4-10 is a plot of a growth experiment in which we were growing a strain of 

E.coli bacteria. E.coli have a much faster growth rate that cyanobacteria. Therefore it is 

more difficult to control E.coli growth using the slow peristaltic pumps. In spite of that we 
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were able to demonstrate controlled growth of E.coli bacteria. In this experiment we 

configured the bioreactor to keep the OD around 200 units. In Figure 4-11, we fit the OD 

data obtained for the unhindered growth observed in Figure 4-10 from a time of ~40 

minutes after the experiment started to ~90 minutes after the experiment started to an 

exponential growth model for E.coli.  

The growth equation is 𝑂𝐷(𝑡) = 𝑋0 ∗ 𝑒𝐵∗𝑡  where, OD is the exponential curve fit of 

the optical density that models the E.coli growth, t is the time in hours, 𝑋0 = 94.16 ADC 

units and B = 0.4726 hours-1. This results in a doubling time of 1 hour 27 mins 

(approximately). 

 

 

 

 

Figure 4-12 Experiment showing controlled growth of E.coli bacteria using our bioreactor 

being carried out by our colleagues at UT Southwestern Medical center. 
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Figure 4-12 is a plot of a growth experiment conducted by our colleagues White 

and Salinas at University of Texas Medical Center. They are using our bioreactor to 

conduct their experiments. In this experiment they have limited the OD of the E.coli culture 

at 600 units.  

 

 

Figure 4-13 Plot showing the variation in sampling time periods over a long execution 

time. 

 

Figure 4-13 is a plot of the sampling time interval after which each consecutive OD 

measurement. Each sample must be taken 100 ms after the previous sample was taken. 

Figure 4-13 shows that this is mostly true. There is however some variation in the sampling 

time intervals. We analyzed data for an experimental run for more than 8 hours. The results 

show that the maximum sampling interval in that time was 101.4396 ms and minimum was 

98.6135 ms with a variance of only 0.0094. Overall the system runs very reliably. 
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4.2   Simulated runs for long periods of time 

In order to test out bioreactor for long duration of times we incorporated a 

simulation mode in the sense task. In this mode instead of sampling actual ADC values, 

we use randomly generated values as our OD measurement and proceed with it. That way 

we can leave the setup switched on for long periods of time without any hardware like 

pumps, lights and culture media attached.  

Another variation is to simulate bacteria growth. Instead of randomly generating 

OD values, we generate an exponentially increasing quantity that simulates exponential 

growth of organisms. We simulate the effects of media by dramatically reducing the 

simulated OD value when media state is entered. Drug state is simulated by reducing the 

simulated OD value by a fixed fraction of its existing value. These simulations are carried 

out just to test the stability of the software. We found many bugs and places where our 

code would crash using these simulations. These simulations were used to make the 

software robust.  

As a result we were able to run the bioreactor uninterrupted for months on end 

without any unexpected behavior or software crash. Our longest run so far has been more 

than 100 days. We had to stop the experiment because the 16GB memory card that was 

installed on the system ran out of memory to store new data. It should be noted that 

software was very stable and did not crash.  

Overall the bioreactor produced good results and it will be used by our colleagues 

at UT Southwestern Medical Center to conduct their experiments. 
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Conclusion and Future Work 

Overall, this task that we undertook of designing a real-time reconfigurable 

bioreactor was successfully accomplished. The bioreactor what we designed and built 

conforms to all requirements of the system. It has performed very well in the tests that we 

conducted. We were able to grow sampled of cyanobacteria and E.coli bacteria using our 

bioreactor and the results are as expected.  The main problem of long term reliability was 

also solved. Our long term tests showed that the system remains stable and operational 

for months on end without any problems, which was the main objective behind this project. 

We hope that our bioreactor would prove useful to more biologists and that they would use 

it to conduct their experiments. 

The Bioreactor is under constant development. We plan to enhance the bioreactor 

so that it can handle more than three experiments. We are currently using the BeagleBone 

Black’s on board GPIOs and ADCs for pump control and sensor input. This limits us to 

three experiments because of limited availability of GPIO and ADC pins. We propose an 

alternate architecture as shown in Figure 5-1.  

We plan to use external microcontrollers for I/O. The microcontrollers have ADC 

and can control pumps using their GPIOs. We will have multiple such microcontrollers on 

an I2C bus connected to the BeagleBone Black. Thus, the BeagleBone can send control 

signals to the microcontrollers and acquire data from them. That way we can control many 

experiments using just one BeagleBone Black. This will increase the cost effectiveness of 

the entire system many times.   
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Figure 5-1 Bioreactor with I2C controlled microcontrollers. 

 

Most of the sensing and pump control circuits remain the same. The only difference 

is that instead of the BeagleBone Black taking the measurements, the microcontroller takes 

the measurements using its on chip ADC. The microcontroller controls the pump control 

circuits using its GPIOs. We could use any microcontroller with on chip ADCs, GPIOs and 

an I2C port. We used the AVR ATMega328. To use this configuration, significant software 

and hardware changes are required. 

 

5.1 Software changes 

To support the I2C mode, first of all the IO_MODE variable supports another value 

that indicates the I2C mode will be used. When the system reads IO_MODE and detects 

that I2C will be used, initialization of software components to use the I2C port of the 
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BeagleBone Black begins. The behavior of the IO functions in the code changes. Instead 

of driving GPIOs, IO commands are sent over the I2C port. Many microcontrollers are 

connected to the same bus. Each microcontroller controls up to three bioreactor 

experiments. So to send control signals to specifically to each experiment, each 

microcontroller has an I2C address and each experiment on a microcontroller has a number 

(1, 2 or 3). So a combination of I2C chip address and experiment number is enough to 

uniquely identify any experiment on the whole setup. These addresses are specified by 

two variables in the config file: 

 I2C_CHIP_ADDRESS: 

Denotes the I2C bus address for the microcontroller 

 I2C_SET_IN_CHIP: 

Denotes the experiment number for that particular microcontroller (1, 2 or 3) 

 

In the old design, we were limited to three instances of the program. Now we can 

run as many instances as we need. Each instance communicates to a unique experiment 

on one of the microcontrollers attached on the I2C bus. A mutex for the I2C bus is created 

in the BeagleBone Black to prevent multiple threads from accessing the bus at the same 

time.  

The microcontrollers are running a primitive operating system that we developed. 

It has a very small memory footprint and supports basic features that we need. It is able to 

run three threads each responsible for controlling one of the three experiments attached to 

the microcontroller. The number of experiments that can be handled by each 

microcontroller depends of the availability GPIO pins. Each operation that the 

microcontroller undertakes (eg. Turn on drug pump or take an ADC measurement) has a 

unique command. Furthermore we each I2C transaction is accompanied by error checking 
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to prevent ‘dangerous’ scenarios like failure to turn off a pump because of errors in 

communication resulting in beaker overflows. Furthermore in case of catastrophic failure 

of the BeagleBone, a timer on the microcontroller ensures that the microcontroller returns 

to a well-defined ‘safe’ state with all pumps off after a preset time period if it does not get 

any command from the BeagleBone. This system is currently under development. 
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Appendix A 

Schematics of the Sensor Board 
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The circuit is divided in two boards, namely the sensor board and the motor control 

board. The sensor board has circuits for measuring the sensor voltage, amplifiers and 

overvoltage protection circuits. Other than sensing electronics, it also has the circuits for 

the real time clock, LED control, DC power distribution (+5V and +3.3V). These are the 

schematics used for the sensor board. Some portions of the schematic are shown only for 

sensor 1. It should be noted that those circuits are exactly identical for sensor 2 and 3.  

1. Figure A-1 is an overview of the schematic and shows how different modules are 

connected. 

2. Figure A-2 shows the sensing circuit for sensor 1. 

3. Figure A-3 shows the LED control circuit for sensor 1. 

4. Figure A-4 shows the sensor voltage amplifier circuits. 

5. Figure A-5 details the amplifier gain control circuits.  

6. Figure A-6 shows the circuit for the on board real time clock. 

7. Figure A-7 describes the SPI bus arbitration circuit. 

8. Figure A-8 details the overvoltage protection circuit for sensor 1. 

9. Figure A-9 describes the circuit that generates +5V power supply for the board. 

10. Figure A-10 describes the circuit that generates +3.3V power supply for the board. 

11. Figure A-11 shows the connectors that share electrical power with the pump control 

board which is mounted on top of the sensor board. 

12. Figure A-12 shows the connectors used to mount the board on the BeagleBone Black. 

13. Figure A-13 shows the connectors used to connect the sensor cable which carries 

power, sensor voltage and LED power from the sensor board to the experiment setup. 
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Figure A-1 Overview of the schematic. 



 

60 

 

Figure A-2 Sensing circuit for sensor 1. 

 

 

 
Figure A-3 LED lights control for sensor 1. 
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Figure A-4 Op-Amps for amplifying the sensor voltage. 
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Figure A-5 Digital Potentiometer for controlling the gain of the op amps. 

  

Figure A-6 RTC chip. 
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Figure A-7 SPI bus arbitration circuit. 

 

 
Figure A-8 Overvoltage protection circuit for sensor 1. 
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Figure A-9 +5V regulator circuit. 

 

 

 
Figure A-10 +3.3V regulator circuit. 

 

 

 

Figure A-11 Pins to share power with the pump control board. 
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Figure A-12 Connectors for the P8 and P9 headers on the BeagleBone Black. 

 
 

 

Figure A-13 Connector for the sensor cable for sensor 1. 
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Appendix B 

Schematics of the Pump Control Board for AC pumps 
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The second part of the schematics of the system are the motor/pump control 

boards. We designed two versions of the board, one with AC pumps and another with DC 

pumps. These are schematics for the pump control board supporting AC pumps. 

1. Figure B-1 shows the overview of the schematic 

2. Figure B-2 shows the connectors used to mount the board on the sensor board and 

thus, establish connection with the BeagleBone Black. 

3. Figure B-3 shows the connector for AC power input as well as a connector that mates 

with a corresponding header on the sensor board. This is used to share +5V power 

generated by the sensor board with the pump control board. 

4. Figure B-4 details the circuit for the relays and SSRs used to control the pumps 

corresponding to sensor 1. 
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Figure B-1 Overview of the schematic. 
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Figure B-2 Connectors for the P8 and P9 headers on the BeagleBone Black. 

 

 

 

 

 

 

Figure B-3 Power Connectors. 
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Figure B-4 Relays and SSRs control circuit along with the connector socket for pumps 

corresponding to sensor 1. 
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Appendix C 

Schematics of the Pump Control Board for DC pumps 
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 In addition to designing PCBs for AC pumps, we also developed a pump control 

board that drives DC pumps. It must be noted that the air pump still operates on AC voltage. 

These are the schematics for the motor control board with DC pumps. 

1. Figure C-1 shows the overview of the schematic. 

2. Figure C-2 shows the connectors used to mount the board on the sensor board and 

thus, establish connection with the BeagleBone Black. 

3. Figure C-3 shows the connectors for the AC power cable as well as +12V DC power 

required by the DC pumps. 

4. Figure C-4 details the Darlington array driver used to control the DC pumps.  

5. Figure C-5 shows the SSR drivers needed to control AC air pumps. 

6. Figure C-6 shows schematic of the connector used to connect the pump control board 

to the pumps. 
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Figure C-1 Overview of the schematic. 

 

 

 
Figure C-2 Connectors for the P8 and P9 headers on the BeagleBone Black. 
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Figure C-3 Power connectors. 

 

 

 

 
Figure C-4 Darlington array driver for all DC pumps. 
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Figure C-5 SSR drivers for air pumps corresponding to sensor 1. 

 
  

 
Figure C-6 Connectors for the pump cables. 
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