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Abstract 
 

Residence Time Distribution (RTD) Analysis of a Bioreactor’s External 

Recirculation Loop for a Tissue Engineering Test Bed 

 

Adrien Hosking, Master of Science, Florida Institute of Technology 

Principal Advisor: James Brenner, Ph.D.  

 

Currently, in tissue engineering, the focus is on morphing cells into a 

particular type of tissue by hand, rather than automating the process. Automating cell 

feeding and waste removal, alone, still requires the removal of cells from their culture 

to perform imaging and analysis. Without the ability to automate the imaging in a 

way that does not risk cell death, the advantages of automating the feeding and waste 

removal are largely lost. By building a fully automated tissue engineering test bed, 

the capacity for cell reproducibility and cell yield increases significantly. This thesis 

outlines the design, some initial testing, and some validation of a fully automated 

tissue engineering test bed. The goals of this thesis are twofold. Firstly, the goal is to 

design the plumbing, instrumentation, and control aspects of a fully autonomous test 

bed. Secondly, the goal is to validate the plumbing by confirming that the net 

adsorption on the plumbing walls is negligible via residence time distribution 

analysis with dye and glucose tracers. 
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Chapter 1 

Introduction 
 

1.1 Background 

In the same way that chemical compounds are comprised of atoms, tissue is 

comprised of cells and extracellular matrix (ECM). The ECM is crucial, both for 

support and to help the cells to receive physical and biochemical cues. Studying cells, 

their response to signals, their interaction with their environment, and their 

organization into tissues and organisms, tissue engineers “manipulate these processes 

to mend damaged tissues or even create new ones” (National Institute of Biomedical 

Imaging and Bioengineering 2018). However, limitations and problems arise when 

attempting to mimic intrinsic human cellular responses outside of the human body. 

The human body is limited in its ability to properly regenerate most of its major 

tissues and organs if the original tissue has suffered crucial damage (Chen and Liu 

2016). Recently, tissue engineering and regenerative medicine have arisen amongst 

the hierarchy of solutions to major health problems (Aizenberg, et al. 2005).  Tissue 

loss and organ dysfunction are the driving forces behind the emergence of the tissue 

engineering field (Webber, et al. 2015). Specifically, this field of study aims to 

develop tissues and regenerate organs to restore form and function to diseased, 

damaged, and lost tissue (Webber, et al. 2015). Aspects of tissue engineering 

include cell biology, biomaterials research, and bioengineering (Sprio, et al. 2011). 

The focus of tissue engineering is to “restore and improve the function of the tissues 

by either generating novel or biocompatible substitutes or by reconstruction of the 

tissues” (Reis, Pina and Oliveira 2015). Tissues among the most advanced in clinical 

development are skin, bladder, cornea, trachea, and blood vessels (Webber, et al. 

2015) . Not far behind in clinical evaluation and progress are engineered connective 

tissue: bone, cartilage, nervous, and muscle tissue (Webber, et al. 2015). Tissue 
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engineering approaches use cells and cell implants, utilizing growth factors, and 

collaborating with biomaterials such as scaffolds to generate desired results. The goal 

is to develop clinically acceptable three-dimensional cellular structures. 

It is clinically important that engineered tissue has proper function and integrates 

with the patient’s natural tissue. Therefore, it is imperative that the cells grow in a 

microenvironment similar to the desired tissue cultured. Among the design 

considerations for tissue engineering are types of cells and organs, growth and 

differentiation factors, scaffolding, cell culturing conditions, and bioreactors. 

Cells are the most essential element to tissue engineering. Cells consist of 

cytoplasmic proteins and nucleic acids, all enclosed within a membrane. Generally, 

human cells range between 1 and 100 micrometers and typically between 5 and 30 

micrometers (Davidson 2015). For experimentation applicable to initial runs in this 

tissue engineering test bed development, NIH 3T3 murine fibroblast cells will be 

used because they are both cheap and robust, making them an ideal candidate for the 

developmental stages of this research. 

The characterization of the FGF growth factors in cellular proliferation and tissue 

differentiation has illuminated much about the molecular mechanisms underlying 

cell development and physiology (Engelka 1999). Fibroblast growth factors (FGFs) 

are essential molecules for mammalian cell development and are a family of cell 

signaling extracellular proteins that activate cell surface receptors (Burgess and 

Maciag 1989). There are four signaling FGF receptors that receive the nine known 

FGF ligands (Orntiz, et al. 1996). These signaling receptors are expressed in specific 

spatial and temporal patterns (Orntiz, et al. 1996). How the receptors react is a direct 

response to the signaling pathway regulated by the ligand binding, which is also a 

specific behavior dependent of the particular ligand. Particularly important are the 

“heparin sulfate proteoglycans and the differential signaling capacity of individual 

FGF receptors” (Orntiz, et al. 1996).  The cell surface heparin sulfates bind the FGF-
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specific transmembrane receptor proteins (Engelka 1999). These FGF signals are 

linked to the intracellular tyrosine phosphorylation signaling pathways and are also 

used by receptors for growth factors. This cell/surface interaction between heparan 

sulfate proteoglycans and the tyrosine phosphorylation signaling ultimately controls 

the result of gene expression within the cell (Engelka 1999). This means the FGF's 

control the cell survival, migration, growth, and differentiation – vital to tissue 

engineering applications. This is a very important consideration in the tissue 

engineering test bed development as this affects the cells growth rate and patterns. 

FGF will be implemented in the later phases of the tissue engineering test bed 

development and implementation. 

Another critical tool in tissue engineering is the use of scaffolding. The body 

utilizes the ECM as a platform for cell growth and connectivity. To mimic this 

structural and biochemical relationship with in vitro grown cells, a scaffold is used. 

Scaffolds are three-dimensional, engineered material structures built to induce 

desirable cellular interactions. Proper design of 3D scaffolds is equally as vital to the 

tissue efficacy as cell type selection (Hinderer, Lee-Layland and Schenke-Layland 

2016). Some examples of synthetic materials used for scaffold design with excellent 

mechanical support and stability include poly(lactic acid) (PLA) (Bashur, Dahlgren 

and Goldstein 2006), poly(glycolic acid) (PGA), poly (lactic acid-co-glycolic acid) 

copolymers (PLGA), polycaprolactone (PCL) (Birthare, et al. 2016, Shojaee 2017) 

polyurethane, or polyethylene glycol (Hinderer, Lee-Layland and Schenke-Layland 

2016) The most effective scaffolding is a highly porous microstructure with 

interconnected pores and a large surface area for ample tissue growth (Yoshimotoa, 

et al. 2003). For example, bone regeneration requires a pore size between 100 and 

350 μm and porosities of more than 90% regardless of the method used for scaffold 

fabrication (Yoshimotoa, et al. 2003). 
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Scaffolds are composed of either degradable or non-degradable biomaterials 

(Hinderer, Lee-Layland and Schenke-Layland 2016). Biomaterial scaffolds have 

garnered attention for a bevy of applications within the tissue engineering and 

regenerative medicine arena (Chen and Liu 2016). Some examples of natural 

materials used for scaffold design, though much weaker in mechanical support and 

stability, include collagen, alginate, elastin and chitosan (Hinderer, Lee-Layland and 

Schenke-Layland 2016). Though these biomaterials are weaker mechanically 

compared to their synthetic counterparts, they produce biological cues to cells and 

surrounding tissue. Furthermore, these human-derived biomaterials providing 

promise in tissue engineering. For example. several types of blood-derived bio-

scaffolds are utilized in clinical situations (Mencía C., et al. 2015).  In the last several 

years, natural/synthetic composites such as collagen/PCL are becoming more 

commonplace (Bashur and Shojaee 2017). Scaffolding remains crucial for cell 

growth and tissue engineering applications.  

Despite the promising advancements and clinical efficacy of tissue scaffolds, 

the biggest obstacle for overall cell culturing and tissue engineering remains cell 

seeding. Because static loading of cells onto a scaffold is by far the most commonly 

used seeding method, researchers are limited with their results (Yeatts 2011). The 

“manual and operator-dependent” intricacy of the process has led to studies reporting 

non-uniform cell distribution within scaffolding and low seeding efficiencies (Yeatts 

2011). This hindrance is an obstacle that tissue engineering developers aim to 

overcome as cell culturing becomes much more complex. For the tissue engineering 

test bed, the plan is to use Matrigel, a commonly used gelatinous protein mixture for 

cell culture scaffolding.  

Cell culture is defined as abstraction of cells from a natural source and the 

growth of those cells in a favorable artificial environment. That natural environment 

may be from tissue and de-aggregated by enzymatic or mechanical means or from a 
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previously established cell or cell strain (Antoni, et al. 2015). The cell culture 

provides a platform to study the physiology and biochemistry of the cells. 

Additionally, the cell culture functions as a tool to test effects of drugs and toxic 

compounds on the cells, mutagenesis and carcinogenesis, and in drug screening and 

development (Antoni, et al. 2015). A cell culture is an important tool in developing 

consistent and reproducible results. The artificial environment suitable for cell 

growth must contain supplies of essential nutrients (glucose, amino acids, and 

minerals), growth factors, hormones, O2 and CO2, and regulation the physiochemical 

environment such as pH, temperature and osmotic pressure (Antoni, et al. 2015). It 

is important to note that most cells are anchorage-dependent and must be cultured 

with the aid of scaffolding or a substrate. However, some can grow in floating culture 

medium (Antoni, et al. 2015). A more innovative practice is microfluidic cell culture 

(Ruan, et al. 2009), to be discussed later. Tissue engineering remains dependent on 

cell culture. 

Bioreactors are cell culturing devices where biological/biochemical processes 

develop under controlled environmental and operating conditions. Commonly 

controlled parameters include pH, temperature, pressure, nutrient supply and waste 

removal (Martin, Wendit and Heberer 2004). Currently, in industry, bioreactors are 

used for fermentation processing, wastewater treatment, food processing, and 

pharmaceutical production. In laboratories, bioreactors are a vital tool for tissue 

engineering. Bioreactors are crucial for large scale tissue engineering because they 

allow the ability to reproduce results through control and automation (Martin, Wendit 

and Heberer 2004). 

One of the advantage continuous stirred tank bioreactors have over classic cell 

culturing is the reduction of external mass transfer limitations. By utilizing a stirrer, 

nutrients and oxygen are mixed throughout the medium and reduce the concentration 

of the boundary layer at the construct surface (Yeatts 2011), thereby reducing 
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diffusional limitations for nutrients. The rotating fluid environment produced by the 

bioreactor creates a laminar flow and a low consistent shear that is a vital mechanical 

cue for cells (Yeatts 2011). Furthermore, shear seen on scaffolding invokes a cellular 

response. Bioreactors create an environment that can also aid in enhancing 

osteogenic differentiation (Yeatts 2011). It is imperative to consider shear stress for 

all tissue engineering applications; this is discussed in more detail later on and is seen 

in Tables 1.1.2, 1.1.3, 1.1.4, and 1.1.5.  

An effective bioreactor model is the microfluidic bioreactor. These reactors are 

microscale versions of conventional bioreactors. They integrate control features such 

as electrical signals and fluidic, hydrodynamic shear, and optical components, 

allowing for precise manipulation of the cell environment. (Chen, et al. 2014).  

Microfluidic cell culture is the merging of microfluidics, or the manipulation of small 

fluid volumes, with cell culture. Microfluidic cell culture has significant advantages 

over common cell culture in flasks, dishes and well plates (Ruan, et al. 2009). Typical 

advantages include flexibility of device design, experimental control, automation, 

reduced reagent consumption, reduced cell number, microenvironment tailoring, and 

higher throughput for lower cost (Ruan, et al. 2009).  The tailoring to more closely 

mimic a cell’s natural microenvironment can be achieved by using continuous 

perfusion culture of utilizing chemical gradients to study low numbers of cells in 

“temporal and/or spatial resolution via automation, parallelization, on-chip analysis 

or direct coupling to downstream analytical chemistry platforms” (Halldorsson, et al. 

2015). Additionally, microfluidic cell culture reduces the amount of reagent needed 

by streamlining the culture process and reduces contamination risk. These factors 

greatly impact reproducibility. Microfluidic cell culture is considered by many to be 

the optimal cell culture technique. It offers the promise of more samples at lower 

prices during the development process; however, the cost of much of the 

microfluidics plumbing and sensors has not decreased sufficiently yet. Table 1.1.1 

compares the advantages of microfluidic cell culture techniques. 
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Table 1.1.1: Advantages of microfluidic cell culture techniques (Poss = 

Possible, N/C = Not Clear) (Halldorsson, et al. 2015). 
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Though there are effective microfluidic cell culturing techniques available, there 

are still limitations to the results produced. One major limitation in tissue engineering 

is that researchers struggle to produce enough samples on which to base distinct 

trends, largely because of the cost of sensors. The major drawback currently for 

microfluidic cell culture is the lack of inexpensive sensor infrastructure for doing the 

thorough mass and energy balance data collection and control necessary for scale-

up.  In this thesis, the cell culturing will not be microfluidic because Dr. Brenner's 

research group is only beginning to develop a microfluidics capability; microfluidic 

cell culture with full mass and energy balance accounting will be part of future work 

for students within Dr. Brenner's group. By building a test bed having thirty-six fully-

instrumented bioreactors in parallel, the mass production approach will help to 

elucidate which variables are the important ones and at what levels those variables 

should be controlled. 

Along with reproducibility, achieving high cell yields is imperative to the 

tissue engineering test bed applications and requires good nutrient and oxygen supply 

(Radisic, et al. 2008). For this project, the methodology and design for these elements 

is discussed in detail in Chapter 3. However, implementing the nutrient supply into 

the bioreactor and the agitation of the stirrer cause shear forces (Schügerl 1991). It 

has been documented that, since mammalian cells have all cell membranes instead 

of cell walls, they are sensitive to shear forces (Schügerl 1991). The most important 

parameters to control during cell cultivation are oxygen supply and shear stress 

experienced by the cells (Radisic, et al. 2008). Oxygen supply will be discussed 

further in Section 3.2.  Fluid shear stress is the force of tangential fluid movement to 

the face of the cell surface (McCoy and O'Brien 2010). For incompressible 

Newtonian fluids used with this tissue engineering test bed, the shear stress will be 

linearly proportional to the velocity gradient perpendicular to the plane of shear. 

Overall, as the culture medium flow rate increases, so does the shear stress (Radisic, 

et al. 2008). Tables 1.1.2, 1.1.3, 1.1.4 and 1.1.5. show how various shear stress affect 
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different bone cell types and their osteogenic results. This is an excellent example of 

the importance of shear stress to cell culture and ultimately bioreactor design and 

considerations, including the reactor type, cell line, culture surface/scaffold type and 

attachment, and culture period. 

Tissue engineering applications continue to have obstacles. The limited number 

of compatible biomaterials and difficulty introducing cellular material into interior 

regions of the prefabricated 3D scaffolds (Puleo, Yeh and Wang 2007) remain 

problems as well. Another obstacle tissue engineering researchers must overcome is 

not have funding or equipment necessary to fully automate the tissue engineering 

development process on a large scale. An additional obstacle occurs when 

researchers make their tissue engineered samples by hand. Since they cannot possibly 

make enough of them, they consequently lack reproducibility. Finally, because of 

these obstacles, most researchers stop their work cell growth and differentiation. 

They terminate their experiments prior to the formation of tight junctions to form a 

tissue. However, by achieving reproducible changes in physiochemical environment, 

tissue engineering test beds should improve the quality of engineered tissues (Martin, 

Wendit and Heberer 2004).  
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Table 1.1.2: Summary table for experimental investigations to the impact of shear 

stress on osteogenic and cell differentiation I (McCoy and O'Brien 2010) 
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Table 1.1.3: Summary table for experimental investigations to the impact of shear 

stress on osteogenic cell differentiation II (McCoy and O'Brien 2010) 
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Table 1.1.4: Summary table for experimental investigations to the impact of shear 

stress on osteogenic cell differentiation III (McCoy and O'Brien 2010) 

 



13 

 

Table 1.1.5: Summary table for experimental investigations to the impact of shear 

stress on osteogenic cell differentiation IV (McCoy and O'Brien 2010) 
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1.2 Inspiration 

The goals of the tissue engineering test bed research and development at Florida 

Tech are automation and reproducibility. The first objective for Dr. Brenner’s 

research group is to create a fully automated test bed that emulates conditions within 

the human body. This includes an automated nutrient supply, automated waste 

removal, periodic patient monitoring like one would see in the hospital, and in vivo 

imaging. The second objective is to have 36 fully instrumented bioreactors running 

in parallel. The automation minimizes the reproducibility issues and should allow 

systematic evaluation of the synthesis and cell culturing variables. Thirdly and most 

importantly, this system design includes full mass and energy balance accounting. 

This test bed development would immediately enhance research at Florida Tech 

by streamlining cell culturing and allowing a vast expansion in testing capabilities. 

Having a fully mass- and energy-balanced system will permit scale-up to commercial 

scale tissue engineering to achieve a 24/7 system operating without human 

intervention. 

The biggest impact on tissue engineering is building micro-culture platforms 

with the ability to control micro-environmental parameters with spatial resolution 

emulating natural tissue (Baudoin 2011). These platforms are tools that allow further 

comprehension of the effects of temporal and spatial effects of cell–cell, cell–

substrate, cell–extracellular matrix, and cell–soluble factor interactions on the cell 

life and utility (Baudoin 2011). A tissue engineering test bed avoids labor intensive 

methods such as manual flushing and refilling of cell cultures, which are standard 

for commonplace cell culture operations. The test bed generates the potential for 

dynamic culture and kinetics studies on microstructured tissues that will more closely 

mimic in vivo conditions (Baudoin 2011). If researchers are equipped with a 

functional tissue engineering test bed, they can “optimize culture conditions for 

providing renewable sources of functional cells and complex biomaterial scaffolds, 
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as better templates for microtissue formation” (Puleo, Yeh and Wang 2007). This is 

the motivation for Dr. Brenner’s research group. 

Currently, there is no standardized tissue engineering test bed. Table 1.2.1 

lists the companies who have commercial bioreactor systems (Yeatts, 2011). These 

bioreactors are not all the same type of bioreactor, but they are all commercialized.  

The only group who currently has automated feeding, waste removal, and imaging 

is a Vanderbilt group (Wikswo, McKenzie and Cliffel 2013); their project serves as 

a foundation on which this project is based. LabSmith commercializes much of what 

Wikswo and Cliffel have established at Vanderbilt. LabSmith recently won an NSF 

SBIR (Basic Microfluidic Education Kit 2018) to find users to beta test one of their 

chemical engineering plant on a breadboard kits. Dr. Brenner's research group at 

Florida Tech was one of the beta testers. 
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Table 1.2.1: Companies with commercial bioreactor systems (Yeatts 2011) 

Permission license number: 4574410899030  
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LabSmith specializes in microfluidic flows that are key to lab-on-a-chip and 

organ-on-a-chip devices. The LabSmith kit shown in Figure 1.2.1 has two syringe 

pumps, a valve controller, two 3-way valves, two 1 mL feed tanks, a 5 mL 

waste/product tank, a laminar flow visualization chip, and 1/16” inner diameter 

polyetheretherketone (PEEK) tubing. It can be built and tested in one hour and served 

as an expensive prototype for dispensing feedstocks to the automated tissue 

engineering test bed project. Though the automated tissue engineering test bed will 

not be as small as the LabSmith kit, it is a goal to achieve this scale in future 

externally funded work after this thesis is completed. 

 

 

Figure 1.2.1: LabSmith basic microfluidic kit (Basic Microfluidic Education Kit 

2018) 

Permission to use image from LabSmith (2019). 
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Wikswo, McKenzie, and Cliffel’s setup (2013), now commercialized by 

LabSmith, interfaces an inverted $8000 Nikon microscope with a light source 

viewing samples from the bottom through the walls of their bioreactors, but inside 

their incubated volume (Figure 1.2.2).  To implement such microscopy for a multi-

reactor system would require a motorized stage inside the incubated volume because 

the cost of a microscope for each bioreactor would be prohibitive. The 

Wikswo/Cliffel bioreactors are not much bigger than the glass slide that serves as a 

substrate for each tissue sample. In theory, scale-up to more than a dozen bioreactors 

in parallel would not be practical from a size or cost standpoint. 

 

 

Figure 1.2.2: Vanderbilt microscope setup (Wikswo, McKenzie and Cliffel 2013) 
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Vanderbilt’s bioreactor system schematic is shown in Figure 1.2.3; on the left of 

the schematic, red items represent the sources similar to arteries, while on the right, 

the blue items represent the sinks, acting like veins (Wikswo, McKenzie and Cliffel 

2013). So, intuitively, the path of flow goes from sources to sink, or from arteries to 

veins. On the left is a multiport valve with eight inputs and one output, while on the 

right is a multiport valve with one input and eight outputs. Not shown is the use of 

3-way multiport valves for the distribution of arterial supply and collection of venous 

return. This thesis builds upon their multiport use and describes the modifications in 

Section 1.3. Note the use of multiport valves, various feedstocks, a bubble trap, a 

recirculation loop, and two forms of concentration analyzers, µClinical analyzer and 

the mass spectrometer (MS). 

 

 

Figure 1.2.3: Vanderbilt process flow diagram (Wikswo, McKenzie and Cliffel 

2013) 
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      One of the biggest limitations with the Vanderbilt setup is that it is very expensive 

for the number of reactors in their system. Figure 1.2.4 details their testbed design’s 

utilization of the eight syringe pumps with 3-way multiport valves. The employment 

of multiple syringe pumps is a great idea that is expanded on in the tissue engineering 

testbed design described later in this thesis. Adding even more syringe pumps can 

add versatility to the number of types of cells, more customized growth media, 

growth and differentiation factors, and more. 

 

 

Figure 1.2.4: Vanderbilt valve and pump schematic (Wikswo, McKenzie and 

Cliffel 2013) 

 

The goal for tissue engineering test bed producers is to automate the system. 

LabSmith and Vanderbilt have created an excellent blueprint for what may 

eventually become the industry standard, but their systems are not designed for large 

scale production. Dr. Brenner’s group aims to increase the reproducibility by scaling 
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up to 36 bioreactors. With a full mass-and-energy-balanced system, research and 

development in the tissue-engineering field can be dramatically accelerated.  

 

1.3 Improvements to Existing Test Bed Designs 

As discussed previously, the only group who currently has automated feeding, 

waste removal, and imaging is a Vanderbilt (Wikswo, McKenzie and Cliffel 2013) 

group whose work serves as a foundation on which this project is based. Though 

Vanderbilt has excellent components in their test bed (concentration monitoring, 

imaging, and process flow), there certainly is room for improvement. 

The first modification made from Vanderbilt’s model is the valve control 

system. They currently use several multiport valves to service 12 bioreactors 

(Wikswo, McKenzie and Cliffel 2013). In order to increase reproducibility, our 

system has been equipped to feed inputs and accept outputs from an array of 36 

bioreactors, a number picked largely based on the number of VICI 10-way valves 

that Dr. Brenner could purchase affordably This improvement on the limited number 

of valves and valve controller’s in Vanderbilt model (Wikswo, McKenzie and Cliffel 

2013) has been done by using eighteen Valco Instruments Company Incorporated 

(VICI) multiport valves & controllers (Figure 1.3.1) to send fluid via Kloehn eight-

channel syringe pumps (Figure 1.3.2) to or from bioreactors for feed and/or purge 

from bioreactors to waste removal. Replacing Vanderbilt’s three-way valves, $600 

each (Wikswo, McKenzie and Cliffel 2013), with the VICI 10-way valves, 18 for 

$450 (Valco VICI Microelectric Valve Actuator 2019), lowers the cost of scaling up 

to a much larger bioreactor array. A significant amount of time spent on this thesis 

was the diagnostic testing done to achieve connectivity between the data acquisition 

and control software of National Instruments (NI) Measurement and Automation 

Explorer (MAX), NI LabView, and the VICI 10-way valves. This is discussed in 

detail in Section 3.6.  
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Figure 1.3.1: VICI 10-way valves 

 

 Another major feature of Vanderbilt’s tissue engineering testbed design is its 

use of eight syringe pumps for sending an array of feedstocks, including Phosphate 

Buffered Saline (PBS), glucose, or various media. The employment of multiple 

syringe pumps adds versatility to the number of types of cells, more customized 

growth media, growth and differentiation factors, Dulbecco’s Modified Eagle 
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Medium (DMEM), ultrapure water, salt water, multiple dyes, multiple cell types, and 

drugs for toxicological testing. Vanderbilt and LabSmith use $600 syringe pumps 

(Basic Microfluidic Education Kit 2018). Those have been replaced with three 

Kloehn eight-channel syringe pumps costing $200 each (Kloehn Syringe Pump V8 

Multi-Channel Syringe Pump 2019).  Because the electronics associated with the 

Kloehn syringe pump system are 20th century, a major part of building the tissue 

engineering test bed  to be accomplished by future students in Dr. Brenner’s research 

group will be proper automation of the Kloehn syringe pumps with data acquisition 

and control software of Arduino and NI LabView controls.  

 

 

Figure 1.3.2: Kloehn eight channel syringe pumps 
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Finally, there will be major modifications to the sensors. The goal for the 

tissue engineering test bed at Florida Tech is to have enough sensors in the 

bioreactors to quantify mass and energy balances necessary for full engineering 

analysis and capabilities. In order to achieve this, mass balance accounting is 

conducted for each control volume (each bioreactor and the entire aquarium full of 

bioreactors). The design accounts for using sensors to measure the following 

parameters:  total mass, H+ concentration (via pH), each of the salt ions (Na+, K+, 

and Ca+2 are particularly important and require their own sensors.), total salt 

concentration (via electrical conductivity), glucose (for feeding), lactate (as an 

indicator of glucose conversion to waste), and dissolved oxygen. Therefore, each 

bioreactor will have a liquid level sensor, lactate sensor, pH sensor, dissolved oxygen 

sensor, load cells to measure the mass of the growing cells and another fot the entire 

reactor contents, conductivity sensor(s), and a glucose concentration sensor. Except 

for the concentration monitoring sensors, these sensors and controls will be 

purchased and Arduino-based to minimize cost. Development of some of the 

molecule and ion specific sensors is the focus of a Ph.D. dissertation in progress by 

Guochang Ye in Florida Tech’s Biomedical Engineering Program. To control and 

monitor all of these variables, a Hazards Operability Analysis has been conducted. 

This will aid in the foundation for control. A partial example is shown in Figure B.2.1 

in Section B.2. of Appendix B.  
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Chapter 2 

Theory 
 

2.1 Theoretical Background  

The main objective of Dr. Brenner’s research group at Florida Tech is 

building a fully automated tissue engineering test bed. Such a system enhances tissue 

engineering potential future research capabilities at this university and is a vital tool 

for expanding current research. The scope of this thesis focuses will be on the mass 

balances, particularly for glucose.  

Equation 1 shows the relationship between mass flowrate, reactor volume, 

and glucose concentration and their interactions with each other. The overall change 

in mass of glucose per time, 
𝑑𝑚𝐺𝑙𝑢𝑐𝑜𝑠𝑒

𝑑𝑡
, equates to the rate of disappearance of glucose 

per cell, −𝑟𝐺𝑙𝑢𝑐𝑜𝑠𝑒/𝑐𝑒𝑙𝑙, multiplied by the number of cells, 𝑚. 𝐶𝐺𝑙𝑢𝑐𝑜𝑠𝑒 is the exit 

concentration of glucose. 𝑉𝑅𝑒𝑎𝑐𝑡𝑜𝑟 𝑐𝑜𝑛𝑡𝑒𝑛𝑡𝑠 is the volume of reactor contents. 
𝑑𝐶𝐺𝑙𝑢𝑐𝑜𝑠𝑒

𝑑𝑡
 

is the differential change in concentration of glucose over time. 𝐶𝑔𝑙𝑢𝑐𝑜𝑠𝑒 is the 

concentration of glucose in mass per volume. 
𝑑𝑉𝐺𝑙𝑢𝑐𝑜𝑠𝑒

𝑑𝑡
  is the differential change in 

the volume of glucose over time. 

 

𝑑𝑚𝐺𝑙𝑢𝑐𝑜𝑠𝑒

𝑑𝑡
= (𝑉𝑅𝑒𝑎𝑐𝑡𝑜𝑟 𝑐𝑜𝑛𝑡𝑒𝑛𝑡𝑠 ∗

𝑑𝐶𝐺𝑙𝑢𝑐𝑜𝑠𝑒

𝑑𝑡
) +  (𝐶𝑔𝑙𝑢𝑐𝑜𝑠𝑒 ∗

             
𝑑𝑉𝑅𝑒𝑎𝑐𝑡𝑜𝑟 𝑐𝑜𝑛𝑡𝑒𝑛𝑡𝑠

𝑑𝑡
) =  −𝑟𝐺𝑙𝑢𝑐𝑜𝑠𝑒 = −𝑟𝐺𝑙𝑢𝑐𝑜𝑠𝑒/𝑐𝑒𝑙𝑙 ∗  𝑚𝐶𝑒𝑙𝑙𝑠 

(1) 

 

Equation 1 can be rewritten as Equation 2 to show a mass in minus mass out 

relationship. Here, the relationship of flows in, 𝑄𝑆𝑦𝑟𝑖𝑛𝑔𝑒,𝑖𝑛, multiplied by the glucose 

concentration of feed, 𝐶𝐺𝑙𝑢𝑐𝑜𝑠𝑒,𝑓𝑒𝑒𝑑, minus the volumetric flow out of waste, 

𝑄𝑤𝑎𝑠𝑡𝑒,𝑜𝑢𝑡, multiplied by the glucose concentration of effluent, 𝐶𝐺𝑙𝑢𝑐𝑜𝑠𝑒,𝑒𝑥𝑖𝑡, plus the 
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volumetric flow within the reactor, 𝑄𝑅𝑒−𝐶𝑖𝑟𝑐,𝑖𝑛, multiplied by the glucose 

concentration of the effluent. Again, this entire equation is equal to the rate of 

disappearance of glucose (or the metabolism), −𝑟𝐺𝑙𝑢𝑐𝑜𝑠𝑒. 

 

 

𝑑𝑚𝐺𝑙𝑢𝑐𝑜𝑠𝑒

𝑑𝑡
= (𝑄𝑆𝑦𝑟𝑖𝑛𝑔𝑒,   𝑖𝑛 ∗  𝐶𝐺𝑙𝑢𝑐𝑜𝑠𝑒, 𝑓𝑒𝑒𝑑) −  (𝑄𝑤𝑎𝑠𝑡𝑒, 𝑜𝑢𝑡 ∗

           𝐶𝐺𝑙𝑢𝑐𝑜𝑠𝑒, 𝑒𝑥𝑖𝑡) + (𝑄𝑅𝑒−𝐶𝑖𝑟𝑐, 𝑖𝑛 ∗  𝐶𝐺𝑙𝑢𝑐𝑜𝑠𝑒, 𝑒𝑥𝑖𝑡) +

         −𝑟𝑛𝑒𝑡 𝑎𝑑𝑠, 𝑤𝑎𝑙𝑙𝑠 −𝑟𝑛𝑒𝑡 𝑎𝑑𝑠,   𝑟𝑒𝑎𝑐𝑡𝑜𝑟 . =  −𝑟𝐺𝑙𝑢𝑐𝑜𝑠𝑒 

(2) 

 

However, there are two additional terms that must be considered: the net rate 

of adsorption on any walls outside each bioreactor, −𝑟𝑛𝑒𝑡 𝑎𝑑𝑠,   𝑤𝑎𝑙𝑙𝑠, and the net rate 

of adsorption within each bioreactor, −𝑟𝑛𝑒𝑡 𝑎𝑑𝑠, 𝑟𝑒𝑎𝑐𝑡𝑜𝑟.  

Solving for the overall change in mass of glucose per time in Equation 2, 

most of the terms are directly measured. The volumetric flow rate for the feed is 

controlled by a syringe pump at known values. The effluent flow rate and 

recirculation rate are measured with a flow totalizer and controlled with a diaphragm 

pump. The concentrations of glucose for feed, effluent, and recirculation are 

measured with concentration sensors. These sensors are being tested by biomedical 

engineers at Florida Tech under the direction of Profs. Brenner and Kaya as well as 

by the company IORodeo that pioneered the CheapStat and RodeoStat (IORodeo 

2019). The two terms that cannot be measured directly are the net rate of adsorption 

on any walls −𝑟𝑛𝑒𝑡 𝑎𝑑𝑠, 𝑤𝑎𝑙𝑙𝑠, and the net rate of adsorption within each bioreactor, 

−𝑟𝑛𝑒𝑡 𝑎𝑑𝑠, 𝑟𝑒𝑎𝑐𝑡𝑜𝑟. It is imperative that these terms are negligible to determine the 

correct rate of disappearance of glucose, −𝑟𝐺𝑙𝑢𝑐𝑜𝑠𝑒. Without−𝑟𝐺𝑙𝑢𝑐𝑜𝑠𝑒, a proper mass 

balance accounting of the glucose cannot be achieved and cell vitality is impaired.  
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The predominant objective of this thesis is to prove that the net adsorption of 

the walls of the tubing outside the bioreactor is equal to zero. Adsorption is defined 

as the process by which a solid holds molecules of a gas or liquid or solute as a thin 

film (Tro 2014). That means explicitly that no mass has adsorbed onto the walls of 

the tubing. Testing conducted as part of this thesis was conducted to prove or 

disprove that −𝑟𝑛𝑒𝑡 𝑎𝑑𝑠,   𝑤𝑎𝑙𝑙𝑠  equals zero. Fellow chemical engineering M.S. thesis 

candidate Princess Akande aims to demonstrate that −𝑟𝑛𝑒𝑡 𝑎𝑑𝑠,   𝑟𝑒𝑎𝑐𝑡𝑜𝑟 is also 

negligible. Additionally, chemical engineering M.S. thesis candidate Nicole Bueno 

to hopes further the mass balance accounting by measuring the mass of growing cells, 

despite the challenges associated with doing so over extended time in a salt water 

environment with mixing. This will quantify the relationship between the 

disappearance of glucose and the growth of the cells. Furthermore, when 

−𝑟𝑛𝑒𝑡 𝑎𝑑𝑠,   𝑤𝑎𝑙𝑙𝑠 and −𝑟𝑛𝑒𝑡 𝑎𝑑𝑠,   𝑟𝑒𝑎𝑐𝑡𝑜𝑟 are calculated,  the calculation of the rate of 

disappearance of glucose term can be verified and thus validate the chemical 

engineering integrity of this project. 

 

2.2 Thesis Objectives 

There are several phases for the tissue engineering test bed development. Phase 

1 encompasses the design and testing of the system. The scope of this thesis resides 

in Phase 1. The hypothesis for this thesis is that a tissue engineering test bed can be 

designed and tested in which no mass of glucose accumulates on the plumbing.  

There are three primary objectives of this thesis as follows: 

1. Schematically design the plumbing and instrumentation of the tissue 

engineering test bed; 

 

2. Determine feasibility of Tygon and silicone tubing for tissue engineering test 

bed applications by demonstrating that no mass grows or accumulates in the 

system;  
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3. Determine whether coating the tubing is necessary, and if so, eliminates 

adsorption of glucose onto Tygon and silicone tubing walls. 

 

To achieve these objectives, several checkpoints must be completed. Generating 

a full process flowsheet is the first checkpoint. The subsequent piping & 

instrumentation diagram (P&ID), stream numbering and mass balance list must 

follow. The schematics and mass balance accounting serves as the foundation for 

coding the data acquisition and control for the tissue engineering test bed.  

 Next, for the tubing to be deemed adequate, all mass entering the plumbing must 

exit through the plumbing. Moreover, generation minus depletion for all test cases 

prior to tissue growth ought to be zero as well, specifically tracer dyes and glucose. 

This means that the glucose does not cause algae, bacteria, or other microorganisms 

to grow. Tracer studies will verify this and represent the second checkpoint. First, a 

reactor analysis with a tracer dye of green food coloring through the Tygon and 

silicone tubing was conducted. Then a glucose tracer test was conducted. Testing in 

this manner was confirm or deny that the net rate adsorption of the walls is negligible. 

If deemed successful, Tygon tubing will be considered acceptable for tissue 

engineering applications as no mass accumulated in the system.  

For the first tracer tests of dye and glucose, no coating was used. After, the 

plumbing was be coated to test the necessity of further preventing adsorption on the 

walls.  For the second tracer tests, the system was coated with polyethylene glycol 

(PEG) to minimize protein adhesion. Tracer dye and glucose studies were conducted 

after coating and ultrapure water purging to validate that there was no accumulation 

of mass throughout the system. These tests were to determine whether coating the 

plumbing was necessary and, if so, sufficient to minimize protein or glucose 

adhesion. Achieving these objectives will lead to the ultimate goal of a fully 

automated tissue engineering test bed.  
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The final aspect of this thesis is the automation of the VICI 10-way valves. 

Though the automation is not related directly to the hypothesis for this thesis, it is 

directly related to this thesis work. Additionally, automation of the 10-way valves 

are equally as important for the overall success of the tissue engineering test bed. It 

is vital that the 10-way valves interface with data acquisition and control software 

such as National Instruments Measurement and Automation Explorer (MAX) and 

ultimately LabView. In this thesis, diagnostic testing was conducted to establish 

connectivity between the VICI 10-way valves.  
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Chapter 3 

Methods & Materials 
 

3.1 Methodology 

The primary objectives of this thesis work are the design of all the plumbing 

of the tissue engineering test bed and the testing of the plumbing’s efficacy for 

suitable tissue engineering applications.  Objective 1 for this thesis, the schematic 

design the plumbing and instrumentation of the tissue engineering test bed, includes: 

all the P&IDs for the system (Appendix A), stream numbering (Section 3.3), and the 

mass balances (Section B.1 in Appendix B) for the streams. These form the 

foundation for coding the test bed’s data acquisition and control system. Section 3.2 

discusses in detail the schematic design for all the plumbing in the tissue engineering 

test bed. Some of the figures shown in Section 3.2 are also shown in the Appendix 

A to compile all the P&IDs together.  Objective 2, determining the feasibility of 

Tygon and silicone tubing for this tissue engineering test bed by demonstrating that 

no mass grows or accumulates in the system, was accomplished by determining that 

the net adsorption on the Tygon and silicone tubing walls was likely zero. Section 

3.4 describes the testing procedures undertaken to quantify this term and how the 

flow of mass through the plumbing is mapped. Objective 3, determining whether 

coating the tubing is necessary and, if so, sufficient, was also accomplished with 

testing as described in Section 3.4. Section 3.5 details the materials used in building 

the bioreactor apparatus and conducting the tracer studies. Section 3.6 overviews the 

materials and procedures required to automate the VICI 10-way valves.  
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3.2 Design 

This section describes the piping and instrumentation design for the tissue 

engineering test bed. This is a crucial part of the foundation for coding the test bed’s 

data acquisition and control system in LabView. All control instruments in this tissue 

engineering test bed will transmit signals to LabView programming via computer 

connection for control decisions. Likewise, for all the valves, a transmitter will send 

signals to the LabView code. In both instances, LabView will make control 

decisions. Those same instruments and valves will be energized though LabView 

programming using relays to solenoids to control instrument and valve operations.  

The test bed design begins with the oxygen add-in system (Figure A.1.1 in 

Section 1 of Appendix A) which allows for the saturation of feedstocks with oxygen. 

The valves of the oxygen add-in are numbered 1-8. There are several sequences that 

take place in the oxygen add-in system. Initially, all valves are closed. For the first 

sequence, The Re-Bubbler Tank (RBT-01) is filled. LabView relays “on” signals to 

the solenoids of valves 1 and 2 the open the valves. Feedstock is pumped into the 

oxygen add-in via peristaltic pump (PP1-01) from stream 501 through stream 507. 

Sequence 1 is pictured in Figure 3.2.1.  
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Figure 3.2:1: Sequence 1 of oxygen add-in system P&ID 

 

Once RBT-01 is sufficiently filled, the feedstock is oxygenated in the second 

sequence. Feedstock is pumped out of the RBT-01 and through a recirculation loop 

that circulates the fluid through RBT-01 via peristaltic pump PP1-01, alternating 

between counterclockwise flow from scream 508-509 then stream 504-507, and 

clockwise flow from stream 507-504 and then from 509-508. LabView relays “on” 

signals to the solenoids of valves 2 and 3 to open the valves and an “off” signal the 

solenoids of valves 1 and 4 to close the valves. Oxygen is added in to the RBT-01 to 

oxygenate the recirculating feedstock, while gas is simultaneously released. Oxygen 
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feed flows through streams 512-514 and gas is released through streams 515-517. 

While the feedstock is recirculated, LabView relays “on” signals to the solenoids of 

valves 5 and 6 to open the valves to add oxygen. LabView also relays “on” signals 

to the solenoids of valves 7 and 8 to open the valves to release gas. Oxygenating the 

feedstock in this manner is a method common for zeta potential analyzers. Sequence 

2 is pictured in Figure 3.2.2.  

 

 

Figure 3.2:2: Sequence 2 of oxygen add-in system P&ID 
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Once the feedstock is saturated, Sequence 3 initiates, sending the oxygenated 

feedstock to the syringe pumps and feedstock reservoirs. LabView relays “off” 

signals to the solenoids of valves 5 and 6 to close the valves of the oxygen feed 

stream, and LabView relays “off” signals to the solenoids of valves 7 and 8 to close 

the valves of the gas release stream. Then LabView relays an “off” signal to the 

solenoid of valve 2 to close valve 2 and an “on” signal to the solenoid of valve 4 to 

open valve 4. and allow PP1-01 to pump the contents of streams 509, 504, 505-507, 

and the RBT-01 to the syringe pumps through streams 508-509, 504-505, and 510-

511. Sequence 3 is pictured in Figure 3.2.3.  

 

 

Figure 3.2:3: Sequence 3 of oxygen add-in system P&ID 
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From the oxygen add-in system, liquid feedstock flows to the syringe pumps and 

feedstock reservoirs. The feedstocks are connected to common VICI ten-way valves 

shown in Figure 1.3.1 in Section 3.1. Figure 3.2.4. shows the flowsheet of the various 

feedstocks flowing through these ten-way valves.  

The feeds will include: ultrapure water for purges, phosphate buffered saline 

(PBS) for normal operation, a place holder for sterilization and concentration 

calibrations, glucose for feeding, ethyl lactate as a water-rinsible degreaser and 

typical of a cellular waste product, dyes for imaging, fluorescein isothiocyanate 

(FITC) for staining, Alamar Blue to measure cell proliferation and cytotoxicity, 

Phalloidin for conjugated staining of actin proteins with FITC, Alizarin Red S for 

histological characterization of calcium, growth and differentiation factors for cell 

culture, and six placeholders for future research work at Florida Tech that might 

include drugs for toxicological testing.  
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Figure 3.2:4: Flowsheet of feedstocks via syringe pump reservoirs 
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The P&ID for the same section is shown in Figure 3.2.5. For all the syringe 

pumps and VICI 10-way valves pictured, a transmitter will send signals to the 

LabView code for control decisions. LabView relays to a solenoid on each 

instrument to perform an operation. Not pictured are the solenoids of all the syringe 

pumps and VICI 10-way valves.  

To initiate the pumping of feedstock to the VICI 10-way valve V-100, 

LabView relays an “on” signal to the solenoid of syringe pump 1 (S-101). LabView 

also sends a signal to the solenoid of the V-100 to toggle the position of the VICI 10-

way valve to align the common output stream 008 with a subject feedstock. The 

subject feedstocks of the feedstock reservoirs connected to S-101 are pumped to the 

array of bioreactors by S-101 through streams 008,015,022, and common distribution 

stream 123.  

Likewise, to initiate the pumping of feedstock to the VICI 10-way valve V-

101, LabView relays an “on” signal to the solenoid of syringe pump 2 (S-102). 

LabView also sends a signal to the solenoid of the V-101 to toggle the position of 

the VICI 10-way valve to align the common output stream 015 with a subject 

feedstock. The subject feedstocks of the feedstock reservoirs connected to S-102 are 

pumped to the array of bioreactors by S-102 through streams 015,022, and common 

distribution stream 123. 

Finally, to initiate the pumping of feedstock to the VICI 10-way valve V-102, 

LabView relays an “on” signal to the solenoid of syringe pump 1 (S-103). LabView 

also sends a signal to the solenoid of the V-102 to toggle the position of the VICI 10-

way valve to align the common output stream 022 with a subject feedstock. The 

subject feedstocks of the feedstock reservoirs connected to S-103 are pumped to the 

array of bioreactors by S-103 through streams 022 and common distribution stream 

123. 
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Figure 3.2:5: Feedstocks and syringe pumps P&ID  
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The feeds will be distributed to the bioreactors via multiple VICI 10-way 

valves. Figure A.1.2 in Appendix A shows the distribution from the common output 

of feedstocks, stream 123, to the first six bioreactors as well as stream 124, which 

daisy chains to the next distribution valve. The inputs ultimately reach a control 

volume around each bioreactor. Though the scope of this thesis work does not 

directly integrate with the bioreactors, it is imperative to the overall design, 

construction, and implementation to know the design, functionality, and material 

make up of them. 

The P&ID for an individual bioreactor and its recirculation system is shown 

in Figures 3.2.4 – 3.2.7 and in Figure A.2.1 in Section A.2 of Appendix A. For all 

valves pictured, a transmitter will send signals to the LabView code for control 

decisions. LabView relays to a solenoid on each valve to perform an operation. Not 

pictured are the solenoids of all the valves.  

There are several sequences of the bioreactor operation. At first, all valves 

are closed. The first sequence is filling the bioreactor (R-01). LabView relays an “on” 

signal to the solenoid of valve 1 to open the valve. Fresh feed is pumped into R-01 

by the syringe pumps via streams 01-01,02-01, 04-01, and 06-01. When R-01 has 

reached a sufficient level, the level sensor in R-01 transmits a signal to LabView 

where LabView makes the control decision to close valve 1. LabView relays an “off” 

signal to the solenoid of valve 1 to close the valve and stop filling R-01. Sequence 1 

is pictured in Figure 3.2.6.  
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Figure 3.2:6: Sequence 1 of a bioreactor and its recirculation system P&ID 
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Now that R-01 is at a sufficient level, Sequence 2, recirculation of R-01 can 

begin. LabView relays an “off” signal to the solenoid of valve 1 to close valve 1 and 

“on” signals to the solenoids of valves 2, 3, 4, and 7 to open those valves. A 

diaphragm pump (P-01) recirculates the reactor contents through to the primary 

filtration system of the recirculation loop to mimic aspects of blood circulation. The 

path of flow through recirculation loop is through streams 07-01 – 11-01, 13-01 – 

17-01, and 06-01 back into the R-01. When the liquid becomes sufficiently turbid 

because of too much accumulation of entrained solids, such solids will be filtered 

through a fine micron capsule filter (CPF-01) into a solid waste tank that will need 

to periodically emptied as described in the M.S. thesis work of Jonah Melegrito 

(2019). 

When the capsule filter is too contaminated, a large pressure drop is measured 

across it by the two pressure transducers (PPT-01 and PPT-02). This means the 

capsule filter (CPF-01) is compromised. If this happens, the pressure transducers will 

transmit a signal to LabView where LabView makes the control decision to close 

valves 3 and 4 and open valves 5 and 6. LabView relays “off” signals to the solenoids 

of valves 3 and 4 to close valves 3 and 4 and “on” signals the solenoids of valves 5 

and 6 to open valves 5 and 6, switching the flow out of the bioreactor to a parallel 

capsule filter (CPF-01b) for the same filtering purposes within the recirculation loop. 

The rest of the flow through the recirculation loop will remain unaltered. Sequence 

2 is pictured in Figure 3.2.7 
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Figure 3.2:7: Sequence 2 of a bioreactor and its recirculation system P&ID 
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The control action within each bioreactor the pertain to the following sensors 

within each bioreactor: oxygen reduction potential, pH to test acidity, dissolved 

oxygen (DO) to ensure adequate oxygenation, a level sensor to control reactor liquid 

volume, load cells to measure the mass of cells and the reactor contents, electrical 

conductivity (EC) for salt concentration control, and glucose concentration to sustain 

cells. As an example, when any of sensors besides temperature in R-01 transmits a 

signal to LabView, LabView makes the control decision to pump the required 

feedstock to satisfy the particular need of R-01. LabView relays an “on” signal to the 

solenoid of valve 1 and an “on” signal to the solenoid of the appropriate syringe 

pump to open the valve and begin filling R-01 with the appropriate feedstock.  

Sequence 3 is sending liquid from the bioreactor to the secondary filtration 

system. When the liquid level within the R-01 is too high or if both capsule filters 

are compromised, a control action sends waste to the purifier ("kidney"- K-01) 

common to all bioreactors through stream 19-01. LabView relays “off” signals to the 

solenoids of valves 3 or 5, depending on which filter path is in use, to close the 

respective valve and the solenoids of valve 8 to open the valve to allow fluid to flow 

through the effluent of R-01 to a common waste collection system. Sequence 3 is 

pictured in Figure 3.2.8.  
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Figure 3.2:8: Sequence 3 of a bioreactor and its recirculation system P&ID 
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Sequence 4 of bioreactor and its recirculation system P&ID operation is 

recycling fluid into the feed. At first, all valves are closed. LabView relays an “on” 

signal to the solenoid of valve 9 to open the valve. Recycled feed is pumped from 

the purification system to R-01 through stream 19-01. Sequence 4 is pictured in 

Figure 3.2.9. The test bed design instruments 36 total bioreactors as shown in Figure 

A.4.1 in Section A.4 of Appendix A. 
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Figure 3.2:9: Sequence 4 of a bioreactor and its recirculation system P&ID 
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From the array of bioreactors, there is a VICI ten-way valve that sends the 

bioreactor outputs (Figure A.3.2 in Appendix A.3) to a common secondary 

concentration analyzer and a liquid purifier (K-01), similar to a kidney. The 

secondary concentration analyzer (A-01) will give readings for the exit concentration 

from each bioreactor to confirm the concentration analysis from each bioreactor’s 

concentration analyzer before sending the purified liquid back to the bioreactors. 

Independent secondary concentration analysis is likely to be a high performance 

liquid chromatographic (HPLC) separation to be done by future students in Dr. 

Brenner’s research group. Figure 3.2.5 shows the flowsheet of this section of the test 

bed, and Figure 3.2.10 shows the piping & instrumentation diagram of the same 

section.  

 

 

Figure 3.2:10: Flowsheet of common waste collection stream flowing through 

common filtration system 
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Figure 3.2:11: P&ID of purification system.  

 

Figure 3.2.11 (also shown in figure A.3.3 in Section A.3 of Appendix A) 

above shows stream 234 flowing into concentration analyzer A-01 and outputting to 

the purifier (kidney) K-01 through stream 335. Waste from the kidney exits via 

stream 336 while recycled fluid flows back to A-01 through stream 337 for 

reanalysis. Either fluid will be sent back to K-01 via stream 335 or, if acceptable, it 

will flow out of A-01 via stream 438 for redistribution.  

 

3.3 Stream Numbering  

Oxygen to Feed Tanks 

As seen in Figure A.1.1 in Appendix A.1, oxygen will be sent to all 

feedstocks via a common manifold. Input feedstocks will flow into a recirculation 

system via an inlet before flowmeter FM-01 (stream 501), an inlet after a flowmeter 

but before the 1st valve (stream 502), via an inlet after the 1st valve but before the 1st 

mixpoint (stream 503), and via an inlet into peristaltic pump PP1-01 (stream 504). 

From there the inlet flows into a loop around a Re-Bubbler Tank, RBT-01. Stream 

505 outputs from PP1-01, stream 506 is above the 2nd mixpoint flowing toward RBT-
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01 and before a 2nd valve, stream 507 flows into RBT-01, stream 508 flows out of 

RBT-01 and before a 3rd valve, stream 509 is after the 3rd valve before the 1st 

mixpoint, and stream 504 recycles back into PP1-01 to close the recirculation loop 

around RBT-01. When the inlet feedstock fluid is in RBT-01, it is oxygenated 

through air in stream 512 with an inlet of air before the 4th valve, with air after the 

4th valve and before the 5th valve (stream 513), and after the 5th valve before entering 

the Re-Bubbler Tank RBT-01 via stream 514. Gas is released through the 

recirculating system via stream 515 (exiting RBT-01 and before the 6th valve) stream 

516 (after the 6th valve and before 7th valve), and stream 517 (after 7th valve and 

exiting into the atmosphere).  

The input fluid recirculates in and out of the Re-Bubbler Tank RBT-01 using 

peristaltic pump PP1-01. This pump circulates flow both clockwise and 

counterclockwise to eliminate bubbles through the gas release stream using a method 

common for zeta potential analyzers and as discussed in Section 3.2. Once the input 

feedstock is properly oxygenated, the feedstocks will flow out to storage in reservoirs 

connected to the syringe pumps exiting PP1-01 (stream 505), after the 2nd mixpoint 

and before the 8th valve (stream 510), and after the 8th valve and before exiting to the 

syringe pump reservoirs (stream 511).  

 

Feedstocks 

As seen in Figure A.1.2, in Appendix A.1, on each ten-way valve, one can 

only control seven inputs or outputs because of electrical connection 

limitations.  Moreover, to have so many bioreactors in parallel, one input or output 

has been reserved for "daisy chaining" to the next 10-way valve.  The flow will be 

as follows. 

An array of seven feedstocks is sent to a common output (stream 8) on ten-

way valve V-100 via streams 001-007.  These feedstocks contain ultrapure water, 

phosphate buffered saline, sterilization fluid, glucose, ethyl lactate, blue food 
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coloring and red food coloring, respectively.  Common output stream 008 on valve 

#1 goes to position 7 on 10-way valve V-101.  An array of six feedstocks on 10-way 

valve V-101 via streams 009-014 contain fluorescein isothiocyanate (FITC), Alamar 

blue, Phalloidin, Alizarin red S, differentiation factor, and growth factor, 

respectively, connect to a common output (stream 15).  The common output stream 

15 on valve V-101 goes to position 7 on 10-way valve V-102. An array of six 

feedstocks (streams 016-021) are currently placeholders for components to be 

determined in the future; these connect to a common output (stream 22) on 10-way 

valve V-102. This permits for a total of 19 possible feedstocks. The common output 

stream 22 on valve V-102 flows into stream 123 for distribution to the bioreactors. 

The common output in stream 123 will be split as defined in the following subsection. 

 

Streams Around Each Bioreactor 

Stream numbers for piping around the bioreactors have four digits. An 

example of this is shown in Figure A.2.1 in Appendix A.2 The first digit refers to 

where the stream is with respect to the bioreactor. The last two digits refer to the 

bioreactor 01-36 as outlined in the following example. 

 

For example, streams around Bioreactor-01: 

1. Feed before 1st valve   01-01 

2. After 1st valve + before 1st mixing pt.   02-01 

3. Above  2nd valve + below 1st mixing point   03-01 

4. After 1st mixing point =  04-01 

5. Above 2nd mixing point, below 3rd valve   05-01 

6. Bioreactor feed   06-01 

7. Bioreactor exit   07-01 

8. After bioreactor + 4th valve, before pump   08-01 

9. After pump, before flow meter 1  09-01 

10. After flow meter 1, before  turbidity meter  10-01 

11. After turbidity meter, before 3rd mixing point 11-01 

12. After 3rd mixing point, before 5th valve 12-01 

13. After turbidity meter, going up from 4th mixing point (a + b) 13-01 

14. After 1st vertical valve +  before capsule filter 1 (a + b)   14-01 
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15. Waste stream from capsule filter (a + b) 15-01 

16. After capsule filter 1 filter (a + b) 16-01 

17. After 6th valve and before 2nd flow meter (a + b) 17-01 

18. After 2nd flow meter and before 2nd mixing point  18-01 

19. Exit to concentration analyzer   19-01 

20. Return from purifier  20-01 

 

Feeds to Bioreactors 

As seen in Figure A.3.1 in Appendix A.3, common output stream 123 from 

10-way valve V-103 connects to bioreactors 1-6 via positions 1-6 and streams 01-01 

- 06-01 on 10-way valve #4.  Position 7 (stream 124) will be daisy-chained to 10-

way valve V-104 input so that it can be sent to bioreactors 7-12 on positions 1-6 via 

streams 07-01 - 12-01.  Position 7 on 10-way valve V-104 (stream 125) is further 

daisy-chained to 10-way valve V-105 input so that it can be sent to bioreactors 13-

18 via positions 1-6 on 10-way valve V-105 and via streams 03-01 - 18-01.  Position 

7 on 10-way valve V-105 (stream 126) is further daisy-chained to 10-way valve V-

106 input to bioreactors 19-24 on positions 1-6 via streams 19-01 – 24-01.  Position 

7 (stream 127) will be further daisy-chained to 10-way valve V-107 input and 

connects to bioreactors 25-30 via positions 1-6 on 10-way valve V-107 via streams 

25-01 – 30-01.  Position 7 (stream 128) will be further daisy-chained as input to 10-

way valve V-108 to connect to bioreactors 31-36 via positions 1-6 and via streams 

31-01 – 36-01.  Position 7 on 10-way valve #9 will not be used. Positions 8 through 

10 on each 10-way valve will not be used because the National Instruments hardware 

discussed in Section 3.6 can only send 8 “on” / “off” signals (0 = all off; 1-7 = on for 

reactors 1-7, respectively, = on).  

 

Waste from Bioreactors 

 

As seen in Figure A.3.2 in Appendix A.3, outputs from bioreactors 31-36 will 

go to positions 1-6 on 10-way valve V-109 as inputs via streams 19-31 - 19-36.  The 
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common output from 10-way valve V-109 will go to position #7 on 10-way valve 

#11 via stream 229. 

 

Outputs from bioreactors 25-30 will go to positions 1-6 on 10-way valve V-

110 as inputs via streams 19-25 – 19-30.  The common output from 10-way valve V-

110 will go to position #7 on 10-way valve #12 via stream 230. 

 

Outputs from bioreactors 19-24 will go to positions 1-6 on 10-way valve V-

111 as inputs via streams 19-19 – 19-24.  The common output from 10-way valve V-

111 will go to position #7 on 10-way valve #13 via stream 231. 

 

Outputs from bioreactors 13-18 will go to positions 1-6 on 10-way valve V-

112 as inputs via streams 19-13 – 19-18.  The common output from 10-way valve V-

112 will go to position #7 on 10-way valve #14 via stream 232. 

 

Outputs from bioreactors 7-13 will go to positions 1-6 on 10-way valve V-

113 as inputs via streams 19-07 – 19-12. The common output from 10-way valve V-

113 will go to position #7 on 10-way valve #14 via stream 233. 

 

Outputs from bioreactors 1-6 will go to positions 1-6 on 10-way valve V-114 

as inputs via streams 19-01 – 19-06.  The common output from 10-way valve V-114 

will go to the secondary concentration analyzer and then waste via stream 234. 

 

Kidney Purification 

As seen in Figure A.3.3 in Appendix A.3, the daisy-chained output from 10-

way valve #15 in stream 234 enters the concentration analyzer and outputs to stream 

335, which enters the purifier kidney. Stream 336 exits the kidney to waste, whereas 

stream 337 exits the kidney and re-enters the concentration analyzer. 
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Return Distribution 

As seen in Figure A.3.4, stream 438 exits the concentration analyzer and 

enters the recycle distribution back to all 36 bioreactors.  Common output stream 438 

goes through 10-way valve V-115 and connects to bioreactors 1-6 on valve positions 

1-6 via streams 20-01 - 20-06.  Position 7 (stream 439) is daisy-chained to 10-way 

valve V-116 so that it can be sent to bioreactors 7-12 on positions 1-6 via streams 

20-07 - 20-12.  Position 7 (stream 440) is daisy-chained to 10-way valve V-117 so 

that it can be sent to bioreactors 13-18 on positions 1-6 via streams 20-13 - 20-

18.  Position 7 (stream 441) is daisy-chained to 10-way valve V-118 to bioreactors 

19-24 on positions 1-6 via streams 20-19 – 20-24.  Position 7 (stream 442) is further 

daisy-chained to 10-way valve V-119 to bioreactors 25-30 on positions 1-6 via 

streams 20-25 – 20-30.  Position 7 (stream 443) is daisy-chained to 10-way valve V-

120 to bioreactors 31-36 on positions 1-6 via streams 20-31 – 20-36.  Position 7 on 

valve V-120 will not be used. 

 

3.4 Testing  

Residence time distribution (RTD) testing around one bioreactor in this thesis 

was done as a prototype for the entire array of 36 bioreactors. For phase 1 of the 

tissue engineering test bed testing and validation, omitting the instrumentation of the 

bioreactor entirely, effectively makes the bioreactor and its accompanying external 

flow loop a “black box”. Additionally, omitting the feedstocks and recycle systems 

isolates the plumbing. This leaves a system referred to in this thesis as a bioreactor 

tracer testing apparatus that will be discussed in detail in Section 3.5.  

 Since a primary objective is to demonstrate that no mass adsorbs onto the walls 

or accumulates in the system, tracer studies with dyes and glucose were conducted 

to prove conservation of mass and no, or at least negligible, adsorption onto the walls 
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of the plumbing. Testing the plumbing with and without a hydrophilic coating to 

minimize cell growth determined whether coating the plumbing was necessary, and 

if so, sufficient. In this manner, conducting all testing in Phase I around the inlet, 

effluent, and bioreactor “black box”, i.e. the bioreactor tracer testing apparatus 

functions as a non-ideal reactor.   

To demonstrate that no mass adsorbs into the walls or even accumulates in the 

system, tracer study testing was conducted. Stage 1 tests conducted were on naked 

Tygon and silicone plumbing and then Stage 2 tests were coated plumbing.  

These coated tracer studies had polyethylene glycol (PEG) coated to the plumbing 

so that tubing and process vessels resist protein and glucose adhesion and any kind 

of accumulation or adsorption the walls. Afterwards, ultrapure water was purged 

through the system to ensure the ion concentration was as close to zero as possible 

to avoid any interactions that could lead to accumulation. Once the coated plumbing 

was ready for testing, tracer studies were again conducted. 

 The reactor data of each tracer study produced a concertation curve 𝐶(𝑡) from 

measurements in the effluent stream. This data was manipulated to produce several 

important values, including the mass of tracer in the effluent stream. The value 𝑚, 

mass of dye in the effluent, was compared to the initial mass injected, 𝑚0. This test 

determines the Tygon and silicone tubing efficacy for tissue engineering test bed 

applications. The 𝐶(𝑡) also determines the residence time distribution 𝐸(𝑡). This 

function maps quantitatively how much time different fluid elements spend in the 

reactor (Fogler 2016).  Thereafter, 𝐸(𝑡) was manipulated to produce values for the 

mean residence time 𝑡𝑚, variance, 𝜎2, cumulative distribution function, 𝐹(𝑡), and 

dispersion. These reactor properties model the flow through the bioreactor testing 

apparatus.  
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The concentration of a pulse of known mass 𝑚0 was calculated prior to 

injection. This was done using a known concentration of tracer 𝐶0, which was either 

dye or glucose, and known volume 𝑉0 (Equation 3 below).  

 𝑚0 =  𝐶0 ∗  𝑉0 (3) 

 

Likewise, the concentration was measured at the outlet of the system. Figure 

3.4.1 below shows a schematic of the tracer study through a reactor. The pulses were 

dyes first, then glucose. 

 

 

Figure 3.4.1: Pulse injection tracer study schematic (Fogler 2016) 

 

The outlet measurements were taken incrementally, utilizing a concentration 

analyzer. The data produced a 𝐶(𝑡) curve. Further, verifying that no mass 

accumulated within the plumbing, Equation 4 shows the relationship to calculate 

mass from the effluent concentration. 

 𝑑𝑚 = 𝑄 ∗ 𝐶(𝑡)𝑑𝑡 (4) 

 

𝑑𝑚 is the mass exiting the system in time increment 𝑑𝑡, 𝑄 is volumetric flow 

rate, and 𝐶(𝑡) is the function produced by the tracer study data. Equation 5 represents 

the integrated mass 𝑚 of the tracer: 
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 𝑚 =  𝑄 ∗ ∫ 𝐶(𝑡)𝑑𝑡
∞

0

 (5) 

 

The ratio of masses under the concentration vs. time and the area of the pulses 

at constant flowrate can be seen in Equation 6.  

 

𝑀𝑎𝑠𝑠 𝑜𝑓 𝐼𝑛𝑗𝑒𝑐𝑡𝑖𝑜𝑛 𝑃𝑢𝑙𝑠𝑒

𝑀𝑎𝑠𝑠 𝑜𝑓 𝐸𝑓𝑓𝑙𝑢𝑒𝑛𝑡 𝑃𝑢𝑙𝑠𝑒 
=

𝐴𝑟𝑒𝑎 𝑈𝑛𝑑𝑒𝑟 𝐼𝑛𝑗𝑒𝑐𝑡𝑖𝑜𝑛 𝑃𝑢𝑙𝑠𝑒 𝐶𝑢𝑟𝑣𝑒

𝐴𝑟𝑒𝑎 𝑈𝑛𝑑𝑒𝑟 𝐸𝑓𝑓𝑙𝑢𝑒𝑛𝑡 𝑃𝑢𝑙𝑠𝑒 𝐶𝑢𝑟𝑣𝑒
 (6) 

 

The injection pulse mass, 𝑚0, was calculated using Equation 1; therefore, it 

is known, and no inlet concentration function integration is necessary. Figure 3.4.2 

shows the relationship between the injection and effluent concentration curves 

visually. Ideally, the mass of the exit pulse should equal the mass of the injection 

pulse. If it does, it proved that no mass accumulated in the system.  

 

 

Figure 3.4.2: Theoretical expectation of tracer study result for a non-ideal reactor 

(Fogler 2016) 

 

It is expected that the mass in the effluent should be the same mass as the 

input pulse. Ultimately, the testing aims to prove Equation 7.  
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 𝑚0 = 𝑚 (7) 

 

In this experimentation, the initial mass, volume, and concentration are all 

known. The primary methodology for proving mass is conserved will be through 

reactor properties derived from 𝐶(𝑡) curve calculations. These calculations will yield 

the residence time distribution function, 𝐸(𝑡), the first moment of 𝐸(𝑡) known as 

mean residence time, 𝑡𝑚, the second moment of 𝐸(𝑡) known as variance, 𝜎2, the 

cumulative distribution curve, 𝐹(𝑡) and the dispersion . These quantitative elements 

comprise the behavior of the reactor system and will be useful tools in proving the 

efficacy of Tygon and silicone plumbing for the tissue engineering test bed. 

The residence time distribution function, 𝐸(𝑡), is defined in Equation 8 

below. 

 𝐸(𝑡) =
𝐶(𝑡)

∫ 𝐶(𝑡)𝑑𝑡
∞

0

 (8) 

 

Integrating 𝐶(𝑡)𝑑𝑡 from 0 to ∞ yields the entire area under the 𝐶(𝑡) curve. 

Mathematically, this value is constant. Therefore, 𝐸(𝑡) could be rewritten in 

Equation 9, below, with 𝐴𝑟𝑒𝑎 representing the area under the entire curve. 

 𝐸(𝑡) =
𝐶(𝑡)

𝐴𝑟𝑒𝑎
 (9) 

 

 ∫ 𝐸(𝑡)𝑑𝑡 =  
∫ 𝐶(𝑡)𝑑𝑡

∞

0

∫ 𝐶(𝑡)𝑑𝑡
∞

0

= 1 
∞

0

 (10) 

 

By taking the integral of the 𝐸(𝑡) curve on the bounds t1 to t2 , the function 

can be interpreted as the fraction of material leaving the reactor that has resided in 
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the reactor during the bounded time (Fogler 2016). For example, integrating from 

time 0 to 3 min in the 𝐸(𝑡) function can be seen visually in Figure 3.4.3 below. The 

shaded region represents the fraction of material that spends 3 minutes or less in the 

reactor.  

 

 

Figure 3.4.3: 𝐸(𝑡) vs t integration schematic showing bounds from 0 to 3 minutes 

(Fogler 2016) 

 

Additionally, taking the integral of 𝐸(𝑡)𝑑𝑡 on the bounds of 0 to ∞ yields a 

result of 1.  This makes sense intuitively because, by definition, at ∞, all the subject 

material leaving the reactor will have resided in the reactor from 0 to ∞. 

From the residence time distribution, the mean residence, 𝑡𝑚, time can be 

calculated as shown in Equation 11. This is the first moment of the residence time 

distribution. 

 𝑡𝑚 = ∫ 𝑡 ∗ 𝐸(𝑡)𝑑𝑡 =  
∫ 𝑡 ∗ 𝐸(𝑡)𝑑𝑡

∞

0

∫ 𝐸(𝑡)𝑑𝑡
∞

0

= ∫ 𝑡 ∗ 𝐸(𝑡)𝑑𝑡
∞

0

 
∞

0

 (10) 

 

Since the mean residence time is known and constant, the second moment of 

the residence time distribution, the variance, 𝜎2, can be calculated in Equation 12. 
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 𝜎2 = ∫ (𝑡 − 𝑡𝑚)2 ∗ 𝐸(𝑡)𝑑𝑡
∞

0

 (11) 

The next component to calculate for reactor analysis is the cumulative 

distribution function, 𝐹(𝑡), defined in Equation 13 below. This distribution maps the 

function of the fraction of effluent that has been in the reactor for a time less than 𝑡. 

 ∫ 𝐸(𝑡)𝑑𝑡
𝑡

0

= 𝐹(𝑡) (12) 

 

Figure 3.4.4 shows the cumulative distribution function curve, 𝐹(𝑡). At 

completion, the fraction of material in the reaction will be 1 (Equation 10) and the 

𝐹(𝑡) function approaches this bound.  

 

 

Figure 3.4.4: Cumulative time distribution schematic (Fogler 2016) 

 

The last component to the reactor analysis is dispersion, which is a parameter 

used to model reactor flow pattern. Figure 3.4.5 shows how dispersion affects the 

concentration exiting the reactor. A nearly ideal plug flow reactor (PFR) has a 

dispersion that approaches 0. The molecules travel through the system much faster 
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than they diffuse backwards or forwards to lower a concentrated fluid. Conversely, 

a nearly ideal continuous stirred tank reactor (CSTR) has a dispersion that 

approaches ∞; the molecules diffuse much faster rate than they travel through the 

system. Dispersion is calculated using the relationship in Equation 14.  

 

 

Figure 3.4.5: Effects of dispersion on effluent tracer concentration (Fogler 2016) 

 

 
1

𝑃𝑒
=  

𝑅𝑎𝑡𝑒 𝑜𝑓 𝑡𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡 𝑏𝑦 𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛

𝑅𝑎𝑡𝑒 𝑜𝑓 𝑡𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡 𝑏𝑦 𝑎𝑑𝑣𝑒𝑐𝑡𝑖𝑜𝑛
=

𝐷

𝑈∗𝑙
= 𝐷𝑖𝑠𝑝𝑒𝑟𝑠𝑖𝑜𝑛   (13) 

 

𝑃𝑒 is the dimensionless Peclet number. 𝑙 is the characteristic length term, 

which is the reactor length. 𝑈is the local flow velocity. 𝐷 is the dispersion coefficient. 

Figure 3.4.5 (Fogler 2016).   

For residence time distribution data in a closed-closed system, the Peclet 

number can be calculated and therefore the dispersion can be calculated (Fogler 
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2016). A closed-closed system is defined as having boundary conditions of no 

dispersion to the left on the entrance or right of the exit of the reactor. Boundary 

conditions are shown in Equation 15.  

 

 

𝑧 =  0− no dispersion  

𝑧 =  0+ 𝑎𝑛𝑑 𝑧 =  𝑙− dispersion  

 𝑧 =  𝑙+ no dispersion 

(14) 

  

If these boundary conditions are met, the Peclet number for the reactor can 

be found experimentally by determining mean residence time 𝑡𝑚 and variance 𝜎2 

from the RTD data and then solving Equation 16 below.   

 
𝜎2

𝑡𝑚
2 =  

2

𝑃𝑒
 −  

2

𝑃𝑒2
∗ (1 − 𝑒−𝑃𝑒)) (15) 

 

Since the concentration analyzer is under development by other students, it 

was not part of the Phase I testing in the tissue engineering test bed development. To 

obtain the concentration measurements in the tracer dye study, absorbance readings 

were recorded using a UV/VIS spectrometer. Utilizing Beer’s Law, Equation 17, a 

conversion from absorbance at a certain wavelength to a concentration was computed 

for each data point (Tro 2014). 𝐴 is the amount of light absorbed by the sample for a 

given wavelength, 𝜀 is the molar absorptivity, 𝐿 is the distance that the light reveals 

through the solution, and 𝐶 is the concentration of the absorbing species per unit 

volume. 

 𝐴 =  𝜀 ∗ 𝐶 ∗ 𝐿 (17) 

 

𝐶 can also be equated as Equation 18.   
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 𝐶 =
𝐴

𝜀 ∗ 𝐿
  (18) 

 

First, a wavelength was selected based on the color of the dye. Since the dye 

is yellow/green, light is readily absorbed in the UV region, and a wavelength of 380.7 

was used. Then a calibration curve was plotted using known concentrations of the 

tracer dye and the corresponding absorbance measurements. Since 𝜀 is initially 

unknown, rearranging Beer’s Law gives Equation 19 

 

 𝜀 = 𝐴/(𝐶 ∗ 𝐿) (19) 

 

This allows for the calculation of molar absorptivity, 𝜀. The slope of the linear 

trendline developed from this absorbance vs. concentration data, 𝛼 (Equation 20). 

divided by the path length L represents the molar absorptivity, 𝜀 in 
𝐿

𝑚𝑜𝑙∗𝑐𝑚
 (Equation 

21).  

 
𝐴

𝐶
=  𝛼 (20) 

 𝜀 =  
𝛼

𝐿
  

 

 𝜀 =  
𝛼

𝐿
 (21) 

 

Now that 𝜀 is calculated, the data collected for absorbance and be converted 

to concentration. It is important to note that the concentrations used for the 

calibration curve needed to correspond to absorbance values less than 0.8 to avoid 

deviation from Beer’s Law (Tro 2014).  From there, the conservation of mass, the 



63 

 

residence time distribution, the mean residence time, variance in mean residence 

time, the cumulative distribution function, and dispersion are all calculated.  

3.5 Materials 

The work regarding this thesis precedes the full building and implementation of 

the tissue engineering test bed. The experimentation and reactor analysis is a 

sequential element for the completion of the overall project. Therefore, validating 

the efficacy of the test bed through the plumbing and instrumentation is the core of 

this thesis work. Moreover, some of the materials used in the final iteration of the 

testbed will not be used in this thesis work. For instance, as mentioned, the fully 

instrumented bioreactors do not pertain to the thesis work directly. However, the 

plumbing around the bioreactor and the empty bioreactor vessel pertain to this thesis 

directly. Therefore, the system is modeled as a non-ideal reactor for reactor analysis. 

This section describes all the materials associated with this thesis experimentation; 

specifically, the materials used for the reactor analysis and validating plumbing for 

the tissue engineering test bed. 

The first component built for this thesis experimentation is the assembly of 

the reactor analysis apparatus. Tygon and silicone plumbing were used to verify its 

application in the tissue engineering test bed. The feedstocks and syringe pumps will 

be omitted for these studies as well. The tests were conducted through several 

sections of Tygon and silicone tubing attached to two diaphragm pumps. The 

bioreactor tracer testing apparatus is pictured in Figure 3.5.1. The components were 

assembled as follows: 38 cm of 4 mm diameter Tygon tubing (Figure F.1.15 in 

section F.1 of Appendix F) flows from to a 4 L feed tank to a 7.5 cm flow reducer. 

This first flow reducer attaches to a 5 cm section of silicone tubing (Figure F.1.16 in 

Section F.1 of Appendix F) that also attaches to the inlet of the first diaphragm pump. 

The outlet of the first diaphragm pump attaches a 5 cm section of silicone tubing that 

is further attached to a second 7.5 cm flow reducer. This second flow reducer 
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connects an 18 cm section of Tygon tubing to a flowmeter. The first flowmeter 

connects a 30 cm section of Tygon tubing into the 4 L bioreactor. Another 30 cm 

section of Tygon tubing connects the bioreactor to the third flow reducer. This third 

flow reducer attaches to a 5 cm section of silicone tubing which also attaches to the 

inlet of the second diaphragm pump. The outlet of the second diaphragm pump 

attaches a 5 cm section of silicone tubing that is further attached to a fourth 7.5 cm 

flow reducer. This fourth flow reducer connects a 18 cm section of Tygon tubing to 

a flowmeter. The second flowmeter connects a 38 cm section of Tygon tubing into 

the 4 L effluent tank. The flow meters are connected to an Arduino Uno, which also 

connects to a computer. The wiring diagram for this is shown in Figure F.1.7 in 

Section F.1 of Appendix F. An Arduino code outputs the measurements of the 

flowrate between the feed tank to the bioreactor and, likewise, the bioreactor to the 

effluent tank to monitor constant flowrate through the bioreactor.  
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Figure 3.5.1: Bioreactor tracer testing apparatus 
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The feed tank was filled and refilled with DI water before and during testing. 

The bioreactor was filled to 0.5 L with DI water. The effluent tank was filled and 

emptied throughout testing. Both diaphragm pumps were connected in parallel. 

Alligator clips attached the connection points of each pump to two stripped 12V DC 

power supply, respectively. A diode was attached between the terminals of both 

pumps to ensure the direction of current is in one direction. Figure 3.5.2 shows the 

power connections. By switching on the power, fluid flow reached steady state 

quickly. Effectively, this simulated the recirculation loop around the bioreactor, 

tested input and output flow, and created a sufficient enough basis for testing the 

plumbing. 

 

  

Figure 3.5.2: Power connection of bioreactor testing apparatus 
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Once the apparatus was set up, a calibration curve of absorbance vs 

concentration was generated to find the molar absorptivity of the tracer dye, 𝜀. This 

allowed for the conversion of the absorbance measurements into concentration 

values.  

Generating this calibration curve started by creating dilutions of the tracer 

with DI water. The tracer dye used is a concentration of 1 molar (M) green food 

coloring and DI water. The mixture is prepared by adding enough dye so the 

absorbance of diluted samples of food coloring and DI water solution, used for the 

calibration curve, were less than 0.8 absorbance and above 0.1 to most accurately 

obey the linear relationship of Beer’s Law (Tro 2014). 0 M represents pure DI water, 

while 1 M represents pure tracer dye solution. Several samples of various tracer dye 

are prepared from 0 M to 0.5 M for calibration testing.   

Each one of these absorbances was tested with a cuvette and a Vernier 

LabQuest data collector and analyzer linked with a Vernier SpectroVis Plus 

spectrophotometer (Figure 3.5.3) to create the absorbance vs. concentration plot 

described in Section 3.2 and seen in Figure D.1.1 in Section D.2 of Appendix D. 

Wiring for this system is shown is Figure F.1.14 in Section F.1 in Appendix F. This 

procedure establishes the molar absorptivity 𝜀 and ultimately generates the 

concentration values for each absorbance measurement during testing. From there, 

the 𝐶(𝑡) curve was generated, and reactor analysis was conducted. 
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Figure 3.5.3: Absorbance measuring system 

.  

Five trials were run for each type of test: uncoated dye, uncoated glucose, 

coated dye, and coated glucose. The first reactor analysis was conducted with tracer 

dye through uncoated Tygon and silicone plumbing. The known mass 𝑚0 was 

injected into the injection mix point, the top of the bioreactor, of the bioreactor testing 

apparatus as feed is flowing through at constant flowrate 𝑄. Simultaneously, data 

collection began. Data points are the concentration measurements taken at 

incremental time measurements starting at 0 seconds, and every 3 seconds until 15 

seconds then every 5 seconds from 15 seconds up to 60 seconds, then from 60 to 90 

in 10 second increments, then from 90 to 330 in 30 second increments, and two final 

measurements at 400 seconds and 480 seconds. Data collection was done by filling 

vessels with the effluent stream contents for 1 second.  
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After the run was over, absorbances at each time interval was measured. An 

absorbance of 0.000 ± 0.003 was the baseline value. Since the calibration curve 

determined α, absorbance per concentration, the molar absorptivity 𝜀 was calculated 

using Equation 15. Each data sample can be measured in absorbance and converted 

to a concentration utilizing Equation 13. From here, reactor analysis 𝐶(𝑡), 𝑁, 𝐸(𝑡), 

𝑡𝑚, 𝜎2, 𝐹(𝑡), and dispersion could all be calculated.  

The second part of stage 1 testing was the glucose tracer study. The glucose 

solution was prepared using 100% pure dextrose powder and DI water to make a 

solution of 1000 mg/dL, which is normal human blood glucose concentration 

multiplied by a factor of 10. The glucose solution was mixed thoroughly, and dye 

was added until the absorbance was approximately 1.000.  

The reason glucose was measured this way is because glucose concentration 

measuring is quite difficult without the proper instruments.  

During this thesis work, several attempts were made to measure glucose directly. The 

first attempt was measuring glucose with a ReliOn diabetic blood glucometer 

(ReliOn Prime Bllod Glucose Monitoring System 2019) The ReliOn glucometer 

yielded nonsensical results. Testing failed because this style of glucometer can only 

measure concentrations of glucose in blood. Since most blood glucose meters use the 

either oxygen electrode method or a colorimetric assay, the hypothesis of the failed 

readings was that the DI water and glucose solution does not have the density, ionic 

concentration, or color suitable for this glucometer. The next attempt was made by 

using GluCell glucometer (Chemglass Life Sciences 2019). This glucometer is 

designed to measure concentrations of Dulbecco’s Modified Eagle Medium 

(DMEM) which is the standard glucose media for cell culture. Measurements of 

glucose concentration in manufacturer prepared DMEM were off by an unacceptably 

large 10-15%. Thus, this glucometer would not be feasible for measuring dilute 

concentrations of the DMEM. Moreover, each prepared solution would require 
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buffering to maintain physiological pH. That is difficult to achieve while using 

DMEM as a tracer in a tracer study with a constantly changing solution dilution. 

Such a concentration measurement device is the focus of a Ph.D. dissertation under 

the development by Guochang Ye in Florida Tech’s Biomedical Engineering 

Program. 

Therefore, in this thesis glucose, was measured colorimetrically to determine 

concentration. After preparing the solution, the test was conducted exactly the same 

way as the tracer dye tests.   

Stage 2 testing is the same tracer studies conducted for Stage 1, but run with 

a coated bioreactor testing apparatus. This required coating of the bioreactor tracer 

testing apparatus. This was done by PEGylating the plumbing of the system with 

polyethylene glycol (PEG) 3350 (Figure 3.5.4), using the commercial form of 

MiraLax. PEG was chosen because it is a polymer with high hydrophilicity and 

electric neutrality, ideal for resisting material adsorption and protein adhesion (Xiao, 

Jiang and Zhou 2013). The hydrophilicity of the PEG coating keeps highly polar 

water attracted to the walls of the Tygon and silicone tubing and keep the less polar 

dye and glucose in solution, making it an ideal coating. 

 

 

Molecular structure of PEG 

 

A solution of 68 g/L of PEG, consistent with that of MiraLax, and DI water 

was mixed thoroughly. The bioreactor tracer testing apparatus was purged of all 
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contents with ultrapure water for 5 min and then drained and dried. 3.5 L of the PEG 

solution was then dispersed through the system with 0.5 L directly added to the 

bioreactor and the other 3 L added to the feed tank. From stage 1 results, it takes 

approximately 300 seconds to pass all the tracer molecules through the bioreactor. 

Therefore, by applying a scaling factor of 4, the PEGylating was run for 20 minutes 

(1200 seconds), recirculating the fluid from effluent tank to feed tank to ensure every 

PEG molecule had passed through the entire system multiple times. After 20 min, 

the PEG was no longer recirculated, and the bioreactor was drained. Afterwards, the 

system was purged with DI water to prepare the system for stage 2 testing.   

 

3.6 10-Way Valves 

 A crucial instrument in the overall success of this tissue engineering test bed 

is the implementation of Valco Instruments Co. Inc. (VICI) 10-way valves. 

Traditionally these valves are controlled manually, but for the tissue engineering test 

bed, the valves will have automated control. Figure 3.6.1 shows the flowsheet 

schematic for connection from the computer to the VICI 10-way valves controlling 

the distribution to bioreactors 1-36. For example automated control writes from the 

computer through a National Instruments (NI) interconnect 96-pin digital 

input/output interface (PCI-DIO-96) to a NI SC-2054 cable adapter via pins 1-50 of 

a 100 pin ribbon cable and then to bioreactors 1-6 via port C:J4 in Figure 3.6.1. The 

parts locator diagram for the SC-2054 is shown in Figure F.2.2 in Section F.2 of 

Appendix F 
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Figure 3.6.1: Wiring diagram for control of 10-way valves responsible for feed 

distribution to bioreactors 1-36 

 

This requires an interaction with National Instruments (NI) LabView, a data 

acquisition and control software. Additionally, Measurement and Automation 

Explorer (MAX), by National Instruments, can be utilized for testing connectivity of 

the 10-way valve. To connect to either software, a series of connections must be 

made. 

First, a DIO-96 port is installed into the PCI slot of a computer. Thereafter, a 

100 pin ribbon cable is connected to the DIO-96. This R1005050 cable splits into 

two 50 pin cables. Pins 51-100 of the cable were connected to a National Instruments 

SC-2054 cable adapter. This allows a 26 pin ribbon cable, built for the control of the 

VICI 10-way valve, to connect to the 10-way valve. Thus, the 10-way valve was 

connected to the computer. MAX was run to test connectivity. Figure 3.6.2 shows 

how the 10-way valve connects to MAX.  
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Figure 3.6.2: Complete wiring connection from 10-way valve to NI MAX software 
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Though connecting the controller of the 10-way valve to the computer leads 

to automated control, it comes at a cost. Due to the nature of the pin outs on the SC-

2054, only eight pins can read or write digital input or output in the form of 5 V or 0 

V for on and off. This means that that the computer can only send signals to control 

eight pins of each 26 pin connection on the SC-2054, and in theory eight positions 

on the 10-way valve. This still is serviceable for the tissue engineering test bed. 

Diagnostic testing was performed to test the connectivity between devices as will be 

discussed in Section 4.1.   
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Chapter 4 

Results & Discussion 
 

4.1 Results   

 For Objective 1, the schematic design the plumbing and instrumentation of 

the tissue engineering test bed is shown in the P&IDs of Appendix A. In fulfillment 

of the automation requirements of this tissue engineering test bed, a proper 

oxygenation of feedstocks system (Figure A.1.1), feedstock reservoir distribution to 

thirty six bioreactor inputs (Figure A.1.2), thirty-six instrumented bioreactors 

(example in Figure A.2.1), waste collection from the thirty-six bioreactors (Figure 

A.3.2), purification system (Figure A.3.3), and return system are all schematically 

designed (Figure A.3.4). The accompanying mass balance (Section B.1 in Appendix 

B) and stream numbering (Section 3.2) for all the streams in the tissue engineering 

test bed are accounted.  

 For Objective 2, determining the feasibility of Tygon and silicone tubing for 

this tissue engineering test bed, a series of tracer studies was conducted for tracer dye 

and tracer glucose to show conservation of mass and to show that the net adsorption 

of the Tygon and silicone tubing walls is zero. All the tracer study data collection 

contained measurement error in both concentration (through absorbance) and time. 

Since there are many data points collected in every trial, the total partial derivative 

calculus error was normally ± 20%. In general, the percent random error was 

substantially less than the percent error from partial derivative calculus The results 

were as follows. 

The tracer studies for dye flowing through the non-instrumented bioreactor 

and recirculation loop prior to PEG coating yielded satisfactory results. The full 

reactor analysis results are shown in Table C.1.1 in Appendix C. These tracer studies 

contained measurement error in both concentration (through absorbance) and time, 



 76   

 

3.0*10-3 mol/L and 0.5 seconds, respectively, for trials 1-2 and 2.5*10-3 mol/L and 

0.5 seconds, respectively, for trials 3-5. The total partial derivative calculus error is 

between 19% - 21%. However, the average percent random error is 8%, which is 

substantially less. The concentration curve is shown in Figure 4.1.1. There is some 

variance between the trials, but they follow the same general flow pattern; each has 

a sharp peak around 9-15 seconds with a downward cubic polynomial slope with 

completion at 300 seconds. Each trial’s 𝐶(𝑡) curve shows a small deviation from the 

trendline somewhere between 20-45 seconds. This is likely due to eddies located in 

the bioreactor or the fittings causing areas of mixing taking place. The average mean 

residence time and variance for trials 1-5 are 79 𝑠 and 3,900 𝑠2, respectively. The 

residence time distribution 𝐸(𝑡) for these trials is shown in Figure 4.1.2. The 

cumulative distribution function 𝐹(𝑡) for these trials is shown in Figure 4.1.3 in 

Section E.2 of Appendix E The dispersion ranges from 0.50 – 0.75 with an average 

of 0.61.  
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Figure 4.1.1: 𝐶(𝑡) curves for tracer dye studies, trials 1-5, conducted prior to 

coating the reactor system with PEG 
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Figure 4.1.2: 𝐸(𝑡) tracer dye studies, trials 1-5, conducted prior to coating the 

reactor system with PEG 
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Figure 4.1.3: 𝐹(𝑡) curves for tracer dye studies, trials 1-5, conducted prior to 

coating the reactor system with PEG 
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The tracer studies for tracer glucose flowing through the non-instrumented 

bioreactor and recirculation loop prior to PEG coating yielded satisfactory results. 

The full reactor analysis results are shown in Table C.1.2 in Appendix C. These tracer 

studies contained measurement error in both concentration (through absorbance) and 

time, 2.7 mg/dl and 0.5 seconds, respectively, for trials 1-5. The total partial 

derivative calculus error is between 19% - 22%. However, the average percent 

random error is 6 %, which is substantially less. The concentration curve is shown in 

Figure 4.1.2. Trials 2-5 are nearly identical while trial 1 has a higher peak and larger 

dispersion. All these trials follow the same general flow pattern; each has a sharp 

peak around 9-15 seconds with a downward cubic polynomial slope with completion 

at 300 seconds. Similar to the uncoated tracer dye study, each trial’s 𝐶(𝑡) curve 

shows a small deviation from the trendline somewhere between 20-45 seconds 

Again, this is likely due to eddies located in the bioreactor or the fittings causing 

areas of mixing taking place. The average mean residence time and variance for trials 

1-5 are 74 𝑠 and 3,600 𝑠2, respectively. The residence time distribution 𝐸(𝑡) for these 

trials is shown in Figure 4.1.5. The cumulative distribution function 𝐹(𝑡) for these 

trials is shown in Figure 4.1.6. The dispersion ranges from 0.62 – 0.96 with an 

average of 0.73.  



 81   

 

 

 

Figure 4.1.4: 𝐶(𝑡) curves for tracer glucose studies, trials 1-5, conducted prior to 

coating the reactor system with PEG 
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Figure 4.1.5: 𝐸(𝑡) curves for tracer glucose studies trials 1-5  conducted prior to 

coating the reactor system with PEG 
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Figure 4.1.6: 𝐹(𝑡) curves for tracer glucose studies, trials 1-5, conducted prior to 

coating the reactor system with PEG 
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For Objective 3, determining whether coating the tubing of the tissue 

engineering test bed is necessary and, if so, sufficient, a series of tracer studies were 

conducted for tracer dye and tracer glucose to show conservation of mass and the net 

adsorption of the Tygon and silicone tubing walls is 0. All the tracer study data 

collection contained measurement error in both concentration (through absorbance) 

and time. Since there are many data points collected in every trial, the total partial 

derivative calculus error is higher than ideal. In general, the percent random error is 

substantially less than the percent error from partial derivative calculus. The results 

are as follows: 

The tracer studies for tracer glucose flowing through the non-instrumented 

bioreactor and recirculation loop after PEG coating yielded satisfactory results. The 

full reactor analysis results are shown in Table C.2.1 in Appendix C. These tracer 

studies contained measurement error in both concentration (through absorbance) and 

time, 2.7*10-3 mol/L and 0.5 seconds, respectively, for trials 1-2 and 2.6*10-3 mol/L 

and 0.5 seconds, respectively, for trials 3-5. The total partial derivative calculus error 

is between 19% - 21%. However, the average percent random error is 6%, which is 

substantially less. The concentration curve is shown in Figure 4.1.7. There is some 

variance between the trials, but they follow the same general flow pattern; each has 

a sharp peak around 9-15 seconds with a downward cubic polynomial slope with 

completion at 300 seconds. Similar to the uncoated tracer dye study and uncoated 

tracer glucose study, each trial’s 𝐶(𝑡) curve shows a small deviation from the 

trendline somewhere between 20-45 seconds Again, this is likely due to eddies 

located in the bioreactor or the fittings causing areas of mixing taking place. The 

average mean residence time and average variance for trials 1-5 are 80 𝑠 and 3,700 

𝑠2, respectively. The residence time distribution 𝐸(𝑡) for these trials is shown in 

Figure 4.1.8 . The cumulative distribution function 𝐹(𝑡) for these trials is shown in 

Figure 4.1.9. The dispersion ranges from 0.49 – 0.68 with an average of 0.53.   
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Figure 4.1.7: 𝐶(𝑡) curves for tracer dye studies, trials 1-5, conducted after coating 

the reactor system with PEG  
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Figure 4.1.8: 𝐸(𝑡) for tracer dye studies trials, 1-5, conducted after coating the 

reactor system with PEG 
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Figure 4.1.9: 𝐹(𝑡) curves for tracer dye studies, trials 1-5, conducted after coating 

the reactor system with PEG 
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The tracer studies for tracer glucose flowing through the non-instrumented 

bioreactor and recirculation loop prior to PEG coating yielded satisfactory results. 

The full reactor analysis results are shown in Table C.2.2 in Appendix C. These tracer 

studies contained measurement error in both concentration (through absorbance) and 

time, 2.7 mg/dl and 0.5 seconds, respectively. for trials 1-5. The total partial 

derivative calculus error is between 20% - 21%. However, the average percent 

random error is 5 %, which is substantially less. The concentration curve is shown in 

Figure 4.1.10. There is variance present, but all the trials have nearly identical shape 

to their curves with different peak values. They follow the same general flow pattern; 

each has a sharp peak around 15-20 seconds with a downward cubic polynomial 

slope with completion at 300 seconds. Unlike the previous three studies, each trial’s 

𝐶(𝑡) curve shows a larger deviation, much like a plateau, from the trendline 

somewhere between 20-45 seconds. Trial 3 has this deviation very exaggerated and 

has a sharp drop from 30–50 seconds before flattening out and producing similar data 

from trials 1-4 from 90 seconds onward. In addition to eddies located in the 

bioreactor or the fittings causing areas of mixing taking place, the location of the 

injection point moved slightly farther away from the inlet and effluent streams. This 

most likely allowed for more mixing prior to exiting the reactor. However, results 

were satisfactory. The average mean residence time and variance for trials 1-5 are 78 

𝑠 and 3,800 𝑠2, respectively. The residence time distribution 𝐸(𝑡) for these trials is 

shown in Figure 4.1.11. The cumulative distribution function 𝐹(𝑡) for these trials is 

shown in Figure 4.1.12. The dispersion ranges from 0.50 – 0.69 with an average of 

0.62.  
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Figure 4.1.10: 𝐶(𝑡) curves for tracer glucose studies, trials 1-5, conducted after 

coating the reactor system with PEG  
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Figure 4.1.11: 𝐸(𝑡) curves for tracer glucose studies trials, 1-5, conducted after 

coating the reactor system with PEG 
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Figure 4.1.12: 𝐹(𝑡) curves for tracer glucose studies trials, 1-5, conducted after 

coating the reactor system with PEG 
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Pertaining to the diagnostic testing of the 10-way valves, electronic 

communication issues between devices were present. LabView and MAX are 

integrated for National Instruments and not VICI, there are communication 

difficulties between the connection points on the pins of the NI SC-2054 and the 26 

pin ribbon cable connecting the 10-way controller to the SC-2054. For example, 

based on the pin assignments of the 100-pin cable, pins 51-100 have been connected 

into the SC-2054 cable adapter in J1 (Port names are shown in Figure F.2.2. and pin 

assignments for J1 are shown in Figure F.2.3 in Section F.2 of Appendix F). 

Additionally, the 26 pin ribbon cable connecting the 10-way valve controller to the 

SC-2054 has been connected to port J6 (Figure F.2.2 in Section F.2 of Appendix F). 

Based on this orientation, the path for the channel on MAX must be set to CPA in 

correspondence with the pin assignments for the SC-2054 Input/Output (I/O) 

connectors to J6 (Figure F.2.4 in Section F.2 of Appendix F). Running the Test Panel 

function on MAX and writing to port, the 8 pins of port 6 (CPA0 to CPA7 Figure 

F.2.2 in Section F.2 of Appendix F),this connection orientation yields some 

connection issues. First, pins CPA7 to CPA3 read “on” in MAX, signifying they have 

5 V connection. However, the test panel was not told to write to those pins. This is 

shown in Figure 4.1.1. Upon further inspection, measuring the voltages of the 

corresponding pins with a volt meter, voltages of approximately 5 V, 5 V, 2.5 V, 2.5 

V, and 5 V were measured.  
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Figure 4.1.13: Complete wiring connection from 10-way valve to NI MAX 

software showing communication issue between NI SC-2054 and VICI 10-way 

valve  
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Testing the voltages of the pins of the SC-2054 without the 26 pin ribbon 

cable and 10-way valve connected yielded correct communication between MAX, 

the PCI-DIO-96, the 100-pin ribbon cable, and the SC-2054. Conversely, testing the 

manual control of the VICI 10-way vales with a switch yielded correct function of 

the valve. Therefore, the logic became the wiring of the 26 pin ribbon cable 

connecting the VICI 10-way valve to the NI SC-2054 was the issue. Further 

diagnostic testing verified the communication obstruction between the NI and VICI 

device systems. The wires of the 26 pin ribbon cable needed to be modified to 

establish proper communication from MAX to the VICI 10-way valve. 

The explicit problem was that each valve position requires a certain pattern 

of input to the pins of the 10-way valve controller via the 26 pin ribbon cable. To 

toggle between valve positions, multiple wirings need to send signals via one 

position signal on MAX. Without modification, MAX can only send one wiring 

signal through one pin. For example, position 7 on MAX can only send one signal to 

one pin assignment. In this case MAX sends a signal to port A position 7 (PA7) on 

the SC-2054 (see Figure F.2.4 in Section F.2.6 of Appendix F), and therefore only 

one wire connected to the VICI 10-way valve can receive this individual signal from 

MAX.  

Testing determined that only four total wires are used to automate the VICI 

10-way valve.  Using the numbering and color scheme for the wiring diagram of 26 

pin ribbon cable (Figure F.2.2 in Section F.2 of Appendix F), the wires were able to 

be defined in Table 4.1.1. 
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Table 4.1.1: 26 pin ribbon cable wires used to automate VICI 10-way valve 

Wire 

color 

Wire 

number  

Binary Coded 

Decimal (BCD) 

black 10 0 

yellow 14 4 

blue 16 2 

gray 18 1 

 

Testing also determined the pattern of signal inputs necessary for each valve 

position on the VICI 10-way valve. An example of the rewiring required to control 

the VICI 10-way valve through J6 Port A on the NI SC-2054 is shown in Table 4.1.2. 

The wiring for the 26 pin ribbon cable is shown in Figure F.2.6 in Section F.2 of 

Appendix F. The wiring for J6 Port A is shown in Figure F.2.6 in Section F.2 of 

Appendix F. 

 

Table 4.1.2: Example of wiring specifications for proper communication from 

MAX to VICI 10-way valve 

MAX 

test 

panel 

position 

number 

Pin 

assignment 

for  

J6 Port A 

Pin 

number 

for  

J6  Port A 

VICI 

10-way 

valve, 

valve 

position 

 26 pin ribbon 

cable Wires that 

need voltage to 

execute action  

Binary 

Coded 

Decimal  

(BCD) 

combination 

7 PA7 9 7 10 + 14 +16 +18 0 + 4 + 2 + 1 

6 PA6 11 6 10 +14 +16 0 + 4 + 2 

5 PA5 13 5 10 + 14+ 18 0 + 4 + 1 

4 PA4 15 4 10 + 14 0 + 4 

3 PA3 17 3 10 + 16 +18 0 + 2 + 1 

2 PA2 19 2 10 + 16 0 + 2 

1 PA1 21 1 10 + 18 0 + 1 

0 PA0 23 0 10 0 
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Reading Table 4.1.2 proceeds as follows: Writing to J6 port A, the position 

number 7 on MAX test panel pin corresponds to pin assignment PA7 on the NI SC-

2054. The corresponding pin number for this position is pin number 9. Position 7 

on MAX test panel can send an “on” or “off” of 5 V or 0 V, respectively, to pin 

number 9. This individual pin, # 9 is used to set the VICI 10-way valve to position 

7 by multiple signal inputs. Diagnostic testing has determined position 7 on the 

VICI 10-way valve requires 5 V signal input sent to wire numbers 10, 14, 16, and 

18 from MAX position 7. The corresponding BCD combination is 0 + 4 + 2 + 1 = 

7. 
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4.2 Discussion  

As stated in Chapter 2, the primary objectives of this thesis work are the 

design of all the plumbing of the tissue engineering test bed and the testing of the 

plumbing’s efficacy for suitability in tissue engineering applications.  

Objective 1, the schematic design of the plumbing and instrumentation of the 

tissue engineering test bed along with the accompanying mass balances and stream 

numbering was accomplished. Those design schematics and mass accounting are 

integrated in this thesis document and located in Appendix A Appendix B, and 

Section 3.2. Section 3.1 details how the entire system is designed.  

Objective 2, determining the feasibility of Tygon and silicone tubing for this 

tissue engineering test bed by demonstrating that no mass grows or accumulates in 

the system, was accomplished. The results for tracer studies on tracer dye and glucose 

both yielded results substantially within the allotted partial derivative calculus error 

range. Mass was experimentally proven to be conserved and thus experimentally 

determined that the net adsorption on the Tygon and silicone tubing walls negligible 

and likely zero.  

Objective 3, determining whether coating the tubing with PEG is necessary 

to lower adsorption on the walls and, if so, sufficient, was also accomplished. The 

results for tracer studies on tracer dye and glucose through the bioreactor testing 

apparatus coated with PEG both yielded results substantially within the allotted 

partial derivative calculus error range. There was no significant improvement in 

experimental results; mass was similarly conserved. Based on the dye and glucose 

mass balances, PEGylation had no effect and was not even necessary. However, a 

subsequent student will need to verify that protein, rather than sugars, do not adhere 

to the tubing.  
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 The only noteworthy observation is that the coated tracer glucose trials 

yielded higher values of 𝑚 with the average 𝑚 of 1980 mg than uncoated tracer 

glucose trials with average 𝑚 of 2080 mg. This is more likely due to variance with 

measurements and cannot be validated through the experimental results error 

analysis. The uncoated tracer dye trials yielded equal values of 𝑚 with the average 

𝑚 of 0.21 mol of dye and uncoated tracer dye trials with average 𝑚 of 0.21 mol of 

dye. This is most likely coincidence and is not a valid means of concluding without 

a doubt that the PEG coating did not lower the net adsorption on the walls of the 

Tygon and silicone tubing and their fittings.  

Another evaluation is warranted because the experiment has limitations. The 

pigment of the dye used in the tracer studies is quite robust, and it should be obvious 

by visual detection where mass accumulated in the bioreactor testing apparatus. 

There are five locations on the tubing series connection into and out of the diaphragm 

pump subject to mass accumulation: the pump inlet and outlet connection point to 

silicone tubing, the connection point between the silicone tubing and the flow 

reducers, the connection point between the flow reducer and the Tygon tubing, and 

the overhang point between the Tygon tubing and the flow reducer. Figure 4.2.1 

shows tracer flowing through fluid during the test. Outlined in yellow are the 

potential mass accumulation points. Figure 4.2.2 shows the pump and tubing 

connecting the bioreactor to the effluent tank after the tracer trial was completed. The 

same areas of potential mass accumulation have been outlined in yellow. Based on 

visual detection, there is no accumulation of mass at any of the potential locations 

subject to mass accumulation.  

Visual detection of the tubing walls showed equally substantiating results. 

The tubing during testing is visibly green in Figure 4.2.1, while after the test is 

completed the same tubing is visibly clear in Figure 4.2.2. Based on visual detection, 

there is no visual accumulation on the Tygon or silicone tubing walls.  
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Figure 4.2.1: Locations on the bioreactor tracer testing apparatus subject to 

adsorption and mass accumulation, shown during a stage 1 tracer study 
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Figure 4.2.2: Locations on the bioreactor tracer testing apparatus subject to 

adsorption and mass accumulation, shown after a stage 1 tracer study 
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Lastly, defining the communication pathway between all the NI equipment 

and the VICI equipment was established. Tables 4.1.1 and 4.1.2 show the wiring 

combinations required to control the VICI 10-way valve position through one signal 

output from MAX, despite needing to send signals to multiple wires on the VICI 10-

way valve controller. This can most likely be accomplished by implementing a 

printed circuit board (PCB) Phoenix contact terminal block. This device works by 

splitting one wire into multiple wires, allowing for multiple connection from one 

wire. This means splitting one signal from MAX into multiple signal from the same 

source. For example, the PCB Phoenix contact terminal block can take position 7 on 

MAX and send the signal from pin 9 to wires 10, 14, 16, and 18 on the VICI 10-way 

valve controller simultaneously. By doing this, communication is properly 

established between NI and VICI equipment, and the VICI 10-way valves may be 

automated for tissue engineering test bed applications.
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Chapter 5 

Conclusions 
 

5.1 Conclusion   

The hypothesis of this thesis, that a tissue engineering test bed can be designed 

and tested in which no mass of glucose accumulates on the plumbing, was confirmed.   

Objective 1: The tissue engineering test bed was schematically designed. A P&ID 

of the entire system was constructed. The appropriate stream numbering of the test 

bed was also completed. Additionally, a complete mass balance list was generated. 

These elements along with the hazardous operability study laid the foundation for 

coding the data acquisition and control for the tissue engineering test by subsequent 

students.    

Objective 2: The feasibility of Tygon and silicone tubing for tissue engineering 

test bed applications was determined. The tracer studies of both dye and glucose 

conducted in this thesis yielded mathematical results well within the allotted error 

range and physical results that mass likely did not accumulate in the system or adsorb 

on the walls. These results determined the net adsorption rate of the walls of Tygon 

and silicon tubing was likely negligible, if not zero, and Tygon and silicone tubing 

are still reasonable candidates for tissue engineering test bed applications.  

Objective 3: Coating the tubing was likely not necessary to eliminate 

adsorption of glucose onto Tygon and silicone tubing walls. PEGylating the 

bioreactor tracer testing apparatus had no quantitative effect on reducing glucose 

adsorption on the walls. This is a direct result of no detectable adsorption on the walls 

of the tubing present in Objective 2, Stage 1 tracer study testing. The mathematical 

results for reactor analysis combined with visual detection determined that coating 

the tubing is likely not necessary for reducing the net rate of adsorption of glucose 
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within this tissue engineering test bed. Though PEG might be sufficient for reducing 

adsorption in other areas of the tissue engineering test bed, perhaps the fully 

instrumented bioreactor, but it is likely unnecessary to do so for the plumbing.  

Lastly, automation of the VICI 10-way, a decisive part of the success of the tissue 

engineering test bed construction, was proven feasible. Diagnostic testing ultimately 

derived the wiring framework that allows NI MAX to send signals to control valve 

positions on the VICI 10-way valve. This leads directly to full automation of the over 

20 VICI 10-way valves and verifies the plumbing design for the tissue engineering 

test bed.  

The work of this thesis should provide a pathway for future work necessary in 

developing and producing Florida Tech’s fully automated tissue engineering test bed.  

 

5.2 Future Considerations  

 After completing the work of this thesis, there are several avenues to explore. 

Firstly, reactor analysis should be conducted on a fully instrumented bioreactor. This 

is the location within the tissue engineering test bed design likely to accumulate mass 

because of all the unique instrumentation that will be submerged in the fluid volume 

of the reactor. If net adsorption of the mass within the bioreactor can be achieved, 

the entire system will most assuredly be able to resist mass accumulation, and the 

mass balance of glucose will be complete.  

 The reactor analysis conducted in this thesis should be completed for other 

common cell media that will be used in the tissue engineering test bed. This will 

verify if the silicone and Tygon tubing are able to resist protein adhesion of growth 

factors, for example. Likewise, the fully instrumented bioreactor can be tested in the 

same manner to ensure that protein adhesion will not cause adsorption within the test 

bed.  
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 A second consideration pertains to developing the code for operation of the 

entire tissue engineering test bed. Implementing proper data acquisition and control 

for the sensors and instruments of the test bed system can be achieved by building 

from the foundation of the code provided by this thesis. Building from the schematics 

and mass balance accounting provided in this thesis, along with a complete 

hazardous operability study, will fulfill necessary automation requirements for the 

test bed.  

Lastly, now that a wiring framework has been established for communicating 

between NI equipment and software and VICI equipment, physically wiring of all 

VICI 10-way can be undertaken. By wiring all of the VICI 10-way valves, the 

installation of the plumbing for the entire tissue engineering test bad may begin. 

Moreover, testing flow through the entire system can be conducted along with the 

LabView coding required to automate these valves.  
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Appendix A 

Piping & Instrumentation Diagrams 
 

A.1 Feedstock System  

 

 

Figure A.1.1: Oxygen add-in system allows for saturation of feedstock reservoirs 

that later sends oxygen saturated feeds to bioreactors.  
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Figure A.1.2: P&ID of syringe pumps and feedstocks 
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A.2 Bioreactor 
 

 

Figure A.2.1: P&ID of bioreactor 1 
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A.3 Distribution System & Waste Collection System 
 

 

Figure A.3.1: P&ID example of feed distribution.  

 

Stream 123 flows from the feedstocks to 10-way valve V-103 for distribution 

to bioreactors 1-6 via streams 01-01 – 01-06. Stream 124 daisy chains to 10 way 

valve V-104 (not pictured) for further distribution. 
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Figure A.3.2: P&ID example of waste collection.  

 

Streams 19-01 – 19-06 send waste from bioreactors 1-6 to 10-way valve V-

114 for common return to concentration analyzer A-01 via 234. 
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Figure A.3.3: P&ID of purification system.  

 

Stream 234 flows into concentration analyzer A-01 and outputs to the purifier 

(kidney) K-01 through stream 335. Waste from the kidney exits via stream 336 while 

recycled fluid flows back to A-01 through stream 337 for re-analysis. Fluid will 

either be sent back to K-01 via stream 335 or, if acceptable, it will flow out of A-01 

via stream 438 for redistribution. 
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Figure A.3.4: P&ID example of return distribution. 

 

Stream 438 flows from the output of the purification system and returns fluid 

for distribution. 10 way valve V-116 distributes to bioreactors1-6 via stream 20-01 – 

20-06. Stream 439 daisy chains to the following 10 way valve V-117 (not pictured) 

for further return distribution.   
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A.4 Full Tissue Engineering Test Bed 
 

 

Figure A.4.1:P&ID of entire tissue engineering test bed 
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Appendix B 

Mass Accounting 
 

B.1 Mass Balance List 
 

Mstream#-component Xstream#-component 

j = subject component 

 

Component list 

UPW = ultrapure water 

PBS = phosphate buffered saline 

SF = sterilization fluid 

Gluc = glucose 

EL = ethyl lactate 

DyeA = blue food coloring 

DyeB = red food coloring 

FITC = fluorescein isothiocyanate 

AB = Alamar blue 

Phal = Phalloidin 

ARS = Alizarin red S 

DF = differentiation factor 

GF = growth factor 

*PH = place holder 

 

Oxygen Add-In  

 

Input into System  

• M501-jX501-j = M502-jX502-j  

• M502-jX502-j = M503-jX503-j 

• M503-jX503-j = M504-jX504-j 

Recirculation Loop  

Inlet of tank 

• M504-jX504-j = M505-jX505-j 

• M505-jX505-j = M506-jX506-j 

• M506-jX506-j = M507-jX507-j 

In tank  

• M507-jX507-j + M514-jX514-j =  

M508-jX508-j + M515-jX515-j 

Exit of tank 

• M508-jX504-j = M509-jX509-j 

• M509-jX505-j = M504-jX504-j 

• M504-jX504-j = M505-jX505-j 

 

 

Oxygen Input  

• M512-jX512-j = M513-jX513-j 

• M513-jX513-j = M514-jX514-j 

Oxygen Output 

• M515-jX515-j = M516-jX516-j 

• M516-jX516-j = M517-jX517-j 

Exit to Syringe Pumps  

• M505-jX505-j = M510-jX510-j  

• M510-jX510-j = M511-jX511-j 

 

Syringe Pumps 

 

Components in Pump 1 

• M001-UPWX001-UPW =             

M007-UPWX007-UPW 

• M002-PBSX2-PBS =                  

M008-PBSX008-PBS 

• M003-SFX3-SF = M008-SFX008-SF 

• M004-GlucX004-Gluc =              

M008-GlucX008-Gluc 

• M005-ELX005-EL =                   

M008-ELX008-EL 

• M006-DyeAX005-DyeA =             

M008-DyeAX008-DyeA 

• M007-DyeBX005-DyeB = M008-

DyeBX008-DyeB 
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Components in Pump 2 

 

Stream 008 daisy chains any subject 

component from stream 001-007 

• M008-jX008-j = M015-jX015-j 

New Components  

• M009-FITCX009-FITC =              

M015-FITCX105-FITC 

• M010-ABX010-AB = M015-ABX015-AB 

• M011-PhalX011-Phal =                

M015-PhalX015-Phal 

• M012-ARSX012-ARS =              

M015-ARSX015-ARS 

• M013-DFX013-DF = M015-jX015-DF 

• M014-GFX014-GF = M015-GFX015-GF 

 

Components in Pump 3 

 

Stream 008 daisy chains any subject 

component from stream 001-007 

• M015-jX015-j = M022-jFX022-j 

new components 

• M016-PHX015-PH = M022-PHX022-PH 

• M017-PHX017-PH = M022-PHX022-PH 

• M018-PHX018-PH = M022-PHX022-PH 

• M019-PHX019-PH = M022-PHX022-PH 

• M020-PHX020-PH = M022-PHX022-PH 

• M021-PHX021-PH = M022-PHX022-PH 

 

Pump to Reactor Distribution 

 

Connection from syringe pumps to 

reactor distribution  

• M022-jX022-j = M123-jX123-j 

 

Valve Distribution Section 1 

• M123-jX123-j = M01-01-jX01-01-j 

• M123-jX123-j = M02-01-jX02-01-j 

• M123-jX123-j = M03-01-jX03-01-j 

• M123-jX123-j = M04-01-jX04-01-j 

• M123-jX123-j = M05-01-jX05-01-j 

• M123-jX123-j = M06-01-jX06-01-j 

Daisy Chain 1 

• M123-jX123-j = M124--jX124-j 

 

 

Valve Distribution Section 2 

• M124-jX124-j = M07-01-jX07-01-j 

• M124-jX124-j = M08-01-jX08-01-j 

• M124-jX124-j = M09-01-jX09-01-j 

• M124-jX124-j = M10-01-jX10-01-j 

• M124-jX124-j = M11-01-jX11-01-j 

• M124-jX124-j = M12-01-jX12-01-j 

 

 

Daisy Chain 2 

• M124-jX124-j = M125--jX125-j 

 

Valve Distribution Section 3 

• M125-jX125-j = M13-01-jX13-01-j 

• M125-jX125-j = M14-01-jX13-01-j 

• M125-jX125-j = M15-01-jX13-01-j 

• M125-jX125-j = M16-01-jX13-01-j 

• M125-jX125-j = M17-01-jX13-01-j 

• M125-jX125-j = M18-01-jX13-01-j 

 

Daisy Chain 3 

• M125-jX125-j = M126-jX126-j 

 

Valve Distribution Section 4 

• M126-jX126-j = M19-01-jX19-01-j 

• M126-jX126-j = M20-01-jX20-01-j 

• M126-jX126-j = M21-01-jX21-01-j 

• M126-jX126-j = M22-01-jX22-01-j 

• M126-jX126-j = M23-01-jX23-01-j 

• M126-jX126-j = M24-01-jX24-01-j 

 

Daisy Chain 4 

• M126-jX126-j = M127-jX127-j 

 

Valve Distribution Section 5 

• M127-jX127-j = M25-01-jX25-01-j 

• M127-jX127-j = M26-01-jX26-01-j 

• M127-jX127-j = M27-01-jX27-01-j 
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• M127-jX127-j = M28-01-jX28-01-j 

• M127-jX127-j = M29-01-jX29-01-j 

• M127-jX127-j = M30-01-jX30-01-j 

 

Daisy Chain 5 

• M127-jX127-j = M128--jX128-j 

 

Valve Distribution Section 6 

• M128-jX128-j = M31-01-jX31-01-j 

• M128-jX128-j = M32-01-jX32-01-j 

• M128-jX128-j = M33-01-jX33-01-j 

• M128-jX128-j = M34-01-jX34-01-j 

• M128-jX128-j = M35-01-jX35-01-j 

• M128-jX128-j = M36-01-jX36-01-j 

 

Post Reactor Waste Distribution 

 

Waste-Valve Distribution Section 1 

• M19-31-jX19-31-j  = M229-jX229-j 

• M19-32-jX19-32-j  = M229-jX229-j 

• M19-33-jX19-33-j  = M229-jX229-j 

• M19-34-jX19-34-j  = M229-jX229-j 

• M19-35-jX19-35-j  = M229-jX229-j 

• M19-36-jX19-36-j  = M229-jX229-j 

 

Waste Daisy Chain 1 

• M229-jX229-j = M230--jX230-j 

 

Waste-Valve Distribution Section 2 

• M19-25-jX19-25-j  = M230-jX230-j 

• M19-26-jX19-26-j  = M230-jX230-j 

• M19-27-jX19-27-j  = M230-jX230-j 

• M19-28-jX19-28-j  = M230-jX230-j 

• M19-29-jX19-29-j  = M230-jX230-j 

• M19-30-jX19-30-j  = M230-jX230-j 

 

Waste Daisy Chain 2 

• M230-jX230-j = M231--jX231-j 

 

Waste-Valve Distribution Section 3 

• M19-19-jX19-19-j  = M231-jX231-j 

• M19-20-jX19-20-j  = M231-jX231-j 

• M19-21-jX19-21-j  = M231-jX231-j 

• M19-22-jX19-22-j  = M231-jX231-j 

• M19-23-jX19-23-j  = M231-jX231-j 

• M19-24-jX19-24-j  = M231-jX231-j 

 

Waste Daisy Chain 3 

• M231-jX231-j = M232--jX232-j 

 

Waste-Valve Distribution Section 4 

• M19-13-jX19-13-j  = M232-jX232-j 

• M19-14-jX19-14-j  = M232-jX232-j 

• M19-15-jX19-15-j  = M232-jX232-j 

• M19-16-jX19-16-j  = M232-jX232-j 

• M19-17-jX19-17-j  = M232-jX232-j 

• M19-18-jX19-18-j  = M232-jX232-j 

 

Waste Daisy Chain 4 

• M232-jX232-j = M233--jX233-j 

 

Waste-Valve Distribution Section 5 

• M19-07-jX19-07-j  = M233-jX233-j 

• M19-08-jX19-08-j  = M233-jX233-j 

• M19-09-jX19-09-j  = M233-jX233-j 

• M19-10-jX19-10-j  = M233-jX233-j 

• M19-11-jX19-11-j  = M233-jX233-j 

• M19-12-jX19-12-j  = M233-jX233-j 

 

 

Waste Daisy Chain 5 

• M233-jX233-j = M234--jX234-j 

 

Waste-Valve Distribution Section 6 

• M19-01-jX19-01-j  = M234-jX234-j 

• M19-02-jX19-02-j  = M234-jX234-j 

• M19-03-jX19-03-j  = M234-jX234-j 

• M19-04-jX19-04-j  = M234-jX234-j 

• M19-05-jX19-05-j  = M234-jX234-j 

• M19-06-jX19-06-j  = M234-jX234-j 
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Kidney Purifier Loop 

 

Analyzer Output 

• M234-jX234-j = M335-jX335-j 

 

K = mass entrained in kidney 

 

Output through Purifier 

• M335-jX335-j = M336-jX336-j + MK-

01 + M337-jX337-j 

Recycle to Analyzer 

• M337-jX337-j = M438-jX438-j 

 

Recycle Distribution 

 

Recycle Valve Distribution Section 1 

• M438-jX438-j = M20-01-jX20-01-j 

• M438-jX438-j = M20-02-jX20-02-j 

• M438-jX438-j = M20-03-jX20-03-j 

• M438-jX438-j = M20-04-jX20-04-j 

• M438-jX438-j = M20-05-jX20-05-j 

• M438-jX438-j = M20-06-jX20-06-j 

 

Recycle Daisy Chain 1 

• M438-jX438-j = M439--jX439-j 

 

Recycle Valve Distribution Section 2 

• M439-jX439-j = M20-07-jX20-07-j 

• M439-jX439-j = M20-08-jX20-08-j 

• M439-jX439-j = M20-09-jX20-09-j 

• M439-jX439-j = M20-10-jX20-10-j 

• M439-jX439-j = M20-11-jX20-11-j 

• M439-jX439-j = M20-12-jX20-12-j 

 

Recycle Daisy Chain 2 

• M439-jX439-j = M440-jX440-j 

Recycle Valve Distribution Section 3 

• M440-jX440-j = M20-13-jX20-13-j 

• M440-jX440-j = M20-14-jX20-14-j 

• M440-jX440-j = M20-15-jX20-15-j 

• M440-jX440-j = M20-16-jX20-16-j 

• M440-jX440-j = M20-17-jX20-17-j 

• M440-jX440-j = M20-18-jX20-18-j 

 

Recycle Daisy Chain 3 

• M440-jX440-j = M441-jX441-j 

 

Recycle Valve Distribution Section 4 

• M441-jX441-j = M20-19-jX20-19-j 

• M441-jX441-j = M20-20-jX20-20-j 

• M441-jX441-j = M20-21-jX20-21-j 

• M441-jX441-j = M20-22-jX20-22-j 

• M441-jX441-j = M20-23-jX20-23-j 

• M441-jX441-j = M20-24-jX20-24-j 

 

Recycle Daisy Chain 4 

• M441-jX441-j = M442-jX442-j 

 

Recycle Valve Distribution Section 5 

• M442-jX442-j = M20-25-jX20-25-j 

• M442-jX442-j = M20-26-jX20-26-j 

• M442-jX442-j = M20-27-jX20-27-j 

• M442-jX442-j = M20-28-jX20-28-j 

• M442-jX442-j = M20-29-jX20-29-j 

• M442-jX442-j = M20-30-jX20-30-j 

 

Recycle Daisy Chain 5 

• M442-jX442-j = M443-jX443-j 

 

Recycle Valve Distribution Section 6 

• M443-jX443-j = M20-31-jX20-31-j 

• M443-jX443-j = M20-32-jX20-32-j 

• M443-jX443-j = M20-33-jX20-33-j 

• M443-jX443-j = M20-34-jX20-34-j 

• M443-jX443-j = M20-35-jX20-35-j 

• M443-jX443-j = M20-36-jX20-36-j 

 

Bioreactor 

 

Bioreactor Input Initial 

• M01-01-jX01-01-j = M02-01-jX02-01-j 

• M02-01-jX02-01-j = M04-01-jX04-01-j 

• M04-01-jX04-01-j = M06-01-jX06-01-j 
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Bioreactor Recirculation Loop 

• M07-01-jX07-01-j = M08-01-jX08-01-j 

• M08-01-jX08-01-j = M09-01-jX09-01-j 

• M09-01-jX09-01-j = M10-01-jX10-01-j 

• M10-01-jX10-01-j = M11-01-jX11-01-j 

• M11-01-jX11-01-j = M13-01-jX13-01-j  

• M13-01-jX13-01-j = M14-01-jX14-01-j 

 

• M14-01-jX14-01-j = M15-01-jX15-01-j + 

M16-01-jX16-01-j + MCPF-01 

• M16-01-jX16-01-j = M17-01-jX17-01-j 

 

Or 

 

• M11-01-jX11-01-j = M13b-01-jX13b-01-j  

• M13b-01-jX13b-01-j =                  

M14b-01-jX14b-01-j 

• M14b-01-jX14b-01-j = M15b-01-jX15b-

01-j + M16b-01-jX16b-01-j + MCPF-

01b 

• M16-01b-jX16-01b-j = M17-01b-jX17-

01b-j 

 

Then 

 

• M17-01-jX17-01-j = M18-01-jX18-01-j 

• M18-01-jX18-01-j = M05-01-jX05-01-j 

 

Bioreactor Input with Recirculation 

• M05-01-jX05-01-j + M04-01-jX04-01-j = 

M06-01-jX06-01-j 

•  

Bioreactor Input with Recycle 

• M20-01-jX20-01-j = M03-01-jX03-01-j 

• M02-01-jX02-01-j + M03-01-jX03-01-j = 

M04-01-jX04-01-j 

Bioreactor Output 

• M07-01-jX07-01-j = M08-01-jX08-01-j 

• M08-01-jX08-01-j = M09-01-jX09-01-j 

• M09-01-jX09-01-j = M10-01-jX10-01-j 

• M10-01-jX10-01-j = M11-01-jX11-01-j  

• M11-01-jX11-01-j = M12-01-jX12-01-j 

• M12-01-jX12-01-j = M19-01-jX19-01-j 
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B.2 Hazardous Operability Analysis 
 

 

Figure B.2.1: Hazardous Operability Example. 
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The Hazardous Operability (HAZOP) example in Figure B.2.1 shows a 

snippet from a master file saved on Dr. Benner’s website, 

http://my.fit.edu/~jbrenner/bashur/3dprinting/adrienhosking/HAZOP.docx. The 

HAZOP is a systematic examination of the entire tissue engineering test bed process 

to evaluate problems that be present risk or failure of equipment. The red box 

indicates there will be a control response to the corresponding control type defined 

in the row name and a control action defined in the column name for a given process 

stream. For process stream 001, control type mass flowrate is subject to control 

actions.  

http://my.fit.edu/~jbrenner/bashur/3dprinting/adrienhosking/HAZOP.docx
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Appendix C 

Results 
 

C.1 Reactor Analysis Uncoated Tracer Dye and Glucose 
 

Table C.1.1: Results for uncoated tracer dye studies, trials 1-5 

  
Trial 

# 

 

𝑚0 

 

𝑚 

% 

random 

error 

% error from 

partial 

derivative 

calculus 

 

𝑡𝑚 

 

𝜎2 

 

Dispersion 

 

1 0.200 

mol 

0.2070 

mol 

3.50% 20.29% 81.85 s 3818 s2 0.504 

2 0.200 

mol 

0.1958 

mol 

2.10% 21.30% 76.25 s 3484 s2 0.563 

3 0.200 

mol 

0.2141 

mol 

7.05% 20.30% 78.95 s 4194 s2 0.754 

4 0.200 

mol 

0.2159 

mol 

10.70% 20.07% 78.91 s 3984 s2 0.659 

5 0.200 

mol 

0.2306 

mol 

15.30% 18.95% 80.50 s 3895 s2 0.567 

Avg. 0.200 

mol 

0.2127 

mol 

7.72% 20.18% 79.29s 3875 s2 0.609 

  

Table C.1.2: Results for uncoated tracer glucose studies, trials 1-5 

 

Trial 

# 

 

𝑚0 

 

𝑚 

% 

random 

error 

% error from 

partial 

derivative 

calculus 

 

𝑡𝑚 

 

𝜎2 

 

Dispersion 

 

1 2000 

mg/dl 

2190 

mg/dl 

9.50% 21.60% 72.01 s 3767 s2 0.957 

2 2000 

mg/dl 

1896 

mg/dl 

5.20% 21.28% 75.97 s 3599 s2 0.618 

3 2000 

mg/dl 

1903 

mg/dl 

4.85% 21.70% 74.75 s 3742 s2 0.745 

4 2000 

mg/dl 

2055 

mg/dl 

2.75% 19.34% 78.65 s 3963 s2 0.666 

5 2000 

mg/dl 

1831 

mg/dl 

8.45% 20.94% 67.97 s 2981 s2 0.674 

Avg. 2000 

mg/dl 

1975 

mg/dl 

6.15% 20.97% 73.87 s 3611 s2 0.732 
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C.2 Reactor Analysis Coated Tracer Dye and Glucose 
 

Table C.2.1: Results for coated tracer dye studies, trials 1-5 

 

Trial 

# 

 

𝑚0 

 

𝑚 

% 

random 

error 

% error from 

partial 

derivative 

calculus 

 

𝑡𝑚 

 

𝜎2 

 

Dispersion 

 

1 0.200 

mol 

0.2202 

mol 

10.10% 20.21% 80.38 s 3644 s2 0.493 

2 0.200 

mol 

0.2112 

mol 

5.60% 20.46% 82.91 s 4454 s2 0.680 

3 0.200 

mol 

0.2076 

mol 

3.80% 20.51% 73.20 s 2914 s2 0.458 

4 0.200 

mol 

0.1998 

mol 

0.10% 20.24% 77.55 s 3465 s2 0.515 

5 0.200 

mol 

0.2246 

mol 

12.30% 18.95% 86.76 s 4269 s2 0.499 

Avg. 0.200 

mol 

0.2127 

mol 

6.38% 20.07% 80.16 s 3749 s2 0.529 

 

Table C.2.2: Results for coated tracer glucose studies, trials 1-5 

 

Trial 

# 

 

𝑚0 

 

𝑚 

% 

random 

error 

% error from 

partial 

derivative 

calculus 

 

𝑡𝑚 

 

𝜎2 

 

Dispersion 

 

1 2000 

mg/dl 

2126 

mg/dl 

6.30% 20.79% 78.17 s 3768 s2 0.601 

2 2000 

mg/dl 

2106 

mg/dl 

5.30% 20.04% 80.65 s 3690 s2 0.499 

3 2000 

mg/dl 

1956 

mg/dl 

2.20% 20.90% 82.57 s 4449 s2 0.693 

4 2000 

mg/dl 

2035 

mg/dl 

1.75% 21.45% 71.90 s 3336 s2 0.673 

5 2000 

mg/dl 

2153 

mg/dl 

7.65% 20.86% 74.77 s 3539 s2 0.641 

Avg.  2000 

mg/dl 

2075 

mg/dl 

4.64% 20.81% 77.66 s 3758 s2 0.621 
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Appendix D 

Computations 
 

D.1 Sample Calculations 
 

Molar absorptivity  

 𝜀 =  
𝛼𝑑𝑦𝑒

𝐿
 (21) 

 

For uncoated dye trial 2, from linear regression data in Figure D.2.1 in Appendix 

D.2, 𝛼𝑑𝑦𝑒 = 0.9952 
𝐿

𝑚𝑜𝑙𝑑𝑦𝑒
 

path length of cuvette 𝐿 = 1 cm  

 𝜀 =  
0.9952

1
 = 0.9952

𝐿

𝑚𝑜𝑙𝑑𝑦𝑒 ∗ 𝑐𝑚
  

 

Concentration   

 𝐶 =
𝐴

𝜀 ∗ 𝐿
  (18) 

 

In uncoated dye trial 2, at time 𝑡 = 7 𝑠, absorbance 𝐴 = 0.154 

molar absorptivity 𝜀 = 0.9952
𝐿

𝑚𝑜𝑙𝑑𝑦𝑒∗𝑐𝑚
 

path length of cuvette 𝐿  = 1 cm  

 𝐶 =
0.154

0.9952 ∗1 
 = 0.155 

𝑚𝑜𝑙𝑑𝑦𝑒

𝐿
  

 

Concentration Function 

The concentration curve function 𝐶(𝑡) is developed from fitting two curves to the 

data collected. Two separate polynomial functions are generated to fit the upward 
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sloping curve from start to the maximum and, likewise, the downward sloping curve 

to finish. For uncoated dye trial 2, regression yields the two explicit equations below. 

𝐶1 is from bounds 0 𝑠 to 10 𝑠, 𝐶2 is on bounds between 10 𝑠 to completion at 300 𝑠. 

The plot is shown in Figure D.2.2 in Appendix D.2. 

 

𝐶(𝑡)  = 𝐶1 + 𝐶2 

 

𝐶1 = −(1.22 ∗ 10−3) ∗ 𝑡2  +  (1.12 ∗ 10−2) ∗ t +  (7.64 ∗ 10−3) 

𝐶2 = −(8.13 ∗ 10−9) ∗ 𝑡3  +  (6.96 ∗ 10−6) ∗ 𝑡2 − (2.12 ∗ 10−3) ∗ t − 0.230 

 

Mass in Effluent 

 𝑚 =  ∫ 𝑄 ∗ 𝐶(𝑡)𝑑𝑡
∞

0

 (5) 

volumetric flowrate  

𝑄 = 0.0106 
𝐿

𝑠
  

 

Since 𝐶(𝑡) = 0 𝑠 at 𝑡 = 300 𝑠, integration will be bounded from 0 to 300 𝑠.  

integration yields: 

𝑚 =  0.0106 ∫ 𝐶(𝑡)𝑑𝑡
330

0

 

where integrating  𝐶(𝑡)𝑑𝑡 from 0 to 300 yields 18.47 
𝑚𝑜𝑙𝑑𝑦𝑒

𝐿
𝑠 

Solving yields 

𝑚 =  0.0106 ∫ 𝐶(𝑡)𝑑𝑡 = 0.0106 ∗ 18.47 = 0.1958 𝑚𝑜𝑙𝑑𝑦𝑒

330

0
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Percent Error in Mass in Effluent  

 % 𝐸𝑟𝑟𝑜𝑟 =  
𝑚0 − 𝑚

𝑚0
∗ 100% (A.1) 

 

 

𝑚0 = mass initial  

𝑚 = mass final  

𝐸𝑟𝑟𝑜𝑟 =  |
0.200 𝑚𝑜𝑙 −  0.1958𝑚𝑜𝑙

0.200 𝑚𝑜𝑙
| ∗ 100% = 2.10% 

Partial Derivative Error Analysis  

Equation 4 can be rewritten as Equation A.2 below  

 𝑚 =  𝑄 ∗ 𝐶𝑡 (A.2) 

where mass of the tracer in effluent 𝑚 and volumetric flowrate 𝑄  

integration of the concentration per time function, area under 𝐶(𝑡) = 𝐴𝑟𝑒𝑎 =  𝐶𝑡  

the error is mass is given in Equation A.3  

 
𝑑𝑚 =

𝜕𝑚

𝜕𝑄
∗ 𝑑𝑄 +

𝜕𝑚

𝜕𝐶𝑡
∗ 𝑑𝐶𝑡  

 

(A.3) 

which equates to Equation A.4  

 
𝑑𝑚 = |𝐶 ∗ 𝑑𝑄| + |𝑄 ∗ 𝑑𝐶𝑡| 

 
(A.4) 

Dividing Equation A.4 by 𝑁 yields the fractional error in mass can be defined as 

the following:  

 

𝜕𝑚

𝜕𝑚
=

|𝐶 ∗ 𝑑𝑄|

𝑄 ∗ 𝐶𝑡
+

|𝐶 ∗ 𝑑𝑄|

𝑄 ∗ 𝐶𝑡
  

 

(A.5) 

which reduces to Equation A.6 

 
𝑑𝑚

𝑚
=

𝑑𝑄

𝑄
+

𝑑𝐶𝑡

𝐶𝑡
 (A.6) 
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where error in flowrate 𝑑𝑄 = 2.83 ∗ 10−4  
𝐿

𝑠
 

flowrate 𝑄 = 0.0106 
𝐿

𝑠
 

area under 𝐶(𝑡) = 𝐴𝑟𝑒𝑎 = 18.47 
𝑚𝑜𝑙𝑑𝑦𝑒

𝐿
  

error in the concentration function, 𝑑𝐶𝑡 is calculated as follows:  

The concentration function 𝐶(𝑡) for any given data point can be written in terms of 

the trapezoidal rule Equation A.7 below, where a trapezoid can be calculated between 

any two pairs of data points. The error in each trapezoid can be calculated and the 

total error in all the trapezoids summed will equal the total area of the trapezoids, 

which equals that total error of the area under the 𝐶(𝑡) curve.  

 
𝐶 = (𝑡1 − 𝑡0) ∗

𝐶1 + 𝐶0

2
 

 
(A.7) 

𝑡0 = value of time measured at some data point 

𝑡1 = value of time measured the next data point sequentially following 𝑡0   

𝐶0 = the value of concentration measured at some data point 

𝐶1 = value of time measured the next data point sequentially following 𝐶0 

 

The error in the integration of concentration function 𝑑𝐶 is defined in Equation 

A.8: 

  
𝑑𝐶𝑡 =

𝜕𝐶𝑡

𝜕𝑡1
∗ 𝑑𝑡1 +

𝜕𝐶𝑡

𝜕𝑡0
∗ 𝑑𝑡0 +

𝜕𝐶𝑡

𝜕𝐶1
∗ 𝑑𝐶1 +

𝜕𝐶𝑡

𝜕𝐶0
∗ 𝑑𝐶0  

 

(A.8) 

Equation A.8 simplifies to 

 
𝑑𝐶𝑡 = |=

𝐶1 + 𝐶0

2
∗ (𝑑𝑡1 + 𝑑𝑡0)| + |

𝑑𝑡1 + 𝑑𝑡0

2
∗ (𝑑𝐶1 + 𝑑𝐶0)|  

 

(A.9) 

where the error in concentration measurement is defined in Equation A.10:  
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𝑑𝐶0 = 𝑑𝐶1 =

𝑑𝐴

𝛼
 

  
 

(A.10) 

𝑑𝐴 = the error in absorbance measurement = 0.003 

𝛼𝑑𝑦𝑒 = 0.9952 

𝑑𝐶0 = 𝑑𝐶1 =
0.003

0.9952
= 3.0 ∗ 10−3

𝑚𝑜𝑙𝑑𝑦𝑒

𝐿
 

Error in time measurement: 𝑑𝑡 = 𝑑𝑡1 =  𝑑𝑡0= 0.5 𝑠 

For uncoated dye trial 2, the values below are used to solve for the error in the first 

trapezoid:  

𝑡0 = 0 𝑠 

𝑡1 = 3 𝑠 

𝐶0 = 0 
𝑚𝑜𝑙𝑑𝑦𝑒

𝐿
 

𝐶1 = 0.020 
𝑚𝑜𝑙𝑑𝑦𝑒

𝐿
 

Solving Equation A.9 yields  

𝑑𝐶𝑡 = |
0.020 + 0

2
∗ (0.5 + 0.5)| + |

0.5 + 0.5

2
∗ (0.020 + 0)| = 0.020 

𝑚𝑜𝑙𝑑𝑦𝑒 ∗ 𝑠

𝐿
 

Summing the combined 𝑑𝐶 for trapezoid in a trial yields the total 𝑑𝐶 of that trial 

shown in Equation A.11 below. 

 ∑ 𝑑𝐶𝑡𝑖

300

𝑖=0

= 𝑑𝐶𝑡 (A.11) 

 

Equating for each trapezoid from 0 to 300 seconds yields 

∑ 𝑑𝐶𝑡𝑖

300

𝑖=0

= 3.434 
𝑚𝑜𝑙𝑑𝑦𝑒 ∗ 𝑠

𝐿
=  𝑑𝐶𝑡 

Plugging in the value for 𝑑𝐶𝑡 into Equation A.6, the fractional error in mass can be 

defined as the following:  
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𝑑𝑚

𝑚
=

𝑑𝑄

𝑄
+

𝑑𝐶𝑡

𝐶𝑡
 (A.12) 

 

where error in flowrate 𝑑𝑄 = 2.83 ∗ 10−4  
𝐿

𝑠
   

flowrate 𝑄 = 0.0106 
𝐿

𝑠
   

area under 𝐶(𝑡) = 𝐴𝑟𝑒𝑎 =  𝐶 = 18.47 
𝑚𝑜𝑙𝑑𝑦𝑒∗𝑠

𝐿
  

and error in concentration function, 𝑑𝐶𝑡 = 3.434 
𝑚𝑜𝑙𝑑𝑦𝑒∗𝑠

𝐿
 

Solving yields: 

𝑑𝑚

𝑚
=

2.83 ∗ 10−4

0.0106
+

3.434

18.47 
= 0.213 

Multiplying by 100% yields a percent error in the closure of the mass balance: 

𝑑𝑚

𝑚
∗ 100% = 21.30% 

Residence Time Distribution  

 𝐸(𝑡) =
𝐶(𝑡)

∫ 𝐶(𝑡)𝑑𝑡
∞

0

 (8) 

 

where 𝐶(𝑡)  for uncoated dye trial 2 is described in Equation A.6   

and ∫ 𝐶(𝑡)𝑑𝑡
∞

0
 = 18.43 

𝑚𝑜𝑙𝑑𝑦𝑒∗𝑠

𝐿
 

Solving yields:  

 𝐸(𝑡) =
𝐶(𝑡)

18.43
  

The residence time distribution curve for uncoated dye trial 2  is shown in 

Figure D.2.4 in Appendix D.2. 
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Mean residence time  

 𝑡𝑚 = ∫ 𝑡 ∗ 𝐸(𝑡)𝑑𝑡 
∞

0

 (11) 

Since 𝐶(𝑡) = 0 𝑠 at 𝑡 = 300 𝑠, integration will be bounded from 0 to 300 𝑠. 

Solving yields: 

 𝑡𝑚 = ∫ 𝑡 ∗ 
300

0

𝐶(𝑡)

18.47
 = 76.25 seconds  

 

Variance  

 𝜎2 = ∫ (𝑡 − 𝑡𝑚)2 ∗ 𝐸(𝑡)𝑑𝑡
∞

0

 (12) 

Given the mean residence time of 𝑡𝑚 = 76.25 seconds: 

 𝜎2 = ∫ (𝑡 − 76.25)2 ∗
𝐶(𝑡)

18.47
𝑑𝑡

∞

0
 = 3484.06 seconds2  

 

Cumulative Distribution Curve  

 
∫ 𝐸(𝑡)𝑑𝑡

𝑡

0

= 𝐹(𝑡) 

 

(13) 

The residence time distribution function, E(t) is given as:  

𝐸(𝑡) =
𝐶(𝑡)

18.47
 

∫
𝐶(𝑡)

18.47
𝑑𝑡

300

0

= 𝐹(𝑡) 

The cumulative distribution function curve for uncoated dye trial 2 is shown 

in Figure D.2.6 in Appendix D.2. 
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Peclet Number 

 
𝜎2

𝑡𝑚
2 =  

2

𝑃𝑒
 −  

2

𝑃𝑒2
∗ (1 − 𝑒−𝑃𝑒) (16) 

 For uncoated dye trial 2,  

mean residence time, 𝑡𝑚 = 76.25 s   

variance, 𝜎2 =  3884.06 s2 

rearranging and solving yields  

 0 =  
2

𝑃𝑒
 −  

2

𝑃𝑒2 ∗ (1 − 𝑒−𝑃𝑒) −  
3884.06

76.25 2
   

 

𝑃𝑒 = 1.777  

Dispersion  

 
1

𝑃𝑒
= 𝑑𝑖𝑠𝑝𝑒𝑟𝑠𝑖𝑜𝑛    (11) 

For uncoated dye trial 2, 

where 𝑃𝑒 = 1.777 

 

1

1.777
= 0.563 
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D.2 Example of Reactor Analysis Study Results 
 

Table D.2.1: Calibration curve data for trial 2 uncoated dye 

Concentration 
𝒎𝒐𝒍𝒅𝒚𝒆

𝑳
 

Absorbance 

0 0.001 

0 0.000 

0 0.000 

0.15 0.130 

0.15 0.140 

0.15 0.147 

0.20 0.193 

0.20 0.199 

0.20 0.203 

0.25 0.240 

0.25 0.242 

0.25 0.248 

0.33 0.326 

0.33 0.334 

0.33 0.330 

0.50 0.508 

0.50 0.497 

0.50 0.503 
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Figure D.2.1: Calibration curve for uncoated dye trials 1 and 2 at 380 nm 
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Table D.2.2: Concentration data for trial 2 uncoated dye 

Time 

(s) 

Concentration 

(
𝒎𝒐𝒍𝒅𝒚𝒆

𝑳
) 

Absorbance 

0 0.000 0.000 

3 0.042 0.049 

5 0.092 0.109 

7 0.145 0.171 

9 0.211 0.249 

15 0.221 0.260 

20 0.211 0.249 

25 0.207 0.244 

30 0.195 0.230 

35 0.193 0.228 

40 0.170 0.200 

45 0.165 0.194 

50 0.159 0.188 

55 0.138 0.163 

60 0.129 0.152 

70 0.127 0.150 

80 0.104 0.123 

90 0.098 0.115 

120 0.081 0.096 

150 0.065 0.077 

180 0.040 0.047 

210 0.024 0.028 

240 0.015 0.018 

270 0.006 0.007 

300 0.000 0.000 
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Figure D.2.2: 𝐶(𝑡) for uncoated dye trial 2 
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Figure D.2.3: Polymath report for uncoated dye trial 2 solving for 𝐴𝑟𝑒𝑎 
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Figure D.2.4: Residence time distribution, 𝐸(𝑡), for uncoated dye trial 2 
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Figure D.2.5: Polymath report for uncoated dye trial 2, solving full reactor analysis 
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Figure D.2.6: Cumulative distribution curve, 𝐹(𝑡), for uncoated dye trial 2 
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Appendix E 

Reactor Analysis Data 
 

E.1 Uncoated Tracer Dye 

 

 

Figure E.1.1: Polymath report for uncoated dye trial 1, solving full reactor analysis 
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Figure E.1.2: Polymath report for uncoated dye trial 2, solving full reactor analysis 
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Figure E.1.3: Polymath report for uncoated dye trial 3, solving full reactor analysis 
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Figure E.1.4: Polymath report for uncoated dye trial 4, solving full reactor analysis 
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Figure E.1.5: Polymath report for uncoated dye trial 5, solving full reactor analysis 
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E.2 Uncoated Glucose   

 

Figure E.2.1: Polymath report for uncoated glucose trial 1, solving full reactor 

analysis 
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Figure E.2.2: Polymath report for uncoated glucose trial 2, solving full reactor 

analysis 
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Figure E.2.3: Polymath report for uncoated glucose trial 3, solving full reactor 

analysis 
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Figure E.2.4: Polymath report for uncoated glucose trial 4, solving full reactor 

analysis 
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Figure E.2.5: Polymath report for uncoated glucose trial 5, solving full reactor 

analysis 
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E.3 Coated Tracer Dye  

 

Figure E.3.1: Polymath report for coated tracer dye trial 1, solving full reactor 

analysis 
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Figure E.3.2: Polymath report for coated tracer dye trial 2, solving full reactor 

analysis 
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Figure E.3.3: Polymath report for coated tracer dye trial 3, solving full reactor 

analysis 
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Figure E.3.4: Polymath report for coated tracer dye trial 4, solving full reactor 

analysis 
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Figure E.3.5: Polymath report for coated tracer dye trial 5, solving full reactor 

analysis 
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E.4 Coated Glucose    

 

 

Figure E.4.1: Polymath report for coated tracer glucose trial 1, solving full reactor 

analysis 
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Figure E.4.2: Polymath report for coated tracer glucose trial 2, solving full reactor 

analysis 
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Figure E.4.3: Polymath report for coated tracer glucose trial 3, solving full reactor 

analysis  
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Figure E.4.4: Polymath report for coated tracer glucose trial 4, solving full reactor 

analysis 
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Figure E.4.5: Polymath report for coated tracer glucose trial 5, solving full reactor 

analysis 
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Appendix F 

Instrumentation 
 

F.1 Instrumentation for Tracer Studies 

 

1. Arduino Uno - ATmega328P CH340G UNO R3 Board + USB Cable 

  

A. Sensor - Arduino Uno 

 

 

Figure F.1.1: Arduino Uno Board, USB cable, and extra pins (UNO R3 Board with 

USB Cable for Arduino 2019) 

  

B. Arduino shield: N/A  

C. Arduino code to download or write: N/A 
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D. Item Specifications: 

 

Table F.1.1: Item specifications for Arduino Uno 

Arduino Uno Specifications 

Main chip ATmega328P, CH340G 

Support both 3.3V & 5V Power Supply and can meet different I/O 

expansion requirements, including temperature humidity 

sensor, Xbee module, BT Bluetooth module, RF module, 

GPRS module, GPS module, LCD shield and so on 

Length 3.5 inches 

Width 2.5 inches 

Weight 1.76 ounces 

 

 

E. Wiring: see Figure F.1.7 

F. Web site for purchase 

https://www.ebay.com/itm/New-ATmega328P-CH340G-UNO-R3-Board-USB-

Cable-Compatible-with-

Arduino/381350929204?ssPageName=STRK%3AMEBIDX%3AIT&_trksid=p205

7872.m2749.l2649 

 G. Cost per item: $4.16 + $0 S/H 
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2. Diaphragm Pump Submersible for Arduino/ Raspberry Pi Projects  

 

A. Diaphragm Pump  

 

Figure F.1.2: Diaphragm pump (Diaphragm Pump for Arduino Projects 2019) 

 

B. Arduino shield: N/A  

C. Arduino code to download or write: N/A 

D. Item Specifications: 
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Figure F.1.3: Diaphragm pump schematic (mm scale) (Diaphragm Pump for 

Arduino Projects 2019) 

 

 

Figure F.1.4: Diaphragm pump schematic for inlet and outlet (mm scale) 

(Diaphragm Pump for Arduino Projects 2019) 
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Table F.1.2: Item specifications for diaphragm pump 

Diaphragm Pump Specifications 

Type submersible pump 

Diameter air inlet/ outlet 10 mm 

Power 12V (1A) 

Weight 0.1 kg 

 

 

E. Wiring 

 

 

Figure F.1.5: Wiring diagram for diaphragm pump. Alligator clips connect a 12 V 

power supply to the terminals on the diaphragm pump. 

 

F. Web site for purchase: 

https://www.ebay.com/itm/Peristaltic-Pump-Diaphram-Pump-Submersible-for-

Arduino-Raspberry-Pi-

Projects/183034848690?ssPageName=STRK%3AMEBIDX%3AIT&_trksid=p205

7872.m2749.l2649 

 

G. Cost per item: $4.16 + $2.30 S/H 

https://www.ebay.com/itm/Peristaltic-Pump-Diaphram-Pump-Submersible-for-Arduino-Raspberry-Pi-Projects/183034848690?ssPageName=STRK%3AMEBIDX%3AIT&_trksid=p2057872.m2749.l2649
https://www.ebay.com/itm/Peristaltic-Pump-Diaphram-Pump-Submersible-for-Arduino-Raspberry-Pi-Projects/183034848690?ssPageName=STRK%3AMEBIDX%3AIT&_trksid=p2057872.m2749.l2649
https://www.ebay.com/itm/Peristaltic-Pump-Diaphram-Pump-Submersible-for-Arduino-Raspberry-Pi-Projects/183034848690?ssPageName=STRK%3AMEBIDX%3AIT&_trksid=p2057872.m2749.l2649
https://www.ebay.com/itm/Peristaltic-Pump-Diaphram-Pump-Submersible-for-Arduino-Raspberry-Pi-Projects/183034848690?ssPageName=STRK%3AMEBIDX%3AIT&_trksid=p2057872.m2749.l2649
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3.6 mm Water Flow Sensor Switch Meter Flowmeter 0.15-1.5L/min with 340 mm 

Cable 

 

A. Flowmeter 

 

Figure F.1.6: Flowmeter (Flow Sensor Switch Meter 2019) 

 

B. Arduino shield: N/A 

C. Arduino code to download or write: 

https://codebender.cc/sketch:304865#%5Barduinotutorial%5D%20Water%20Flow

%20Sensor.ino 

 

D. Item Specifications:  

 

Table F.1.3: Item specifications for diaphragm pump 

Diaphragm Pump Specifications 

External threads 6 mm Working voltage 

range 

DC 4.5~18V 

Allowing pressure ≤1.2MPA size 86 x 42 x 20 mm 

Rating voltage/current DC 5V, 

≤10mA 

Flow range 0.3-4.0 L/min 

Insulation resistance >100MΩ Cable length 340 mm 

Electric strength AC500V, 

50Hz 

https://codebender.cc/sketch:304865#%5Barduinotutorial%5D%20Water%20Flow%20Sensor.ino
https://codebender.cc/sketch:304865#%5Barduinotutorial%5D%20Water%20Flow%20Sensor.ino
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E. Wiring: 

  

 

Figure F.1.7: Wiring diagram for flowmeters (Flow Sensor Switch Meter 2019) 

Measurements from the flowmeters are read on the Arduino code on the 

computer via USB connection with an Arduino Uno, shown in Figure F.1.7. 

 

F. Web site for purchase 

https://www.ebay.com/itm/6mm-Water-Flow-Sensor-Switch-Meter-Flowmeter-0-

15-1-5L-min-with-340mm-

Cable/163236231684?ssPageName=STRK%3AMEBIDX%3AIT&_trksid=p20578

72.m2749.l2649 

 

G. Cost per item: $4.19 

https://www.ebay.com/itm/6mm-Water-Flow-Sensor-Switch-Meter-Flowmeter-0-15-1-5L-min-with-340mm-Cable/163236231684?ssPageName=STRK%3AMEBIDX%3AIT&_trksid=p2057872.m2749.l2649
https://www.ebay.com/itm/6mm-Water-Flow-Sensor-Switch-Meter-Flowmeter-0-15-1-5L-min-with-340mm-Cable/163236231684?ssPageName=STRK%3AMEBIDX%3AIT&_trksid=p2057872.m2749.l2649
https://www.ebay.com/itm/6mm-Water-Flow-Sensor-Switch-Meter-Flowmeter-0-15-1-5L-min-with-340mm-Cable/163236231684?ssPageName=STRK%3AMEBIDX%3AIT&_trksid=p2057872.m2749.l2649
https://www.ebay.com/itm/6mm-Water-Flow-Sensor-Switch-Meter-Flowmeter-0-15-1-5L-min-with-340mm-Cable/163236231684?ssPageName=STRK%3AMEBIDX%3AIT&_trksid=p2057872.m2749.l2649
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4. Set of 4 Cereal & Dry Food Storage Container (16.9 Cup/135.2oz) 

 

A.  Bioreactor vessel  

 

 

Figure F.1.8: Bioreactor vessel (Cereal and Dry Food Storage Container 2019) 

 

B. Arduino shield: N/A 

C. Arduino code to download or write: N/A 
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D. Item Specifications:  

 

Table F.1.4: Item specifications for bioreactor vessel 

Bioreactor Vessel 

Specifications 

Length 8 inches 

Width 3.5 inches 

Height 9.5 inches 

Volume 135.2 ounces 

 

E. Wiring: N/A 

 

F. Web site for purchase 

https://www.ebay.com/itm/Set-of-4-Cereal-Dry-Food-Storage-Container-16-9-

Cup-135-2oz-FREE-Chalkb-/153216576441  

 

G. Cost per item: $31.47 for 4 x 9 sets 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

https://www.ebay.com/itm/Set-of-4-Cereal-Dry-Food-Storage-Container-16-9-Cup-135-2oz-FREE-Chalkb-/153216576441
https://www.ebay.com/itm/Set-of-4-Cereal-Dry-Food-Storage-Container-16-9-Cup-135-2oz-FREE-Chalkb-/153216576441
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Vernier LabQuest 2 

 

A. Data collection device  

 

 

Figure F.1.9: Vernier LabQuest 2 (Vernier 2019) 

 

B. Arduino shield: NA 

C. Arduino code to download or write: NA 

D. Item Specifications: 

 

 

Figure F.1.10: Vernier LabQuest 2 front panel (Vernier 2019) 
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Figure F.1.11: Vernier LabQuest 2 ports I (Vernier 2019) 

 

 

 

 

Figure F.1.12: Vernier LabQuest 2 ports II (Vernier 2019) 
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Table F.1.5: Item specifications for Vernier LabQuest2 

LabQuest2 Specifications 

Size 9.8 cm x 15.4 cm 

x 2.5 cm 

Storage 200 MB 

Weight 350 g Ports 5 sensor channels 

Processor 800 MHz 

application 

processor  

Data acquisition  100,000 samples 

per second 

 

E. Wiring: see page 3.5.1 in Section 3.5 

F. Website for Purchase: 

https://www.vernier.com/products/interfaces/labq2/hardware/  

G. Cost per item: $329 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

https://www.vernier.com/products/interfaces/labq2/hardware/
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6. Vernier SepctroVis Plus Spectophotometer 

 

A. Spectophotometer   

 

 

Figure F.1.13: Vernier SepctroVis Plus Spectophotometer (Vernier 2019) 

 

B. Arduino shield: N/A 

C. Arduino code to download or write: N/A  

D. Item Specifications:  

 

Table F.1.6: Item specifications for spectrophotometer 

Spectrophotometer Specifications 

Size 15 cm x 9 cm x 4cm 

Wavelength range 380 nm - 950 nm 

Light source Incandescent white bulb, 

approximately 8000 hour lifetime, 

one step calibration 

Wavelength accuracy: +/- 3.0 nm (at 650 nm) and +/- 

7.0 nm (at 450 nm) 

Photometric accuracy: +/- 13.0% (as determined with 

nickel sulfate standards from 0.1 

to 1.0 A.U.) 
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E. Wiring:  

 

Figure F.1.14: Wiring diagram for absorbance measurement. 

 

The Vernier SpectroVis Plus spectrophotometer in Figure F.1.14 connects 

via USB to the Vernier LabQuest 2 data collection device which is powered through 

a standard 12 VDC adapter power supply.  

 

F. Website for purchase:  

https://www.vernier.com/products/sensors/spectrometers/visible-range/svis-pl/ 

G. Cost per item: $399 

 

 

 

 

https://www.vernier.com/products/sensors/spectrometers/visible-range/svis-pl/
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7. Tygon Tubing, 4 mm I.D.,49 ft., Clear, Flexible, ACF1S1518  

 
A. Tygon tubing 

 
Figure F.1.15: Tygon tubing (Tygon Tubing 2019) 

 

B. Arduino shield: N/A 

C. Arduino code to download or write: N/A  

D. Item Specifications: 

 

Table F.1.7: Item specifications for Tygon tubing 

Tygon Tubing Specifications 

Inside diameter 4.00 mm 

Outside diameter 6.00 mm 

Length 49 ft 

Bend radius 16 mm 

Material Tygon 

Max pressure 1.4 psi 

Tensile strength 1750 psi 
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E. Wiring: see Figure 3.5.1 in Section 3.5 

F. Web site for purchase:  

https://www.ebay.com/itm/TYGON-Tubing-4mm-I-D-49-ft-Clear-Flexible-

ACF1S1518/253727657982?ssPageName=STRK%3AMEBIDX%3AIT&_trksid=p

2057872.m2749.l2649 

 

 G. Cost per item: $34.6 /49ft 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

https://www.ebay.com/itm/TYGON-Tubing-4mm-I-D-49-ft-Clear-Flexible-ACF1S1518/253727657982?ssPageName=STRK%3AMEBIDX%3AIT&_trksid=p2057872.m2749.l2649
https://www.ebay.com/itm/TYGON-Tubing-4mm-I-D-49-ft-Clear-Flexible-ACF1S1518/253727657982?ssPageName=STRK%3AMEBIDX%3AIT&_trksid=p2057872.m2749.l2649
https://www.ebay.com/itm/TYGON-Tubing-4mm-I-D-49-ft-Clear-Flexible-ACF1S1518/253727657982?ssPageName=STRK%3AMEBIDX%3AIT&_trksid=p2057872.m2749.l2649
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8. Silicone Tubing Clear Food Pharmaceutical Grade Pump Hose 4.8 mm  

 

A. Silicone Tubing 

 

 

Figure F.1.16: Silicone tubing (Silicone Tubing Clear Food Pharmaceautical Grade 

2019) 

In Figure F.1.16, the yellow arrow points to a 4.8 mm hose diameter. 

 

B. Arduino shield: N/A  

C. Arduino code to download or write: N/A  
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D. Item Specifications: 

 

Table F.1.8: Different silicone tubing diameter specification chart (Silicone Tubing 

Clear Food Pharmaceautical Grade 2019) 

 

 

E. Wiring: See Figure 3.5.1 in Section 3.5 

F. Web site for purchase:   

https://www.ebay.com/itm/Silicone-Tubing-Clear-Food-Pharmaceutical-Grade-

Peristaltic-Pump-Hose-All-

Sizes/113411717461?ssPageName=STRK%3AMEBIDX%3AIT&_trksid=p20578

72.m2749.l2649 

G. Cost per item: $28.99 / 5 m  
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9. Union Hose Barb Fitting Connector Reducer  

 

 A.  Flow reducer  

 

 

Figure F.1.17: Flow reducer (Union Hose Barb Fitting Connector 2019) 

 

B. Arduino shield: N/A  

C. Arduino code to download or write: N/A   

D. Item Specifications: 

 

Table F.1.9: Item specifications for flow reducer 

Flow Reducer Specifications 

Small diameter 4.00 mm 

Large diameter 6.00 mm 

End-A to End-B 

Gender 

male-to-male 

: 
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E. Wiring: See Figure 3.5.1 in Section 3.5 

F. Web site for purchase:   

https://www.ebay.com/itm/Silicone-Tubing-Clear-Food-Pharmaceutical-Grade-

Peristaltic-Pump-Hose-All-

Sizes/113411717461?ssPageName=STRK%3AMEBIDX%3AIT&_trksid=p20578

72.m2749.l2649 

G. Cost per item: $1.99  
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F.2 Instrumentation for 10-Way Valve Automation    
 

1.  Lot of 4 Valco VICI EMHMA-CE Microelectric Valve Actuator with 

Cheminert 10 port 

 

A. VICI 10-way valves  

 

  

Figure F.2.1: VICI: 10-way valves (Valco VICI Microelectric Valve Actuator 

2019) 

B. Arduino code to download or write: NA  
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C. Aruino code to download or write: NA 

D. Item Specifications:  

 

Table F.2.1: Item specifications for VICI 10-way 

VICI 10-way Specifications 

Pressure rating 5000 psi 

Fittings • 1/16" Valco 

ZDV fittings 

• 6-40 fittings for 

1/16" tubing 

• 1/4-28 fittings 

o For 1/16" tubing 

o For 1/8" tubing 

• 1/2-20 fittings 

 

Power supply 24 V DC 

Manufacturer Part 

Number (MPN) 

EMHMA-CE 

04V-0206H 

 

E. Wiring: see Figure 3.6.1 and Figure 3.6.2 in Section 3.6 

F. Website for Purchase:  

https://www.ebay.com/itm/Lot-of-4-Valco-VICI-EMHMA-CE-Microelectric-

Valve-Actuator-W-CHEMINERT-10-

Port/273778250061?hash=item3fbe74914d:g:zYsAAOSwImRYdsCJ&frcectupt=tr

ue 

G. Cost per item: 18 for $450 

 

https://www.vici.com/cval/c25z.php
https://www.vici.com/cval/c25z.php
https://www.vici.com/cval/c25g.php
https://www.vici.com/cval/c25g.php
https://www.vici.com/cval/c25-16.php
https://www.vici.com/cval/c25-8.php
https://www.vici.com/cval/c45.php
https://www.ebay.com/itm/Lot-of-4-Valco-VICI-EMHMA-CE-Microelectric-Valve-Actuator-W-CHEMINERT-10-Port/273778250061?hash=item3fbe74914d:g:zYsAAOSwImRYdsCJ&frcectupt=true
https://www.ebay.com/itm/Lot-of-4-Valco-VICI-EMHMA-CE-Microelectric-Valve-Actuator-W-CHEMINERT-10-Port/273778250061?hash=item3fbe74914d:g:zYsAAOSwImRYdsCJ&frcectupt=true
https://www.ebay.com/itm/Lot-of-4-Valco-VICI-EMHMA-CE-Microelectric-Valve-Actuator-W-CHEMINERT-10-Port/273778250061?hash=item3fbe74914d:g:zYsAAOSwImRYdsCJ&frcectupt=true
https://www.ebay.com/itm/Lot-of-4-Valco-VICI-EMHMA-CE-Microelectric-Valve-Actuator-W-CHEMINERT-10-Port/273778250061?hash=item3fbe74914d:g:zYsAAOSwImRYdsCJ&frcectupt=true
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2. National Instruments SC-2054 Used 

 

A.NI SC-2054  

 

  

Figure F.2.2: NI SC-2054 (National Instruments SC-2054 Module 2019) 

B. Arduino code to download or write: N/A  

C. Arduino code to download or write: N/A 
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D. Item Specifications:  

 

 

Figure F.2.3: SC-2054 Parts Locator Diagram (DAQ SC-205X Series User Manual 

1998)  

 

 



188 

 

 

Figure F.2.4: Pin Assignments for SC-2054 I/O Connectors J1 and J2 (DAQ SC-

205X Series User Manual 1998) 

 

 

Figure F.2.5: Pin assignments for SC-2054 I/O connectors J4 and J8 (DAQ SC-

205X Series User Manual 1998) 
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Figure F.2.6: Pin assignments for SC-2054 I/O connectors J6 and J10 (DAQ SC-

205X Series User Manual 1998) 

 

Table F.2.2: Item specifications of NI SC-2054 

NI SC-2054 Specifications 

Weight 2 lbs 

Ports 4 x 50 pin digital I/O  connection ports + 

6 x 26 pin digital I/O connection ports 

UNSPSC code 23260000 

 

E. Wiring: See Figure 3.6.1 and Figure 3.6.2 in Section 3.6. 

F. Website for Purchase:  

https://www.ebay.com/itm/National-Instruments-SC-2054-Module-

Used/332695822243?epid=1955618879&hash=item4d76375fa3:g:JbEAAOSwlHJ

bLa~T 

 

G. Cost per item: $24.95 

 

 

 

 

https://www.ebay.com/itm/National-Instruments-SC-2054-Module-Used/332695822243?epid=1955618879&hash=item4d76375fa3:g:JbEAAOSwlHJbLa~T
https://www.ebay.com/itm/National-Instruments-SC-2054-Module-Used/332695822243?epid=1955618879&hash=item4d76375fa3:g:JbEAAOSwlHJbLa~T
https://www.ebay.com/itm/National-Instruments-SC-2054-Module-Used/332695822243?epid=1955618879&hash=item4d76375fa3:g:JbEAAOSwlHJbLa~T
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3. National Instruments R1005050 Ribbon Cable 182762-02, 2M  

 

A. 100 pin ribbon cable 

 

 

Figure F.2.7: 100 pin ribbon cable (National Instruments R1005050 Ribbon Cable 

2018) 

 

B. Arduino shield: N/A  

C. Arduino code to download or write: N/A 

D. Item Specifications: 

 

Table F.2.3: Item specifications for 100 pin ribbon cable 

100 Pin Ribbon Cable Specifications 

Manufacturer Part Number (MPN) R1005050 

 

 

Connection capabilities 

Y-shaped ribbon cable that connects to 

the 100-pin connector on PC-DIO-96 

digital I/O device and is terminated 

with two 50-pin IDC connectors 

Length 2 meters 

 

 

E. Wiring: See Figure 3.6.2 in Section 3.6. 
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F. Website for Purchase:  

https://www.ebay.com/itm/National-Instruments-R1005050-Ribbon-Cable-182762-

02-

2M/253685193690?ssPageName=STRK%3AMEBIDX%3AIT&_trksid=p2057872

.m2749.l2649 

 

G. Cost per item: $65.99 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

https://www.ebay.com/itm/National-Instruments-R1005050-Ribbon-Cable-182762-02-2M/253685193690?ssPageName=STRK%3AMEBIDX%3AIT&_trksid=p2057872.m2749.l2649
https://www.ebay.com/itm/National-Instruments-R1005050-Ribbon-Cable-182762-02-2M/253685193690?ssPageName=STRK%3AMEBIDX%3AIT&_trksid=p2057872.m2749.l2649
https://www.ebay.com/itm/National-Instruments-R1005050-Ribbon-Cable-182762-02-2M/253685193690?ssPageName=STRK%3AMEBIDX%3AIT&_trksid=p2057872.m2749.l2649
https://www.ebay.com/itm/National-Instruments-R1005050-Ribbon-Cable-182762-02-2M/253685193690?ssPageName=STRK%3AMEBIDX%3AIT&_trksid=p2057872.m2749.l2649
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4. 4 ft 26 wire F/F connector IDC rainbow ribbon cable 

 

A. 26 pin ribbon cable  

 

  

Figure F.2:8: 26 pin ribbon cable (26 Pin 26 Way F/F Connector IDC Flat Rainbow 

Ribbon Cable 2019) 

B. Arduino shield: N/A  

C. Arduino code to download or write: N/A 

D. Item Specifications: 

 

Table F.2.4: Item specifications for 26 pin ribbon cable 

26 Pin Ribbon Cable Specifications 

Connection capabilities Female/female connection / 26 pin 26 

way 

Length 4 feet 

Width 1.3 inches 

Weight 34 grams 
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Figure F.2.9: Schematic of 20-pin ribbon cable (Multiposition Electric Actuator 

Instruction Manual 2000) 
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In Figure F.2.9. the wires are numbered 1-20. Starting at the left most wire, 

brown is wire 1, to the right most wire, black is wire 20, the colors labeled correspond 

to wire numbers 1-20 depending on their chronological position. This ribbon cable 

pictured in Figure F.2.9 is a 20-pin ribbon cable. Though the 26 pin ribbon cable is 

used for all diagnostic testing, the wires used are wires 10-18 (Table 3.6.1) and the 6 

wires not depicted in Figure F.2.9 are not used for automation of the VICI 10-way 

valve. 

E. Wiring: see Figure 3.6.2 in Section 3.6 

F. Website for Purchase:  

https://www.ebay.com/itm/1-4ft-26-Pin-26-Way-F-F-Connector-IDC-Flat-

Rainbow-Ribbon-

Cable/312535453305?epid=1567752965&hash=item48c4908e79:g:YVQAAOSwq

ctcloAx 

 

G. Cost per item: $4.38 

 

 

 

 

 

 

 

 

 

 

 

https://www.ebay.com/itm/1-4ft-26-Pin-26-Way-F-F-Connector-IDC-Flat-Rainbow-Ribbon-Cable/312535453305?epid=1567752965&hash=item48c4908e79:g:YVQAAOSwqctcloAx
https://www.ebay.com/itm/1-4ft-26-Pin-26-Way-F-F-Connector-IDC-Flat-Rainbow-Ribbon-Cable/312535453305?epid=1567752965&hash=item48c4908e79:g:YVQAAOSwqctcloAx
https://www.ebay.com/itm/1-4ft-26-Pin-26-Way-F-F-Connector-IDC-Flat-Rainbow-Ribbon-Cable/312535453305?epid=1567752965&hash=item48c4908e79:g:YVQAAOSwqctcloAx
https://www.ebay.com/itm/1-4ft-26-Pin-26-Way-F-F-Connector-IDC-Flat-Rainbow-Ribbon-Cable/312535453305?epid=1567752965&hash=item48c4908e79:g:YVQAAOSwqctcloAx
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5. Full tested PCI-DIO-96  

 

A. PCI-DIO-96  

 

 

Figure F.2.10: PCI-DIO-96 (Full Tested PCI-DIO-96 2019) 

 

B. Arduino shield: N/A  

C. Arduino code to download or write: N/A 
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D. Item Specifications:  

 

Table F.2.5: Item specifications for PCI-DIO-96 

PCI-DIO-96 Specifications 

Connection capabilities Connects to R1005050100 pin ribbon 

cable 

Manufacturer Part Number (MPN) HFKP053B 

PCI card voltage 3.3 V / 5 V 

 

E. Wiring: see Figure 3.6.2 in Section 3.6  

F. Website for Purchase   

https://www.ebay.com/itm/Full-Tested-PCI-DIO-96-60-Day-Warranty-

vpu/323653381446?hash=item4b5b3ead46:g:NyQAAOSw8PJcQF~J 

 

G. Cost per item: $67.07 

 

 

https://www.ebay.com/itm/Full-Tested-PCI-DIO-96-60-Day-Warranty-vpu/323653381446?hash=item4b5b3ead46:g:NyQAAOSw8PJcQF~J
https://www.ebay.com/itm/Full-Tested-PCI-DIO-96-60-Day-Warranty-vpu/323653381446?hash=item4b5b3ead46:g:NyQAAOSw8PJcQF~J

