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ABSTRACT

Longitudinal Oxygen Imaging in 3D (Bio)printed Models

by Ryan C. O’Connell

Electron paramagnetic resonance (EPR), and its molecular imaging modality, is a powerful tool to nonin-
vasively map various biological and chemical markers within objects of interest. Reliable data acquisition
is a major impeding factor for longitudinal hands-off measurements. Measurements are especially chal-
lenging in biomedical applications, as live objects are not static. Frequent changes occur that require
constant fine recalibration of the EPR detection system, called the resonator. To enable longitudinal
imaging, a technology permitting automatic digital control of resonator coupling, tuning, and EPR data
acquisition was developed. Automation was achieved through the utilization of a microcontroller and
digital peripheral components such as digitally controlled capacitors, a digital frequency source, and a
printed circuit board resonator. Several applications of this technology have been suggested and tested,
including in vivo EPR imaging. The first was to develop a tool for the optimization of light-based 3D
printing, for which oxygen plays a major role. Towards this goal, an EPR oxygen-sensitive probe was
incorporated into 3D printing resin. Oxygen depletion was measured during the 3D printing process
as the polymerization front progressed. After printing, oxygen depletion was again measured during
the post-curing process, proposed as a method to optimize post-curing light intensity, temperature,
and duration in order to produce quality 3D printed constructs. The second application of longitudi-
nal EPR imaging was directed toward resolving an important problem of oxygen delivery to thick (>1
cm) bioprinted models. Oxygen-sensitive EPR probes (water-soluble trityls or crystalline lithium octa-n-
butoxynaphthalocyanine) were introduced into bioinks (liquid hydrogels containing cells, nutrients, and
other biological factors) before printing. Bioinks become solid structures after printing due to crosslink-
ing. EPR imaging was demonstrated to measure oxygen consumption by the cells embedded in the
bioprints. As expected, an increase of oxygen depletion was observed by introducing a nutrient (pyru-
vate) to bioink. A numerical MATLAB simulation program was developed to predict rates of oxygen
consumption by the cells in the bioprint. The input parameters for the mathematical model include the
size and number of cells, the diffusion coefficient of the media, and rates of oxygen transfer through the
cell membrane. The software is being further refined and optimized for computational speed. Future
efforts will be aimed at improving the speed and scope of EPR automatic digital control, imaging the
oxygen depletion process in commercial 3D printers, and applying EPR mapping of oxygen consump-
tion rate to quantify the delivery of oxygen to cells deep inside bioprinted tissue models. Optimizing
the delivery of oxygen to cells would overcome the challenge of the limit of diffusion, facilitating the
development of larger and more complex bioprinted tissues and organs. These complex tissue and organ
models are envisioned for use in drug testing, biomedical research, and, in the distant future, implants
in humans.



“Ludwig Boltzmann, who spent much of his life studying EPR, died in 1906, by his own hand. Paul

Ehrenfest, carrying on the work, died similarly in 1933. Now it is our turn to study EPR.”

-Adapted from: Goodstein, David L. States of Matter. Dover Books on Physics, 1975. Boltzmann

and Ehrenfest studied statistical mechanics and thermodynamics, not EPR.
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Chapter 1

Introduction

When a loved one has a life-threatening disease that requires an organ transplant, what are the steps

towards recovery? Unfortunately, one of those first steps is being put on a transplant wait list, sometimes

for many years. As of the time of writing, there are 104,000 people on the waiting list for an organ

transplant in the United States, but only 42,800 transplants were performed in 2022.1 To overcome this

crisis, scientists are working towards developing a technology that can make new organs on demand.

Advances in the field of tissue engineering have led to two main strategies to generate organs for tissue

transplantation.

1.1 Making organs: decellularized extracellular matrix vs bioprinting

The first strategy to generate organs for tissue transplantation is the decellularization and recellularization

of existing organs.2 Decellularization is the process of removing the cells from an organ, leaving only

the extracellular matrix (ECM).3,4 After removal of the cells, the decellularized organ can be preserved

through freeze-drying5 or freezing,6 followed by sterilization,7 allowing for long-term storage. The

decellularized organ is then recellularized, typically with stem cells such as induced pluripotent stem

cells (iPSCs) that differentiate after initial recellularization.8 Before transplantation, the final step is

incubation in a bioreactor, which provides a flow of oxygen and nutrients to keep the cells alive and

develops organ functionality through cell differentiation.9 Bioreactors will be discussed in more detail in

a later section.

Several artificial organs have been successfully transplanted in animals following recellularization.
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To give an example, a decrease in blood glucose was seen in diabetic mice after transplantation of a

recellularized pancreas seeded with human mesenchymal stem cells (MSCs).10 Upon sectioning, these

pancreata were found to contain both acini ducts and islets of Langerhans. In another model, rat

intestine recellularized with human iPSC-derived cells showed transfer of glucose and fatty acids from

the lumen of the intestine to the venous effluent.8 Next, repopulation of decellularized mouse heart with

human IPSC-derived cells resulted in transcription of cardiac-associated genes, spontaneous contractions

of the heart, and increased contraction rate in response to isoproterenol treatment.11

Decellularized ECM without recellularization is already used in many clinical applications.12 Acellular

dermal matrix, a soft connective tissue graft, has been used to improve outcomes in Achilles tendon13

and rotator cuff14 repair, as well as to improve the healing rate for burns15 and other wounds.16 Outside

of acellular dermal matrix, decellularized heart valves show an improvement in reoperation rates over

standard valve replacement.17

As with any technology, decellularized ECM has benefits and limitations. One of the largest ben-

efits to using decellularized ECM is that the vascular structure of the decellularized organ remains

intact.18 The existing vasculature is used for perfusion during the decellularization process to remove

the cells,19 and is also used during and after recellularization to keep the new cells alive by supplying

oxygen and nutrients.20 Another benefit to the use of decellularized ECM from animals or grown in

cell culture is the potential large-scale availability of the organs for transplant compared to traditional

organs harvested from humans.21 In theory, decellularized ECM transplants should have lower incidence

of rejection compared to typical organ transplants because the original cells are removed and replaced

with the patient’s own cells.22 However, in practice there is still a significant immune response, perhaps

resulting in part by changes to the ECM caused by the decellularization process.23 Another limitation

to decellularized ECM in contact with blood is the requirement to completely line the vasculature with

endothelial cells.24 Thrombosis, or the formation of blood clots, remains a challenge in decellularized

ECM that is transplanted and in contact with blood.25

An alternative strategy to generate organs for tissue transplantation is the new and still developing

field of bioprinting. Bioprinting is an additive manufacturing technique, often using a combination of

cells and biomaterial, called bioink, to construct a tissue model.26 The principles of bioprinting will be

discussed more thoroughly in the next section. Briefly, bioprinting consists of two essential components:

the bioink and the bioprinter. A bioink is a liquid containing cells and a biomaterial, usually a hydrogel.27
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This bioink is polymerized using various strategies to form a solid structure, called the bioprint. Multiple

bioinks can be combined to make more complex bioprints containing varying hydrogels and cell types.28

Finally, the bioprinter is the machine that creates the three-dimensional (3D) bioprint using the bioink.

Like recellularized ECM-based tissue engineering, bioprinting has been used in preclinical studies. In

one study, rats were anesthetized, and a hole drilled into their skull.29 The hole was filled with a bone

construct using intraoperative bioprinting, where the bioprinting took place directly on the site of the

wound. The bioprinted bone construct also contained growth factor-encoded plasmid DNA to stimulate

bone regeneration. After six weeks, the rats who received intraoperative bioprinting had 90% bone

coverage compared to 25% for the control rats which healed naturally. In a different study, skin was

bioprinted which had a distinct fibroblast network, basal layer, and a monolayer of keratinocytes which

stratified after printing.30 The skin was transplanted in mice and demonstrated improved wound-healing,

healing faster and resulting in a thick (80µm after 14 days), stratified epithelial layer. The transplanted

skin developed hair follicles after transplantation, similar to skin in vivo. In a fourth study, bioprinted

cardiac patches composed of cardiac extracellular matrix and human progenitor cells were implanted

in a rat model of right ventricular failure.31 Rats that received the bioprinted cardiac patch showed

better right ventricle function and tissue remodeling. Finally, yeast, including Saccharomyces cerevisiae,

are commonly used in the lab to produce protein to treat certain diseases, such as the production of

insulin for diabetes.32 Introducing this yeast into a bioprint and implanting into a patient would result

in long-term, stable protein release to the surrounding tissue. The release of protein from a bioprinted

live biotherapeutic product has been shown over a period of ten days.33

Bioprinting can be used to create human-scale tissues34 that are customized to match the shape

of the original organ being replaced.35 Bioprinting uses a liquid bioink, and as such does not require

the original tissue structure used in many decellularized ECM applications. This overcomes the moral

limitation of decellularized ECM: hydrogels to make bioink can come from non-animal sources in the

cases of bacteria-based or algae-based alginate36 and synthetic sources such as polyethylene glycol, poly-

caprolactone and others.37 Technology to generate recombinant human collagen is being developed,38

but has not been commercialized. Collagen used in bioprinting still originates from animal sources, but

is purified protein, eliminating the problem of immunologic rejection seen with decellularized ECM.39

Like decellularized ECM, bioprinting promises large-scale availability of organs for transplantation.40 At

the same time, bioprinting has its own limitations. As will be discussed in more detail in a later section,
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bioprinting does not retain the complex vascular system of decellularized ECM. Complex perfusion sys-

tems have been developed using bioprinting, but do not recapitulate the complex layered structure of

vasculature and are large in comparison to the diffusion limit of oxygen, potentially resulting in hypoxic

conditions for cells.41

Both decellularized ECM-based tissue engineering and bioprinting technologies hold promise as al-

ternatives to human organ transplantation. In the meantime, both technologies also have important

roles in biomedical research. The Environmental Protection Agency has announced plans to stop fund-

ing and conducting research on mammals by 2035, signalling a shift towards alternatives to animal

research.42 Tissue engineering is becoming an important alternative to animal research in several fields.

Both bioprinting43 and decellularized ECM-based tissue engineering44 are used in high-throughput drug

screening. The 3D spatial arrangement of cells has been important in understanding neurodegenerative

diseases.45 Finally, bioprinting has been shown to more closely recapitulate aspects of tumor microen-

vironment than other 3D culture technologies,27 including interaction between the tumor and stromal

cells,46 tumor oxygen heterogeneity and necrosis,47 perfusable vascular networks for metastatic mod-

els,48 and infiltration of tumor-associated macrophages.49 While decellularized ECM and bioprinting

both have bright futures in medicine and biomedical research, the focus of this dissertation will be

bioprinting, which is also the topic of the next section.

1.2 Bioprinting: bioprinters and bioinks

In the field of bioprinting, there are two required components: a bioprinter and bioink. When selecting the

correct technology for the tissue model, biomaterial in the bioink and printing strategy for the bioprinter

are important. Additionally, the bioink used for printing needs to be optimized for the bioprinter. A

tabulated summary of this section is provided, see table 1.1.

There are currently about a dozen main bioprinter types (see figure 1.1 for a basic schematic of

four of the most popular bioprinting strategies).50 Many of these bioprinting strategies involve extrusion

or mechanical movement of bioink to the build plate. These include inkjet, single-nozzle extrusion,

multi-nozzle extrusion, co-axial extrusion, and embedded extrusion (see figure 1.1 a and b). The inkjet

bioprinting style was arguably the first modern bioprinter developed in 2003, with cells deposited at the

same time as the scaffold.51 Within inkjet printing there are several methods to mechanically separate
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the bioink from the printing head towards the printing bed, but the general process remains the same:

microdroplets about 50µm in size are released at frequencies up to 10kHz from one of many nozzles (one

bioprinter can have hundreds).52 Next, single-nozzle extrusion is the most popular bioprinting technique

due to ease-of-use, low cost and compatible bioinks.53 At its simplest, the bioink is pushed through a

syringe directly onto the printing bed. Multi-nozzle extrusion is identical to single-nozzle extrusion with

the addition of multiple nozzles that can contain different bioinks to construct more complex tissues.54

Co-axial extrusion uses a single complex nozzle, where a first bioink, called the core, is surrounded by

a second bioink called the sheath.55 By setting the core to extrude a sacrificial bioink or crosslinking

solution, small (several hundred micrometers) to large (1cm) vasculature can be generated.56 The last

type of extrusion is embedded extrusion, used by our lab (see chapter 4). Similar to other extrusion

methods, bioink is pushed out of a nozzle into a support bath, which holds the bioink in place while

polymerization occurs.57 This printing method allows for complex, multimaterial printing without the

deformation due to the weight of the bioprint seen in other mechanical bioprinting methods.

Light-based bioprinting uses light to deposit the bioink on the printing bed (see figure 1.1 c and d).

In general light-based bioprinting has the benefit of high speed and resolution, but there are less bioinks

available.58 The main bioprinting types in this category are single-vat, multi-vat, sequential injection,

liquid deposition, multi-wavelength, and laser-induced forward transfer (LIFT) bioprinting.50 In the vat

bioprinting methods, another two categories exist: stereolithography (SLA) bioprinting and digital light

processing (DLP) bioprinting.59,60 Single and multi-vat bioprinting use laser light in the ultraviolet (UV)

or visible range to photopolymerize the bioink onto the printing bed, which is in direct contact with a vat

filled with bioink.61 The SLA method uses point-by-point laser light to polymerize bioink to the printing

bed with approximately one micrometer resolution, limited by the diameter of the laser beam.60,62 The

DLP method (used by our lab, see chapter 4) makes projections, or 2D images, which polymerize the

bioink layer by layer. This layer-by-layer instead of point-by-point polymerization makes DLP faster in

general than the SLA method, while retaining most of the resolution.60 Sequential injection bioprinting

consists of injecting a microfluidics chamber with bioink, polymerizing the bioink via SLA, then injecting

a different bioink and repeating the procedure to produce high-fidelity, complex microstructures.63 Multi-

vat and liquid deposition bioprinting are similar in method: in multi-vat bioprinting, multiple vats are

used and the bioprint is moved between vats to utilize a different bioink, while in liquid deposition,

the different bioinks are placed in droplets on a glass slide instead of in a vat.64,65 In this way, less
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bioink has to be used to create the print; in vat bioprinting, a lot of the bioink is not used for the print,

but is used to submerge the printing bed. In multi-wavelength bioprinting, bioink containing one cell

type and multiple biomaterials are mixed together.66 The biomaterials are designed in a way that they

can be polymerized at different wavelengths, so one biomaterial is printed with UV light while another

biomaterial is printed with blue light. The last light-based bioprinting method discussed here, LIFT, uses

a gel bioink which is liquefied by light, forming a droplet deposited on the printing bed. This droplet

crosslinks in a second bath of bioink or biomaterial on the printing bed, forming a bioprint consisting of

a mosaic of gel droplets interspersed in a second gel.67 Bioprinting technologies are selected to match

the particular tissue model being printed. Bioprinter methods have different cell viability, printing speed,

resolution, ease-of-use, cost, and available bioinks.

As mentioned previously, bioink consists of cells and biomaterial. Virtually any cell type can be

used in bioprinting, including plant cells,68 but to survive they must be supported by a compatible

biomaterial. For this purpose, the bioinks are based on cell culture media (Ham’s F12 media for

culturing hepatocytes,69 endothelial growth media 2 for endothelial cells,70 etc.). In some cases the

cells and culture media are all that is required for bioprinting, for example in the case of scaffold-free

bioink.71 The next component of the bioink is the structural material, usually a hydrogel. The structural

material can be natural (agarose, alginate, chitosan, collagen, fibrin, gelatin, hyaluronic acid, Matrigel™,

silk, and dECM) or synthetic (gelatin methacrylate, Pluronic F-127® and poly(ethylene glycol)).58

Most light-based bioprinting uses synthetic hydrogel because it needs to be photopolymerizable.72

A final component of bioink is the polymerizing agent, an ion, molecule, or protein added to the bioink

that causes polymerization or crosslinking of the structural material. In general, all light-based bioinks

contain a photoinitiator, which facilitates polymerization of the structural material in the presence of

light of a certain wavelength (usually UV or blue light).73 Photoinitiators are also present in 3D printing

with resin, a technology similar to light-based bioprinting.74 Photoinitiators react with light to form

radicals and consume oxygen, discussed and measured in chapter 2.75 Besides photopolymerization,

thermal, ionic, enzymatic, and pH mediated crosslinking methods can be used.58 Ionic crosslinking

typically uses calcium cations to crosslink two molecules of structural material that contain negatively-

charged groups. An example of an ionic crosslinking structural material is alginate, used by our lab.

Next, an example of enzymatic crosslinking is fibrinogen and thrombin. The protein fibrinogen in the

bioink is brought into contact with the enzyme thrombin, usually in the support media, and is converted

6



by thrombin into fibrin, which forms a fibrous matrix.76 Finally, lowering pH causes rapid precipitation

of chitosan to form a gel,77 while collagen crosslinks (slowly) when the pH is brought to between 6.5

and 8.5 with temperature between 20-37°C.78

1.3 Technology in development today for tomorrow’s bioprinted trans-

plants

To enable bioprinting of resilient, human-sized, functional organs, two central challenges are still present.

The first of these is the delivery of oxygen and nutrients and the removal of waste to all cells in the

bioprint. One way to deliver oxygen to bioprinted tissue is to introduce an oxygen-releasing chemical

or cell to the bioink. Calcium peroxide and sodium percarbonate have been added to bioinks and show

oxygen release for at least twelve days.79 However, catalase had to be added to improve cell viability.

Calcium peroxide produces hydrogen peroxide as a byproduct, which increases production of free radicals

that reduce cell viability.80 Catalase solves this problem by breaking down hydrogen peroxide into water

and oxygen.81 A second potential issue with oxygen generation from calcium peroxide is the presence of

a sudden spike of oxygen directly after printing followed by a slow decay in oxygen production, as seen

by Ke et al.79 Oxygen concentration was found to increase to 30mg/L one hour after 1mg/mL calcium

peroxide addition to culture media, followed by a decay to 5mg/L oxygen concentration. For reference,

saturated water oxygen concentration at room temperature is about 8.5mg/L.82 Like hydrogen peroxide,

high oxygen levels are also toxic to cells through the formation of reactive oxygen species.83 As an

alternative, oxygen-producing cells such as algae and cyanobacteria have also been used to supplement

oxygen in bioprinting.84 An algae, C. reinhardtii, bioprinted in co-culture with HepG2, a hepatic tumor

cell line, showed steady release of oxygen and increased cell viability of the HepG2 cells.85

Another developing method to deliver oxygen and nutrients and remove waste for the cells in the

bioprints is through vascularization. Similar to natural tissue, bioprinted tissue models can include

vasculature, sometimes complex and containing endothelial cells, smooth muscle cells, and fibroblasts.86

In vivo, blood vessels contain a single layer of endothelial cells, the barrier between the blood and the

body, then a layer of smooth muscle cells that compress and relax to help the blood flow, and finally

a layer of connective tissue containing fibroblasts, which generate ECM.87 Each of these have been

incorporated into bioprinted vasculature models. Endothelial cells are added into the bioprint by printing

7



with them88 or by introducing them after printing.89 A gap in the field of bioprinting with endothelial

cells, is that, with few exceptions,90 studies use human umbilical vein endothelial cells, which are easy

to grow, while endothelial cells are in fact organ-specific in function and morphology.91 Smooth muscle

cells can be printed into vasculature and show orientation and contractile marker expression.92 Finally,

fibroblasts have also been included and result in better shape stabilization of the vessels.93 In the body,

there is a spectrum of vasculature size. The aorta is 2-3cm in diameter, arteries 2-5mm, arterioles

100-500µm, and capillaries 5-20µm.94 The size of each vessel is important, as they carry blood from the

heart to the cells in the tissue, or in this case, from the media to the cells in the bioprint. Maybe most

importantly are the capillaries, where the oxygen, nutrient, and waste transfer takes place.95 However,

most bioprinted vasculature models are between the artery-arteriole size range (500µm-2mm).96 While

acellular capillary bioprints of inner diameter 5µm have been shown,97–99 no capillary-sized vessels have

yet been incorporated into a large functional bioprint. The smallest cell-laden vasculature bioprinting

has achieved is about 150µm in diameter, many times larger than the size of capillaries in vivo.100

Although bioprinted vasculature incorporated into tissue models is wider than in vivo capillaries,

it has been shown to increase cell viability in these models.101 In an early study in 2009, channels

were made using sacrificial gelatin in a collagen bioprint, and showed improvement of fibroblast cell

viability from 65% to 90%.102 More recently, Pi et al showed 90% cell viability for human umbilical vein

endothelial cells over a period of 14 days in a perfusable bioprinted filament 1mm in diameter from a

coaxial bioprinter.103 Using fluorescence microscopy, Kolesky et al demonstrate the dependence of cell

viability on cell density and distance from vasculature in bioprints.96 Much research is continually being

devoted towards the need to sufficiently vascularize bioprints to enable thick tissue models.104–106

Furthermore, the scientific community has not yet decided on an optimal layout for vasculature.

Resembling the city streets of the United States, some vasculature and microchannels are outlaid in a

grid pattern,34 although zig-zags, spirals, and other patterns can be made.100,107 To determine optimal

layout for vasculature, in-depth 3D oxygen mapping will be required, along with mathematical modelling,

to predict which areas of the bioprint will need oxygen, delivery of nutrients, and removal of waste.

The requirement for small capillaries and oxygen-releasing chemicals or cells is due to the “limit of

diffusion” of oxygen, nutrients, and waste. In other words, the oxygen limit of diffusion refers to the

depth oxygen can reach before being consumed by cells in the bioprint. Depending on the cell density

and type of materials used, the diffusion limit of oxygen in 3D culture is between 40µm for cell-only
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structures,108 to 350µm for acellular structures, limiting the size of diffusion-only bioprints (with cells)

to less than 3mm.109 Complex, optimized vasculature in bioprinting needs to be developed to transfer

oxygen, nutrients, and waste before the printing of functional, full-size organs is possible.110 These

complex vascular systems are possible, and have been recently modeled.111 To confirm the success and

to optimize these strategies for transferring oxygen, nutrients, and waste to and from cells in bioprints,

the mapping of oxygen, pH, and other parameters will be necessary. Measuring the viability of cells in

bioprints is a good start, but does not give data regarding the parameters that affect the cell viability.

After bioprinting, the structure needs to mature into a functional tissue. This process is here called

4D bioprinting, the fourth dimension referring to time.112 To enable tissue maturation over time, a

device called a bioreactor is necessary to keep the tissue alive.113 There are currently four main types

of bioreactors: spinner flask, rotating wall, compression, and perfusion. The spinner flask is a flask with

a magnetic stir bar at the bottom. Bioprints can be hung from the cap of the flask and suspended

in cell culture media which is spun by the stir bar,114 though this bioreactor seems to be mostly

used to generate spheroids for use in the bioink.71,115 Rotating wall bioreactors are like media-filled

hamster wheels: the media and bioprint are held in a spinning cylinder which suspends the bioprints in a

microgravity environment. They have been used in several 3D culture models including skin construct116

and cardiac tissue.117 A related bioreactor is the Taylor-Couette bioreactor, where an inner cylinder spins

and the outer wall does not move. The Taylor-Couette bioreactor has been applied in bioprinted human

dermal tissue, and resulted in improved maturation of fibroblasts compared with static culture.118 Next

is the compression bioreactor, where a piston is used to put cyclical pressure on the scaffold. This

type of bioreactor is important to stimulate mineral density and osteoblast differentiation in bone 3D

culture.119 The last, and most used in bioprinting, is the perfusion bioreactor. A perfusion bioreactor

works by perfusing culture media through microchannels or vasculature in the bioprint.120 A bioprinted

bone scaffold was perfused for two weeks and showed phosphate deposition and improved stiffness.121

Another study created a successful in vitro model of trophoblast and endothelial cell signaling using

perfusion bioreactor incubation of a bioprint.122 Trophoblasts are important cells in early pregnancy that

develop into part of the placenta and provide nutrients to the embryo. Compared to the standard 2D

culture model, increased angiogenic markers were found in the bioprinted model along with colocalization

of the trophoblasts with endothelial cells. Bioreactors can monitor oxygen, pH, carbon dioxide, total

carbon, and temperature in the culture media.123,124 What these bioreactors lack, however, is monitoring
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of the microenvironment (oxygen, pH, etc.) of the bioprint or 3D culture. Optimization of bioreactor

function through mapping of the bioprint microenvironment while inside the bioreactor would facilitate

the development of long-term organ models for research or transplant.

A caveat to current studies of oxygen delivery to cells in bioprints is that the oxygen was measured

only at a single point79 or on average from oxygen released by the bioprint.85 Tissue oxygenation,

whether in a bioprint model or in vivo, can be heterogenous. Mapping oxygen concentration throughout

bioprints will become important to determine the optimal amount of oxygen-generating chemical or

cells. Strategies to measure parameters of the microenvironment in bioprints will be discussed in the

next section.

1.4 Quantitative, noninvasive mapping of the microenvironment

As discussed in the previous section, there is a need for measurement of the microenvironment of bioprints

to optimize models and enable human-scale, functional organs for research and transplantation. There

are several instruments that can be used for mapping of the microenvironment. Biosensors, microscopy,

magnetic resonance imaging (MRI), positron emission tomography (PET), ultrasound, single-photon

computed tomography (SPECT), and electron paramagnetic resonance imaging (EPRI) are all method-

ologies used to measure or map tissue microenvironment. Their application or potential for application

towards bioprint microenvironment measurement is discussed in this section, and these technologies are

summarized in table 1.2.

Biosensors are portable, rapid, and highly sensitive.125 Encompassing a wide variety of devices,

biosensors are used for medical diagnostics, chemical sensing, temperature sensing, environmental mon-

itoring, pressure sensing, biomolecule sensing and force sensing.126 From household glucose monitors127

to cancer diagnostic tools,128 biosensors have had wide-ranging and important impact in medical re-

search, and bioprinting is no exception. Biosensors have the ability to measure pH, oxygen, and carbon

dioxide, among many other parameters useful to monitor cells in bioprints.129 Oxygen biosensors have

been used to show and calculate the rate of oxygen release from calcium peroxide embedded in hydro-

gel.130 The effect of perfusable microchannels on oxygen concentration in the middle of a cell-laden

bioprint has also been measured using an oxygen biosensor.131 By tracking changes in oxygen over time,

biosensors have also been used to measure metabolic flux in 2D and 3D culture.132 As one example,
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metabolic flux has been recorded in bioprinted model of skeletal muscle.133 Here, the authors treated

bioprinted skeletal muscle with electron transport chain inhibitors and observed the resulting effects on

the oxygen consumption rate by the cells using the Seahorse, a medical research device that utilizes

an oxygen biosensor. Although biosensors are able to measure many important parameters that will be

useful in bioprinting, they provide data at only one point, providing an average of the system. Addition-

ally, to measure the microenvironment of the bioprint, the sensors have to be invasively embedded or

inserted into the bioprint, which itself introduces changes in the microenvironment.131 To map spatial

data from bioprints, another method will have to be used.

Moving from single-point measurements into imaging, microscopy can be used to quantitatively

and noninvasively map the microenvironment. Besides viewing the physical structure of the bioprint

or cell morphology, microscopy techniques such as near infrared fluorescent microscopy have the ability

to quantitatively map proteins, cell structure, oxygen,134 reactive oxygen species,135 pH,136 viscosity,

etc. with up to 3mm depth.137,138 One particularly useful microscopy measurement for bioprinting is

live/dead imaging, where one dye indicates live cells and another dead cells.139 This is used to measure

the ratio of cells that survive the bioprinting process or to measure the length of time cells remain

viable in a bioprint. In the application of oxygen mapping, one study demonstrated oxygen microscopy

of multicellular spheroids which were bioprinted.140 Another study demonstrated oxygen mapping and

metabolic flux of microalgae and human mesenchymal stem cells in a bioprinted model.141 Out of all

imaging techniques discussed here, light microscopy has by far the best resolution,142 but is limited in

depth. In addition, with increasing imaging depth, resolution loss occurs because of light scattering.143

For imaging of thick (<1cm), human-scale, or transplanted bioprints, another method will have to be

used.

MRI, the imaging implementation of nuclear magnetic resonance, is used to generate anatomic

images, but can also be used for oxygen mapping through oxygen-enhanced MRI and blood oxygen

level-dependent (BOLD) techniques,144 pH,145 and reactive oxygen species,146 among others. MRI has

been used as a quality control tool for bioprinting: after bioprinting, MRI can be used to determine

porosity, hole areas, and deviations in the bioprint when compared to a reference.147 T2*-weighted

MRI was used to track cells that were labeled with micron-sized superparamagnetic iron oxide particles

after in situ bioprinting into mouse calvarial defect.148 Manganese-based contrast agent was used for

MRI tracking of bioprinted constructs after implant, to enable postimplant intervention if necessary.149
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Dynamic contrast-enhanced MRI and diffusion-weighted MRI were used to measure vasculogenesis, the

process of new blood vessel generation, in fat graft bioprints and chondrocyte-seeded bioprints after

they were implanted into mice.150,151 Dynamic contrast-enhanced MRI and diffusion-weighted MRI

techniques measure tissue perfusion and diffusion coefficient, respectively. Through the use of T1-

weighted or R1 relaxation rate measurements, tissue oxygen level dependent MRI can measure relative

tissue oxygenation,144,152–154 and in some cases, quantitative tissue oxygenation.155 MRI has enormous

potential in the noninvasive imaging of components of the bioprint microenvironment.

PET works through the use of a positron emitter such as 11C, 15O, 18F.156 A positron is an antimatter

electron - it has the same mass as an electron, but a positive charge. When the positron comes in contact

with an electron they are annihilated, resulting in the formation of two high-energy photons that travel

almost perfectly 180° in respect to the other, which is what the PET machine detects. Multiple hypoxia

imaging radiotracers have been developed for PET.157 PET can map metabolic rate through the use

of labeled glucose, fluorodeoxyglucose.156 The consumption rate of oxygen can be measured by PET

through the use of 15O radiotracers.158 At the time of writing, PET has not yet been used in bioprints.

Using positronium, an atom containing a positron and an electron, can be used in PET to quantitatively

measure oxygen.159 However, its low oxygen concentration resolution of 10mmHg is currently limiting

in the case of measuring fine changes in oxygen in bioprints. For this, another method will have to be

used

SPECT is similar to PET in the use of radioisotopes, but in SPECT gamma radiation is released

and measured directly.160 SPECT is often used to measure perfusion through blood vessels. SPECT

was used to measure changes in pulmonary vasculature before and after COVID-19 infection in humans,

and is regarded as the gold-standard screening test in assessment of chronic thromboembolism (clogged

or narrowed blood vessels in the lungs).161 It is also used to measure changes in perfusion during

the course of Moyamoya disease (causes blood flow restriction and strokes in the brain)162 and to

measure functional blood flow in the brain.163 Moving towards bioprinting, SPECT has been used to

show bone regeneration in a poly(ethylene-glycol) hydrogel implanted in a calvarial bone defect.164 One

limitation of SPECT is resolution, which varies greatly between machines, with a range between 1.4mm

to 20mm.165,166 This limitation currently restricts SPECT to mapping general changes in the tissue

rather than mapping of the microenvironment.

Ultrasound is a technique where sound waves are transferred to the object being imaged, and
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the reflection is measured.167 Doppler-ultrasound can rapidly map changes in blood flow.168 Functional

bioprints are not static, but need to change over time as the cells differentiate and excrete ECM and other

molecules. Grayscale, double-transmission and pulse-echo ultrasound methods have been used to track

collagen deposition over time by myofibroblasts and chondrocytes embedded in fibrin and poly(ethylene

glycol) gels.169,170 After bioprinting, cells can die due to the stresses of the printing process or because

of hypoxia, or proliferate (stem cells, cancer cells). As discussed previously, live/dead microscopy or

assays can be performed. As an alternative, cell concentration in bioprints can be estimated using

high frequency quantitative ultrasound.171 Finally, microscale viscoelasticity in hydrogel constructs can

be mapped.172 Photoacoustic microscopy, a hybrid modality utilizing both ultrasound and microscopy

principles, has been used to image microchannel structures and blood oxygen saturation of blood moving

through the microchannel structures in a bioprinted model.173,174

Last but not least, EPRI can be used to quantitatively and non-invasively measure components of

the microenvironment in bioprints. As discussed later in detail, EPRI can be used to quantitatively map

oxygen with 100µm resolution (see chapters 2,3,4). EPR imaging probe can be incorporated into resin

(chapter 2) and bioink (chapter 4) to enable imaging of the microenvironment. EPR probes have high

sensitivity and minimal toxicity.175 While oxygen mapping is currently at the center of EPRI in vivo, EPRI

can map other parameters of the microenvironment, such as inorganic phosphate,176 glutathione,177

pH,178 redox status,179 viscosity,180 reactive oxygen species,181 nitroxyl,182 antioxidant capacity,183 and

hydrogen peroxide.184 In light-based 3D printing and bioprinting, EPR has been used to measure free

radical formation.185–187 Lastly, EPR can monitor molecular viscosity and folding through spin-labeling

in liquid and polymerized hydrogel.188 While each of these parameters of the microenvironment are

important on their own, the power of EPR is that multiple parameters can be measured through the use

of one EPR probe. In vivo simultaneous measurement of oxygen partial pressure, pH, and phosphate

concentration has been shown.189 Additionally, pH and redox status can be measured simultaneously, as

well as pH and glutathione.177,179 The development of EPR probes for measurement of new parameters

is under constant research. However, the use of these probes towards bioprinting is lacking, outside of

measuring free radical formation. The purpose of the research in this dissertation is to demonstrate the

capability of EPRI to quantitatively and noninvasively measure parameters of the microenvironment in

bioprints, towards optimizing bioprint design to enable complex and human-size organ models. As a

first step towards this goal, oxygen concentration will be mapped in a bioprinted model (chapter 4).
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1.5 5D Rapid Scan Electron Paramagnetic Resonance Imaging

While EPR and NMR are very similar, EPR fundamentally utilizes electronic magnetic moments while

NMR utilizes nuclear magnetic moments.190,191 The electron is a quantum mechanical object that

possesses discrete angular momentum, called spin. Associated with the spin is a quantum number,

s = 1
2 . When a sample containing unpaired electrons is placed in a magnetic field, two energy levels

become separated that correspond to the parallel and antiparallel orientation of the spin relative to the

magnetic field. In the absence of a magnetic field, the magnetic moment is randomly oriented. When

the energy of a photon matches the energy difference in spin states (resonance conditions), the electron

switches its state by absorbing the photon. This process can be measured by the EPR detector. The

resulting observation is a spectrum of energy absorption (sometimes of dispersion) as a function of the

excitation frequency. Two types of excitation/detection approaches have been utilized: continuous wave

(CW) and pulse. In the latter method, a broad range of frequencies is excited simultaneously. In CW

detection, as the name suggests, only a single frequency is generated. In this case, EPR spectrum is

observed by changing the external magnetic field.

The standard CW EPR method utilizes magnetic field modulation with a small amplitude compared

to the EPR spectral width.190 By modulating the magnetic field strength, a sinusoidal wave with an

amplitude proportional to the slope of the EPR signal is formed, giving a first derivative absorption

spectrum. Phase-sensitive detection at the modulation frequency is used to accurately measure the

EPR spectrum.192 In this procedure, alternating current (AC) converts the oscillating signal to a direct

current (DC) EPR spectrum. A more advanced multi-harmonic detection was proposed that increased

signal-to-noise ratios of the spectra by performing digital phase-sensitive detection at several harmonics

of the modulation frequency.193,194.

In our laboratory, we have developed a next-generation CW EPR technology called rapid scan

(RS). This technology permits up to two orders of magnitude signal-to-noise ratio (SNR) enhancement

compared to the traditional CW EPR. RS sensitivity gain stems from the phenomenon called relaxation.

In the standard CW method, the spin system experiences power saturation (analogous to reversible

photobleaching in optics). Relaxation, especially longitudinal T1, is the time required for the spin system

to recover. The result is suboptimal data acquisition, slow and limited by the maximum power. In RS

EPR, the magnetic field or frequency is changed quickly relative to the characteristic relaxation rate of
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the electrons in the sample being measured.195 Spin system saturation occurs at higher powers.196 Also,

in this method, the entire spectrum is collected at once instead of measuring point by point with field

modulation as in CW EPR.196 As a result of the scan being faster than the relaxation rate, distortion of

the spectrum occurs. The distortion is resolved using deconvolution.197 In CW EPR, field modulation

must be small relative to the linewidth or else line broadening will occur, but this is not necessary in RS

EPR.195 Lastly, because of rapid spectra collection, image acquisition is several times faster than in CW

EPRI, which is crucial for imaging the changing microenvironment over time (as well as live animals).

From the engineering standpoint, the EPR spectrometer is somewhat analogous to optical instru-

ments. Radiofrequency (RF) waves are directed toward the sample, interact with the media, and reflect

back toward a detector. The crucial difference with optical devices is the use of a resonator that amplifies

RF up to several orders of magnitude, both the excitation and detection waves. As the name suggests,

this critical unit of an EPR instrument requires fine-tuning to the resonance frequency (similar to tuning

your radio to a favorite channel). Two strategies have been used: change the resonator frequency to

match the RF source, or vice-versa. The latter, changing frequency source, is a faster and less chal-

lenging option. The resonator efficiency is quantified as a quality factor (Q-factor), defines as the ratio

between resonance frequency and full-width half maximum excitation bandwidth. Q-factor depends on

the resonator design and energy absorption by the sample. RS EPR permits the matching of the signal

bandwidth to that of a resonator with a given Q-factor. The standard CW method is suboptimal in

this regard. The signal bandwidth is much less compared to the resonator bandwidth. The resonance

frequency can be changed through the use of a tuning capacitor on the resonator, a process called

tuning. To take full advantage of the resonator, source energy has to be delivered to the sample with

very little reflection. This is achieved by a technique called coupling. Fine coupling is achieved by the

use of trimmer inductors and/or capacitors. Our laboratory pioneered the design and use of digitally

controlled capacitors for EPR permitting unparalleled speed and reliability (see Chapter 2).

Different types of resonators have been designed and used that are tailored to specific applications,

including surface coil resonators, implantable resonators, and volume resonators.198 In simple terms, the

surface coil is placed on the surface of the sample,199 an implantable resonator is implanted into the

sample,200 and the sample is placed into the volume resonator.201 Our EPR imager currently utilizes

a loop-gap volume resonator for imaging of bioprinted constructs and a surface resonator for in vivo

measurements of breast tumors (see chapter 2).202
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Generation of low noise excitation RF is crucially important for CW EPR detection, as phase noise

that has a bandwidth of about 100kHz to 1MHz is reflected from the resonator contaminating spin

responses. Various types of RF sources have been used, such as the klystron203 or Gunn diode204 for

high frequency EPR. In lower RF, less than 1Ghz, voltage controlled oscillators (VCO) are commonly

used. VCO has the disadvantage of “drifting” over time. The frequency that depends on the applied

voltage would slowly change. Also any noise in the applied voltage can result in unwanted changes in

frequency. The novel approach in our design is to utilize digital frequency sources that are locked to a

very stable reference. The frequency can be defined down to a fraction of one Hz and does not drift

over time.

With the addition of gradient coils, EPR images can be collected. Gradient coils generate additional

magnetic fields that are spatially encoded.205 By collecting spectra with different gradient field magni-

tudes and performing reconstruction as in computed tomography, an image can be computed.206 The

spectra containing different gradient field magnitudes are called projections.

In addition to CW and CW RS EPRI, other EPR modalities including pulse EPR, multiharmonic

EPR, and time-resolved EPR can be used to give important information about the microenviornment.

Without getting too far into the details of pulse EPR theory, magnetic moment (µ) is another property

of electrons.207 The sum of the electron magnetic moments in a sample results in the net magnetization

vector. Through the use of pulsed RF, the net magnetization vector can be perturbed, and the resulting

signal measured by the resonator.208 In this way, different characteristics of the sample can be measured

through the use of different types of pulses, as in electron spin echo envelope modulation spectroscopy

(ESEEM)209 and electron nuclear double resonance spectroscopy (ENDOR).210 Pulse EPR oxymetry

is rapidly developing, with applications towards preclinical models.211 Next, multiharmonic EPR uses

magnetic field modulation greater than the measured linewidth. By extracting information from multiple

harmonics of the modulation frequency, SNR of the spectrum can be increased.193 Like RS and pulse

EPRI, multiharmonic EPRI has been used to provide superior imaging over CW EPRI, especially in the

case of lower signal.194 Finally, time-resolved EPR works by detecting EPR absorption and emission

signals after a brief pulse of laser irradiation.212,213 Time-resolved EPRI has been applied to measuring

diffusion in aerogels.214

Although in theory any paramagnetic atom or molecule can be studied with EPR, chemical probes

are most often used in vivo to measure the microenvironment. Melanin in skin215 and tooth enamel216
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are two exceptions where endogenous EPR signal is measured in vivo. Linewidth, solubility, toxicity, and

sensitivity are important in determining suitable EPR probe for imaging. Resolution for EPRI is depen-

dent on the characteristic linewidth of the probe and on gradient strength, among other factors.217 EPR

probe is either crystalline or soluble. Crystalline probe such as lithium phthalocyanine (LiPc) and lithium

octa-n-butoxynaphthalocyanine (LiNc-BuO) can be injected into an animal218 or encapsulated in resin

or bioink (see chapters 3,4). Soluble probe can be injected either systemically219 or intratumorally220 in

animal studies. Soluble probe can also be included in bioinks, but the probe should be added to culture

media after printing (see chapter 4). Some EPR probes are considered less toxic than others.221 For

example, deuterated Finland Trityl (dFT) is known to bind to albumin, potentially resulting in some

toxicity,222 while similar EPR probes OX063 and Ox071 do not bind to albumin.223 Finally, the sensi-

tivity, or change in linewidth proportional to change in parameter being measured, can vary between

EPR probes. One example of this is LiNc-BuO, where anoxic LiNc-BuO has linewidth of 210mG and

fully oxygenated (100° O2) LiNc-BuO has linewidth of 6.7G.224 This is compared to LiPc which has

anoxic linewidth of 14mG and fully oxygenated of 4.7G.225 Linewidths of both LiNc-BuO and LiPc

above were measured using peak-to-peak first derivative measurement. The result is that LiNc-BuO is

more sensitive to oxygen than LiPc, which is good for spectroscopy, but for imaging, good resolution is

strongly dependent on small linewidth. A similar case is true for Ox063 and Ox071, with Ox071 having

an anoxic linewidth of 80mG and Ox063 an having anoxic linewidth of 160mG.223 Overall, crystalline

probes have greater sensitivity to changes in oxygen compared to soluble probes. In our imaging system

(see chapter 4), both crystalline probes and soluble probes are used. For oxymetry, crystalline probes

are preferred for repeated measurements at low oxygen concentration and in light-based printing resins

(chapter 3), while soluble probes are preferred when full range from anoxia to air concentration oxygen

will be imaged (see chapter 4). The wide linewidth of crystalline probes (LiPc and LiNc-BuO) when

fully oxygenated make imaging challenging. Soluble probes are the best for observing tissue oxygenation

throughout the tumor, while crystalline probes are used for repeated measurements at the point of probe

injection. However, crystalline probes mixed with cancer cells before injection can also be used for to

give tissue oxygenation throughout the tumor, although the crystalline probe spreads in a heterogeneous

way as the tumor grows.226 Crystalline probe can be dispersed throughout a resin (chapter 3) or bioink

(chapter 4) for repeated measurements throughout a printed object. In our lab, it is noted that different

batches of EPR probes have slightly different linewidths; each batch of EPR probe should be calibrated
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before use to determine fully oxygenated and anoxic linewidths.

Using RS EPRI for animal and bioprinting applications comes with challenges that must be addressed.

RS EPRI is a sensitive method: any changes in coupling away from critical coupling, or tuning away from

the resonance frequency result in the loss of signal from the sample. This issue is especially egregious

during imaging, where slight movements from the animal or changes in the bioprint caused by perfusion

or the system heating and drifting over time, can result in loss of data in the image, potentially ruining

the image or the entire experiment, if uncorrected over several images. In bioprinting, it will be necessary

not only to map the microenvironment in the short term, but to measure how the microenvironment

changes over periods days227 or even weeks.228 Lastly, most EPR imagers use analog components in

the resonator (capacitors are fixed, mechanically tunable or voltage controlled). Mechanical capacitors

require human adjustment, while in RS EPR, voltage controlled capacitors are sensitive to noise and

induction of small voltages from the rapid scan coils. For all of these reasons, it is be necessary to

digitize and enable automation of the RS EPRI system (see chapter 2).

1.6 Automation: digital and microcontroller technologies

As discussed in the previous section, analog components have several limitations: inherent background

noise, RS coil induction of voltage noise, and the challenge of automation. Digital components have the

advantage in each of these limitations. A digital signal takes the form of a zero or a one, called a bit. It

could also be thought of as a switch, either on or off, for a short period of time. Digital bits become an

advantage when noise in the transmission line from controller to digital component is present, whether

induced by RS or coming from the external environment. Transistor to transistor logic (TTL) is a form

of digital logic design used by many digital components.229 Commonly used TTL levels are 3.3V and

5V, referring to the voltage supply. For a 5V TTL gate, a typical “1” is registered when the component

receives an input between 2-5V, and a typical “0” is registered when the component receives an input

between 0-0.8V. These levels will vary slightly between manufacturers, but the wide range of voltage

for each state, on or off, means that any noise, unless exceedingly large, will not be registered by the

digital component. As a result, noise in the transmission line between the controller and the component

is eliminated and is not transferred to the EPR system. The last advantage is automation. Automation

can be done with voltage-controlled components through the use of a digital-analog converter (DAC).
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As in the name, a DAC converts digital signal into analog voltage or current. However, automation

through digital components only can be faster and more reliable.

There are several automation-enabling technologies that can replace analog versions of RS EPRI

equipment. These include digital frequency sources, digitally tunable capacitors (DTCs), digitizers, and

the automated controller. For implementation of each of these technologies, see chapter 2. First, digital

frequency sources can often be tuned to 1Hz resolution and have low phase and amplitude noise after

filtering. For example, a digital frequency source for 6-9GHz has been made to jump frequencies in

7ns, with phase noise about -117dBc/Hz.230 Another digital frequency source for 1.4-3GHz with time

latency of 245ns, power stabilization of 2.7dBm and phase noise -75dBc, and was used to measure single

electron spin in a nitrogen-vacancy center in diamond.231 Next, a DTC is at heart an array of fixed

capacitors that are digitally selected with switches to result in a desired net capacitance. An example of

a DTC is the Peregrine Semiconductor PE64904, which has 32 possible capacitances between 0.6-4.6pF,

operation range 100MHz-3GHz, power range up to 38dBm, and switching time of 12µs.232 Next is the

digitizer. A digitizer is more than an analog-digital converter, but also can include many functions of

an oscilloscope like real-time averaging, and multiple inputs and triggers.196,233 Digitizers are already

used in RS EPRI.202

The automation-enabling technology at the heart of automation itself is the controller. A controller

can be a microprocessor, a microcontroller, an application specific integrated circuit (ASIC), or a field-

programmable gate array (FPGA).234 The microprocessor is, in simple terms, the raw central processing

unit (CPU) attached to a printed circuit board (PCB). This microprocessor can be programmed to

compute complex tasks like running artificial intelligence (AI) algorithms.235 Adding memory, clock

generator, a display, or other components turns the microprocessor into a computer. Computers have

been used to run EPR machines for decades and are relatively easy to program, but can be slow or

unpredictable because the CPU needs to process many tasks in serial (one at a time), like running

the desktop, background processes, EPR software, automatic updates and antivirus, etc. Second, a

microcontroller is an inexpensive and compact computer designed to perform a specific task or tasks

using serial processing. Microcontrollers often have electrical inputs and outputs, which makes it easy

to connect other digital components and make prototype automation systems. The classic example

of a microcontroller is the Arduino.236 Third, the FPGA uses an array of interconnected logic gates,

where the connections between the gates can be changed through programming.237 A logic gate is a
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basic AND, NAND, OR, NOR. For example, an AND gate only returns a “one” digital state if both

inputs are also ones; otherwise, it returns a zero. The FPGA is programmed with a special hardware

description language, and can conduct automated tasks using parallel processing. Because of both of

these traits - the simpler language and parallel processing - FPGAs are faster than microprocessors and

microcontrollers. Finally, an ASIC, as the name suggest, is a circuit designed for the specific task, and

cannot be reprogrammed like an FPGA, microcontroller, or microprocessor. Similar to an FPGA, an

ASIC can compute tasks with parallel processing, and uses a logic gate array that is optimized and hard-

wired specifically for the application.238 For this reason, ASICs are the fastest, most reliable controllers

(if designed properly). Once an ASIC has been designed, it can also be mass-produced at lower cost.

In general, automated designs progress from proof-of-principle on a computer, to early prototype with

a microcontroller, to fast and reliable prototype on FPGA, and finally commercial product with ASIC,

although this process is not always the case.

To communicate between different devices, such as computer to microcontroller or microcontroller to

components, different communication protocols can be used, including Universal Serial Bus (USB), serial

peripheral interface (SPI), inter-integrated circuit (I2C), WiFi, Ethernet, Bluetooth, and many more.239

Depending on the protocol, components can be set up in a slave/master system, or a multimaster system.

In the slave/master system, a slave component waits to receive data, and only sends communication

back if requested. In a multimaster system, any of the components can send information. In general,

the information sent from one component to another is contained in a finite set of bits (a digital zero or

one) called a packet. This packet is structured, typically specifying which component is communicating,

which component the packet is being sent to, the number of bits in the packet, and some special

bits at the beginning and end of the packet to make sure the packet is received without error. USB

connectors contain varying amounts of wires, but at the most basic contain a ground (0V), +V (5V

usually), and two data wires (data+ and data- for a differential signal transmission). USB ground and

voltage lines can be used to power components (phone charger as an example). SPI uses four lines as

well - SCL (serial clock line), MISO (master-in, slave-out), MOSI (master-out, slave-in), and SS (slave

select). SCL sets the speed of incoming bits, SS selects the component to be communicated to (each

component gets its own dedicated SS line), and MOSI and MISO send data from master to slave or

slave to master, respectively. SPI does not require as much structure in the packet, because there is only

one master, and the component is selected through an SS line. Next, I2C only uses two lines, SCL and
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SDA (serial data line). The component to be communicated with is selected by including an address in

the beginning of the communication. Generally in I2C the component sends an acknowledgement bit

back to the master to confirm it received the message. Ethernet requires more structured packets, with

longer addresses in the beginning of the packet, but allow very fast communication speeds. WiFi and

Bluetooth communication require a special chip to send and receive the signal. The advantages and

limitations of each is summarized in table 1.3.

In addition to types of communication, this communication can be passed through copper wires

(most common), through fiber-optic cables, or through the air (WiFi, Bluetooth). One advantage to

fiber-optic cables and air transmission is decoupling of the electric circuits between the two components

(potentially reducing noise transmission between devices).

1.7 3D Printing

As a gateway to bioprinting, oxygen mapping of 3D printed resin was performed (see chapter 3).

Oxygen is important in light-based 3D printing (as well as light-based bioprinting) as an inhibitor to

photopolymerization.240 Here, a brief overview of the types of plastic 3D printers and inks is discussed.

3D printing of other materials (cement,241 metal242) is also possible, but not discussed here.

Similar to bioprinting, mechanical and light-based 3D printing methods are popular.243 Photopoly-

merization is used in light-based 3D printing, much the same as in bioprinting.244 However, in mechanical

3D printing heat is generally used to bind material together as opposed to the ionic, enzymatic, or pH

crosslinking seen in bioprinting. Most popular are the filament 3D printers.243 These print by melting

a solid filament, which solidifies as it cools into the final product. Filament can have added wood,

metal, or ceramic components.245,246 Common polymers include polylactic acid (PLA), acrylonitrile

butadiene styrene (ABS), polyethylene terephthalate glycol (PETG), and nylon. The next most popular

3D printing methods are light-based 3D printing, SLA and DLP. These methods either use laser-based

or projection-based light to polymerize plastic resins to form the object in SLA and DLP printing, re-

spectively.244 These printing methods are much the same in bioprinting, see section 1.2. As with other

methods, a variety of resins are available. The next method is material jetting, where much like inkjet

bioprinting, liquid is sprayed from multiple heads to the printing bed in a thin layer.247 However, the

material printed is photopolymerized once deposited. The fourth method, powder bed fusion, works by
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selectively melting a powder with a laser to form the object.248 Mostly for use with metal, polymers can

also be used. Finally, sheet lamination works by selectively melting the area of a thin sheet to bind it

to a layer below, forming the object.249 One of the earliest 3D printing techniques, this method suffers

from low resolution and generation of large amounts of waste. These technologies are summarized in

table 1.4.

1.8 Summary

As of the time of writing, 104,000 people are on the waiting list for an organ transplant, yet only 42,800

transplants were performed in the prior year.1 Additionally, the events leading to donor availability (brain

death), removal, storage, transport, and transplantation result in significant hypoxia, potential damage,

and changes in the organ to be transplanted.250 Advances in the field of tissue engineering promise to

solve this problem in the future by providing organs on demand. Two technologies in particular hold

promise for on-demand organs include recellularized dECM and bioprinting. The field of bioprinting is

relatively new and rapidly developing, with advances in bioprinter and bioink strategies and complexity.

To enable the bioprinting of transplantable, functional organs, improvements in oxygen and nutrient

delivery, waste removal, and tissue maturation still have to be realized. To achieve this, oxygen-

releasing materials, full-scale vascularization from arteries down to capillaries, and bioreactors need to

be developed and optimized. Testing of the microenvironment is required to confirm the success of these

strategies, and, later, the successful integration of the transplanted bioprint in the body. Biosensors,

microscopy, MRI, PET, ultrasound, SPECT, and EPRI may all play roles in measuring parameters of

the microenvironment. In particular, EPRI is highlighted in this dissertation because of its non-invasive,

quantitative, and multifunctional capabilities. RS EPRI has been chosen for this task for its faster image

collection and higher signal-to-noise than CW EPRI. However, to enable long-term quantitative mapping

of the microenvironment of bioprints, automation and digital-enabling of existing tuning, coupling, and

data acquisition will have to be completed. To achieve this goal, several digital and microcontroller

technologies have recently become available, such as stable and fast-scanning digital frequency sources,

DTCs, digitizers, and automated controllers.

Starting from the development of an automated digital control (ADiC) for optimizing RS EPRI

tuning, coupling, and data acquisition, the potential of EPRI to measure the 5D microenvironment (x,
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y, z, time, and EPR spectrum) of bioprints will be demonstrated here for the first time. First, a fast

microcontroller (Teensy) will be used alongside a digital frequency source, digitally-enabled resonator and

digitizer to tune, couple, and collect EPRI data automatically, with minimal input from the user. Next,

an application of ADiC towards 3D printing will be demonstrated as a first step towards bioprinting.

Finally, RS EPRI mapping of the bioprint microenvironment will be shown.
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Figure 1.1: Main categories of bioprinters. A) Extrusion bioprinting. B) Inkjet bioprinting. C) LIFT
bioprinting. D) Photopolymerization bioprinting. Taken from Figure 1, Ravanbakhsh H, Karamzadeh V,
Bao G, Mongeau L, Juncker D, Zhang YS (2021) Emerging Technologies in Multi-Material Bioprinting.
Adv Mater 33(49): e2104730.
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Method Crosslinking strategy Approximate Resolution

Inkjet52 light, ionic, or enzymatic 10µm
Extrusion53 typically ionic or enzymatic 200µm
Multi-nozzle extrusion same as extrusion same as extrusion
Co-axial extrusion55 ionic or enzymatic core nozzle 210µm
Embedded extrusion251 ionic or enzymatic 20 µm
SLA60 light 1-10µm
DLP60 light 10µm
Sequential injection252 light 200µm feature size
Liquid deposition65 light 15 µm
Multi-wavelength66 light same as DLP
LIFT253 light 100 µm

Table 1.1: Summary of selected bioprinting technologies. Bioprinting resolution generally different in
the z axis compared to x and y axes. Published resolution is generally the x,y resolution. Minimum
possible feature size is usually several times larger than resolution. Resolution depends on bioink and
printer components, and usually has an inverse relationship with printing speed.
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Method What is measured? Depth Resolution Notes

Biosensors molecules,
reaction rate

single point single point inserting probe usually
invasive

Microscopy molecules,
reaction rate,
live/dead cells

3 mm 200 nm* surface measurements

BOLD MRI hemoglobin
saturation

1m 1mm254

DCE MRI perfusion and
permeability

1m 100 µm255

PET hypoxia, [O2],
glucose
metabolism,
pH, etc

>1 m >0.5 mm256 Probes are radioactive

SPECT perfusion, blood
flow

>1 m 200 µm257 typical resolution for
commercial system is 1
cm

Ultrasound blood flow, ECM
remodelling,
live/dead cells

30 cm 10-100 µm258 penetration depth for
1MHz system

EPRI pO2, [O2], pH,
small molecules,
molecular struc-
ture, reaction rate

10 cm 100µm minimally invasive,
quantitative

Table 1.2: Summary of techniques to measure the microenvironment. DCE MRI stands for dynamic
contrast-enhanced MRI. * Microscopy resolution does not include superresolution techniques.
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Method Category Resolution*

Filament Mechanical 0.5 mm261

SLA Light 25 µm261

DLP Light 25 µm
Material jetting Light 0.5 mm262

Powder bed fusion doesn’t fit 100µm263

Sheet lamination Either 50 µm263

Table 1.4: Summary of selected 3D printing technologies. Resolution figures are for typical commercial
models - machines purpose built for high resolution will have different figures.264 Resolution is in the
x,y plane. Z resolution is usually slightly different. All values are approximate and vary between
manufacturers/models.

67



Chapter 2

Rapid scan EPR: Automated digital

resonator control for low-latency data

acquisition

Authors: Ryan C O’Connella,c, Oxana Tseytlina,c, Andrey A Bobkoa,c, Timothy D Eubankc,d, Mark

Tseytlina,b,c,*

Affiliations:

aDepartment of Biochemistry and Molecular Medicine, West Virginia University, Morgantown, WV

26506, USA

bWest Virginia University Cancer Institute, Morgantown, WV 26506, USA

cIn Vivo Multifunctional Magnetic Resonance Center at Robert C. Byrd Health Sciences Center, West

Virginia University, Morgantown, WV 26506, USA

dDepartment of Microbiology, Immunology, and Cell Biology, West Virginia University, Morgantown,

WV 26506, USA

O’Connell RC, Tseytlin O, Bobko AA, Eubank TD, Tseytlin M (2022) Rapid scan EPR: Automated

digital resonator control for low-latency data acquisition. Journal of Magnetic Resonance 345:107308

doi: 10.1016/j.jmr.2022.107308

Note: This chapter includes text and figures from the publication above.

68



2.1 Abstract

Automation has become an essential component of modern scientific instruments which often capture

large amounts of complex dynamic data. Algorithms are developed to read multiple sensors in parallel

with data acquisition and to adjust instrumental parameters on the fly. Decisions are made on a time

scale unattainable to the human operator. In addition to speed, automation reduces human error,

improves the reproducibility of experiments, and improves the reliability of acquired data. An automatic

digital control (ADiC) was developed to reliably sustain critical coupling of a resonator over a wide range

of time-varying loading conditions. The ADiC uses the computational power of a microcontroller that

directly communicates with all system components independent of a personal computer (PC). The PC

initiates resonator tuning and coupling by sending a command to MC via serial port. After receiving

the command, ADiC establishes critical coupling conditions within approximately 5ms. A printed circuit

board resonator was designed to permit digital control. The performance of the resonator together with

the ADiC was evaluated by varying the resonator loading from empty to heavily loaded. For the loading,

samples containing aqueous sodium chloride that strongly absorb electromagnetic waves were used. A

previously reported rapid scan (RS) electron paramagnetic resonance (EPR) imaging instrument was

upgraded by the incorporation of ADiC. RS spectra and an in vivo image of oxygen in a mouse tumor

model have been acquired using the upgraded system. ADiC robustly sustained critical coupling of the

resonator to the transmission line during these measurements. The design implemented in this study

can be used in slow-scan and pulsed EPR with modifications.

See graphical abstract here: GA.

2.2 Introduction

Rapid scan (RS) electron paramagnetic resonance (EPR) has been gaining interest among researchers

and developers in the field of magnetic resonance, both in academia and industry.1–19 RS EPR promises

two important deliverables: snapshot spectroscopy and enhanced sensitivity. In principle, a spectrum

can be measured in nanoseconds. In practice, averaging is often needed to increase signal-to-noise

(SNR) of the measured signals. EPR sensitivity enhancement, when compared to the standard slow-

scan methods, is achieved through de-saturation of the electron spins system. Rapid passage through
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resonance reduces the interaction time between the spins and the excitation field, B1, resulting in an

increased power threshold for saturation. Maximum enhancement is achieved when the rate of passage

is accelerated by increasing the scan frequency (or reducing the scan period) rather than widening the

scan amplitude. The latter is selected to cover the spectral width of interest. Increasing scan rates

permit the use of higher excitation powers without distorting EPR spectra. In this regime, the spin

system is well-approximated as a linear system, and SNR enhancement becomes proportional to the

amplitude of the B1 field.1,20–22

The use of higher powers to boost SNR may come with elevated challenges for signal detection. For

example, in continuous-wave (CW) RS EPR, an incident excitation wave produces reflection that may

overwhelm the EPR signal. The power of the reflected wave is proportional to that of the incident wave.

Excessive levels of reflection in the RS experiment may cause EPR signal distortion and increased levels

of noise and background.23–25

An automatic digital control (ADiC) method has been developed to protect EPR detection from

elevated reflection. ADiC reliably establishes the critically coupling condition (CCC) for a wide range of

coupling and tuning conditions (from empty to fully loaded resonator) within a time interval of tens of

milliseconds. Within several milliseconds after establishing CCC, ADiC automatically initiates RS data

acquisition. User input is not typically required; EPR measurements can be started from the moment

the sample is placed in the resonator.

The robust performance of ADiC is achieved with the use of a global resonance frequency search. In

every retuning event, a 20 MHz frequency sweep is generated, and the frequency of the lowest reflection

is calculated. As a result, CCC is reliably established provided that the frequency drift does not exceed

the sweeping range. In the case of failed tuning, which is very unlikely, ADiC changes the tuning range.

In comparison with the standard automatic frequency control (AFC), the ADiC frequency search is

non-continuous. After tuning/coupling is completed, ADiC switches to CW operation. As a result, the

risk of EPR spectra distortion caused by simultaneous tuning and data acquisition is eliminated. This is

especially important for EPR imaging, where probes with very narrow lines are used. For example, EPR

oximetry is based on the conversion of linewidth into oxygen concentration or partial pressure.26–29 Any

line broadening due to the shift of the frequency would skew measured oxygen values.

The method of automatic digital tuning and coupling described here was successfully tested on a wide

range of samples, including for a series of in vivo imaging experiments. The key control measurements
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are reported in this manuscript together with a detailed description of the ADiC methods, including

enabling resonator design, software, firmware, and hardware. The main components of the presented

technology are the microcontroller, the digitally tuned capacitor (see Fig. 2.1), the digital frequency

source, and the arbitrary waveform generator (see Figs. 2.2,2.3).

2.3 EPR resonator with digital components enables fast automation

CW EPR remains one of the most commonly used methods to excite and detect responses from the elec-

tron spin system. In comparison with the pulse modality, CW methods are dead-time-free.29 However,

EPR signals are measured in the presence of continuous excitation, and therefore continuous reflec-

tion. The reflected power is at its minimum at CCC when the net resonator impedance is close to 50

Ohms. Reactive elements, such as variable inductors and/or trimmer capacitors30–33 are introduced into

the resonator circuitry to permit impedance adjustability to establish CCC. Depending on the reactive

elements used, their inductance and capacitance values can be changed either mechanically33–40 or elec-

trically.5,41–47 The latter can be described as a semi-digital method because an impedance controlling

voltage is used that is often generated by a digital circuit.

The mechanical approach is reliable but rather slow. A trimmer capacitor, coupling screw, or coupling

inductance loop are used to change the resonator impedance. Despite its limitations, the mechanical

approach remains a practical necessity for pulse EPR. Only manually adjustable elements are available

that can withstand the high-power (kilowatts) radiofrequency pulses.

In the semi-digital approach, the use of a digital-analog converter (DAC) permits remote control of

reactive elements, such as voltage-tunable capacitors (VTC) recently developed by STMicroelectronics

(Switzerland). The VTCs demonstrated improved performance when used in EPR resonators.6 The

downside of using voltage-controlled capacitors is that any voltage variation directly translate into EPR

noise. Low-pass filtering41,43,48 can be used to partially suppress the noise at the expense of a prolonged

(dead) time with which the capacitance can be changed. An additional complication related to the use

of analog controls is that magnetic field modulation (or field scan in RS) induces a small yet detectable

voltage that contributes to the background signal.1,5,16

A fully digital approach to resonator coupling is proposed that is both fast and noise insensitive.

The enabling technology for this method is UltraCMOS Digitally Tunable Capacitors (DTC). A DTC is
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a millimeter-sized chip containing several fixed capacitors with associated fast digital switches (see Fig.

2.1). This chip communicates with external devices through Serial Peripheral Interface (SPI). A total

of five wires are required for communication. Two wires provide power and ground connections. Three

digital lines are used for the clock, data, and chip-enable signals. The data sent to the chip defines

positions (’on’ or ’off’) for all switches. The total number of on/off combination is 2N, where N is the

number of fixed capacitors. For the example in Fig. 2.1, N=5 and the net capacitance between points

A and B has 32 discrete values. The advantage of DTC-based tuning/coupling is that digital signals

are insensitive to noise. There are only two states, low and high, defined by the corresponding voltage

levels (see Table 2.1). The switching speed of capacitances depends on data transfer rates (∼ megabits

per second).

A printed circuit board resonator (PCBR) has been developed (see Fig. 2.2) with incorporated DTCs

that constitutes a functional EPR resonator. The schematics for this PCB resonator were designed using

Eagle software (Autodesk, CA, USA). The boards were manufactured by PCBWay (Shenzhen, China).

The resonator was originally designed for in vivo EPR imaging at 800MHz. However, a wider range of

frequencies (see Table 2.1) can be used. Frequency can be adjusted using a trimmer capacitor (2.5 pF

- 10 pF), denoted in the figure as TC. The purpose of the fixed coupling capacitors (FCC in Fig. 2.2) is

to optimize the coupling range so that the lowest DTC value permits the tuning of an empty resonator,

while the highest DTC value establishes CCC when the resonator is fully loaded (see Table 2.2). For the

single-loop resonator shown in Fig. 2.2, the capacitances for FCC1 and FCC2 were 2.4 pF and 0.3 pF,

respectively. A chip balun (TCN2-122+, Mini-Circuits US) was used in the circuit that permits design

miniaturization. Decoupling inductors (300nH, LQW18AN 8Z, Murata Electronics, Japan) decouple RF

from the digital control circuit. DTCs PE64906 developed by Peregrine Semiconductors (San Diego,

USA) were used that give a capacitance range from 0.9 to 4.6 pF. Digital control pins (DCP in Fig.

2.2) connect power, ground, clock, data, and chip-enabled wires, according to SPI protocol. Any device

that outputs digital signals can be used to control DTCs such as Arduino, Teensy, Raspberry Pi, and a

wide range of other available digital cards.

Specifications related to the EPR resonator shown in Fig. 2.2 are summarized in Table 2.1. The

DTC chip used in the PCB resonator has a 5-bit resolution, permitting capacitance change from 0.9

pF to 4.6 pF with an increment ≈ of 0.15 pF. It was found experimentally that a small one-increment

asymmetry between DTC1 and DTC2 can be used to effectively increase the total coupling resolution
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to 94 combinations (≈ 6.6 bits). For example (see Table 2.2), CCC of the empty resonator is achieved

when DTC1 index = 1 and DTC2 index = 2 (the index runs from 0 to 31, a total of 32 positions). This

small asymmetry does not negatively affect resonator performance.

The transition time between two steady-state reflection conditions was measured using a digital

oscilloscope during DTC switching from index 10 to index 1. The reflection level was measured using

Minicircuit’s ZX47-40 + power detector. For the clock rate of 1 MHz, the transient time is approximately

20 µs. The DTC specifications permit 25-times faster data transfer speed.

Resonator performance related to coupling range was tested experimentally by varying the resonator

loading conditions. To mimic a lossy sample, a sodium chloride solution in water was used with different

concentrations of salt. A glass bottle (ID = 9mm, OD = 11 mm, height of 25 mm) was used to hold the

solution. Three boundary cases are presented in Table 2.2. For an unloaded resonator, CCC is achieved

at a low DTC index. Deionized water shifts the resonance frequency due to its high dielectric constant

but does not strongly affect the coupling. A NaCl solution is conductive, and as such, strongly absorbs

RF, changing both the resonator frequency and the quality factor. At the salt concentration of 50g/L

in the sample, DTCs indices reach their maximum value (highest capacitance). Any further increase in

sodium chloride concentration made it impossible to critically couple the resonator. It is worth noticing

that the 50g/L concentration exceeds physiologically relevant salt concentration (e.g., in the blood) by

a factor of five. As a result, this PCBR can be used for in vivo imaging.

Several resonator models analogous to the one shown in Fig. 2.2 have been tested using a previously

reported rapid scan (RS) EPR imaging system.5 For example, additional loops coaxial to L shown in

Fig. 2.2 were soldered together to increase the resonator volume. A three-loop resonator was found to

be optimal for volume imaging of extended samples, while a single-loop resonator gives better results

for surface measurements. These resonators have been used to measure a wide variety of samples as

well as for in vivo oxygen imaging of breast tumors in mouse models.

2.4 The automatic digital control unit

2.4.1 Block diagram and working principles

A previously described modular RS EPR imaging system5 was upgraded to permit automated tuning and

coupling. In the previous system, all the external hardware units were controlled by a personal computer
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(PC). PC continuously runs a multitude of processes most of which are not related to EPR. Several tasks

requiring external control of the imaging system are not time sensitive. External magnetic field control

in RS EPR is an example. In comparison, the task of resonator tuning and coupling must be performed

within the shortest possible time. The PC, which coordinates signal flow between multiple external

devices and internal computer components, may not be the optimal choice for this task. When it comes

to automation, a standard industrial approach is to use microcontrollers (MC) that are the ’brains’

of many electronic devices surrounding us in everyday life. In comparison with the PC, MC performs

only the tasks explicitly programmed by the software developer. Many types of microcontrollers are

commercially available, including the well-known Arduino. For ADiC, a Teensy 4.1 board was selected

that has a clock rate of 600MHz (it can be overclocked to 1GHz). This MC supports three SPI ports

and provides data handling capabilities (both analog and digital) sufficient to perform fast automated

resonator tuning and coupling. Two separate ports SPI are used to control DTC and DFS as shown in

Fig. 2.3.

The block diagram in Fig. 2.3 shows the essential components of the automatic digital control unit

(ADiC) that perform the task of resonator tuning and coupling. Descriptions of these components are

presented in Table 2.3.

As shown in Fig. 2.3, ADiC interfaces with the PC and the resonator. The automated tuning

procedure is initiated by a MATLAB program that communicates with MC via a serial port. Upon

receiving a command from the PC, the MC executes an algorithm (see Fig. 2.4) that establishes CCC

in the shortest possible time. Following the tuning initiation command, the PC sets the digitizer (DIG

in Fig. 2.3) into data acquisition mode. A U1084 PCIe card is used to capture and average periodic RS

EPR signals. DIG does not measure RS data during the tuning/coupling process because MC blocks

trigger signals to the digitizer. When CCC is established, MC releases triggers and DIG averages a

pre-defined number of RS EPR signals. Data are transferred to the MATLAB software for further

post-processing.3,16,49

2.4.2 Software and firmware

The main user-interacting program that communicates with MC and acquires data from DIG is written

using MATLAB graphical user interface (GUI) application APP Designer (appdesigner). In addition,

this GUI software controls the magnetic field scan, main magnet, and gradient units, as previously
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described.5 Two major experimental modes can be distinguished: (S) spectroscopy and (I) imaging.

ADiC is performed immediately before the initiation of either mode. However, if the goal in the S-mode

is to acquire a series of RS spectra over a relatively long period, retuning is performed with user-defined

time intervals. In the I-mode, the acquisition of 2500-3500 projections (depending on the imaging

protocol) is divided into blocks with approximately 100 projections in each. Each data block is acquired

within several seconds, depending on the number of averages. Retuning is automatically executed at

the beginning of each block of measurements.

MATLAB-generated frequency sweep waveforms are uploaded into the 33600A AWG module (see

Table 2.3). This instrument operates in the frequency range from DC (direct current) to 120 MHz. To

permit resonator tuning at a central frequency (CF) of approximately 800MHz, an eightfold frequency

multiplication was implemented. After multiplication, the sweeps cover a range of CF ± 10MHz. The

software permits the selection of the CF using serial communication.

As discussed above, microcontrollers have the advantage of real-time operation after a code is

loaded into its firmware (see Supplemental Materials in Appendix). The Arduino integrated development

environment (IDE) is used towards this goal in conjunction with a Teensyduino loader. Both Arduino

and Teensy supporting software can be downloaded from their corresponding websites. A C++ library

was created to coordinate commands to the DFS (see Supplemental Materials in Appendix). The block

diagram describing the firmware algorithm executed by Teensy MC is shown in Fig. 2.4. The goal of

this algorithm is to establish CCC within the shortest time interval. This goal is achieved by sequential

switching of DTC values and measuring two parameters: (i) the lowest level of reflection and (ii) the

frequency corresponding to this level. The search continues until the reflection is below a pre-selected

threshold or all DTC combinations are tried. As discussed above, there are a total of 94 coupling indices,

corresponding to 94 DTC values. In its search, the algorithm starts with the index i, selected during the

previous tuning execution. If the threshold is not reached at i, the closest lower index (i - 1) is tried,

followed by (i + 1), (i - 2), (i + 2), etc. The process proceeds until either the reflection level is below

the threshold, or all 94 indices are analyzed.

MC digitizes the reflection signal from the RP synchronously with the AWG-produced frequency

sweep. The measured time-domain signal is translated into the frequency domain using a linear calibra-

tion function. Short-term Fourier analysis (change of frequency as a function of time) was used for the

calibration. The function’s slope equals the known rate of change (20 MHz over 1 ms). The function’s
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offset is a measured delay between the trigger and the acquisition of the first digitized data point. The

major contributor to the delay is the ZX57-40 + probe which has a rise time of 400 ns. This time is

much smaller compared to the one-millisecond duration of the frequency scan. The bandwidth of the

probe is larger enough not to cause significant distortion of the measured reflection signal. Additional

fine-tuning of the resonance frequency is achieved by sampling two neighboring frequencies and mea-

suring the corresponding reflection levels (see Fig. 2.4). The frequency corresponding to each measured

block of data is transferred to the PC to be used for spectral alignment in post-processing.

2.4.3 Timing and trade-offs

The firmware algorithm described in the previous section is aimed to reduce the experimental overhead

tuning/coupling time, OT, in comparison with the data acquisition time, AT. The signal-to-noise ratio

(SNR) reduction expressed in percentage units can be estimated as:

SNRreduction =

(
1−

√
AT

AT +OT

)
∗ 100% (2.1)

PC to MC serial communication constitutes the longest fixed period of approximately 10 ms. Gener-

ating and acquiring reflection signals for a given DTC index takes ∼= 1. Fine frequency tuning (see Fig.

2.4) requires an additional ≈ 2 ms. After the initial tuning and coupling when the sample is placed in

the resonator, ADiC tracks and corrects incremental deviations from CCC. As a result, changes in the

resonator DTC index change do not normally exceed one, |∆i| ≤ 1, and OT < 20 ms. SNR reduction

can be evaluated for a given ADiC repetition period using Eq. 2.1.

2.5 Experimental evaluations

2.5.1 ADiC response to abrupt change in resonator loading conditions

A test was conducted to evaluate ADiC performance under the conditions of abrupt resonator impedance

change. Towards this goal, a vial containing NaCl solution was placed in and removed from the resonator.

A capillary containing degassed lithium phthalocyanine (LiPc)50 crystals was used to measure changes in

EPR spectra under loaded and unloaded conditions with and without the use of ADiC. The movement

of this sample did not affect the position of the LiPc crystals. Fig. 2.5 describes the results of the
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conducted experiment. First, the empty resonator was tuned to CCC and the EPR spectrum (blue trace

in Fig. 2.5) was acquired. After the ADiC was turned off, the salt-containing sample was inserted. As

expected, neither the frequency nor DTC values changed. The corresponding spectrum is shown as a

green trace in Fig. 2.5. Turning on ADiC resulted in the purple trace, as the ADiC changed DTCs

values from (1, 1) to (31, 31) and readjusted the resonator frequency. The ADiC was turned off and

the sample was removed. The EPR spectrum under the unloaded resonator conditions was measured

(red trace).

The most dramatic change in EPR intensity was observed in the transition from an empty tuned to

a loaded untuned resonator (blue to green). This is the result of a resonator frequency shift (≈ 18 MHz)

exceeding the resonator bandwidth (≈ 10 MHz). Also, the resonator was under-coupled, which is an

unfavorable condition.51 The difference between loaded/tuned and loaded/untuned is not as substantial

due to a more favorable over-coupling condition51 and the fact that the frequency still remains within

the resonator bandwidth of ≥40 MHz (see Table 2.2).

2.5.2 Long-term stability of ADiC using a sample with time-varying electric properties

The experiment described in this section was designed to test the ability of ADiC to reliably maintain

CCC over a long period of time during a gradual change of resonator loading from fully loaded to empty

(see Fig. 2.6). A tube containing 200 µL of saturated salt (NaCl) solution was placed in the resonator.

The solution underwent electrolysis using a pair of platinum wires. A voltage of 5 V was applied to

these electrodes. The purpose of using electrolysis, also accompanied by heating and evaporation, was

to gradually remove the volume of water from the sample, thereby changing both resonance frequency

and DTC values required to achieve CCC. As in the previous test, LiPc crystals loaded into a capillary

tube provided the EPR signal. The ADiC sustained critical coupling over the entire measurement period

(25 h). As expected, an overall increase in EPR frequency, in synchronization with the decrease of

DTC indices, can be observed during the loaded to empty resonator transition. At the beginning of

the experiment, there was an increase in DTC index values and a decrease in frequency which was

attributed to an increase in the sample salinity. Continuing electrolysis caused further reduction in the

sample volume which resulted in less loading. Throughout the experiment, the resonator quality factor

increased fourfold, which was also reflected in EPR intensity.
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2.5.3 In vivo imaging demonstration

Functional imaging of oxygen distribution in a breast tumor mouse model was performed using a home-

built RS EPR imaging system (see Fig. 2.7). During data acquisition, ADiC was engaged. As a result,

the resonator remained critically coupled throughout the experiment. A set of 3276 projections was

measured. RS signals were acquired at a constant scan frequency of 8130 kHz. The four-dimensional

spectral-spatial image (355 x 80 x 80 x 80 points) was reconstructed from projections using the algorithm

developed by Komarov et al.52 3D oxygen maps were obtained by fitting EPR spectra within each voxel.

Oxygen-sensitive probe OX071, synthesized in-house using recently published protocols,53 was used

in the experiments. A 14-week-old female FVB/N MMTV-PyMT + breast tumor-bearing mouse was

anesthetized using airway isoflurane (1.5 % at 1L/min). 50 µL of 2 mM OX071 was injected into the

tumor (number four mammary gland). The tumor size of 6 x 8 mm was measured with a caliper. The

tumor depth was estimated as 6 mm. The mouse was positioned into the resonator so that the tumor

was placed inside the resonator loop (ID = 11 mm). The in vivo experiment was performed in strict

accordance with protocols (Eubank, PI: #1602000254) approved by the Institutional Animal Care and

Use Committee at West Virginia University. A 2D pO2 cross-section across the image and distribution

of pO2 within the tumor and surrounding area were shown in Fig. 2.7.

Projections were acquired in blocks of 126. At the beginning of each block, zero-gradient spectra

were measured. These spectra were used to correct the magnetic field drift occurring due to the

permanent magnet heating by the gradients.

2.6 Discussion

Automation has been and remains a major trend and the goal for many industrial applications, from

washing machines to self-driving cars. The microcontroller is a key enabling technology; it is compact,

fast, and highly reliable. Personal computers may be more computationally powerful compared to MC.

However, you would not trust a critical process or an autopilot to a computer that may decide to install

an update, reboot, or perform a noncritical task when least expected. An interruption caused by the

computer may result in lost experimental time and/or sample.

The ADiC approach to EPR resonator handling is aligned with the industrial trend of digital au-

tomation. This trend is in the use of microcontrollers in concert with other digitally controlled devices
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that intercommunicate using several established protocols. Serial Peripheral Interface (SPI) is one such

protocol. ADiC, which uses SPI to control both resonator tuning and coupling, is compatible with any

digitally controlled EPR device. It can be easily integrated into new spectrometer/imager designs and/or

be used as an upgrade for existing instruments.

The PCB resonator design described (see Fig. 2.2) in this article can be modified to create a wide

variety of resonators tailored to a specific application of interest. For example, the loop can be replaced

by a coil with a complex shape, such as the Alderman-Grant30,54,55 or birdcage designs.56–59 In addition

to coupling, digital resonator tuning can be implemented by the addition of a DTC in parallel with TC

(see Fig. 2.2) for the use of a wider frequency tuning range. The coupling range can be increased

by changing the values of fixed capacitors FCC1 and FCC2. However, this change will increase the

related increment of the net resonator impedance, increasing the change the desired critical coupling

conditions are not established. Finer adjustments can be made by the addition of a second DTC pair

parallel to FCC1. However, this may increase the overall tuning/coupling time. The latency can be

decreased by reducing the frequency sweep time and/or increasing the digital communication speed.

However, there would be an upper limit for both parameters beyond which the ADiC performance may

be negatively impacted. Also, that change would require the use of a faster MC, or, alternatively, the

clock rate can be increased. For example, Teensy 4.1 can be over-clocked from 600MHz to 1 GHz.

The latter would require the installation of MC cooling elements. In addition, overclocking may result

in clock frequency instability which would negatively impact the time to frequency domain reflection

signal conversion used to compute the first guess of the resonance frequency (see Fig. 2.4). Increasingly

more powerful microcontrollers are continually becoming available for the users. As a result, ADiC

performance will only improve over time. Field Programmable Gate Array (FPGA) technology can be

used as an alternative to the MC. FPGAs have several advantages, including high-frequency operation.

However, they are more expensive and require high-level expertise.

Due to the use of a localized surface coil placed on the mammary gland of a mouse in the experiment

described in the in vivo section 2.5.3, animal breathing did not affect tuning and coupling conditions to

the extent of changing CCC. In the past, slow animal spontaneous repositioning would cause resonator

decoupling and data corruption, making it challenging to perform long-term imaging. If a volume

resonator was used the effect would be stronger, as the whole animal body would move inside the

resonator. In this case, ADiC would help to maintain CCC.
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Since the true distribution of oxygen is not known in vivo, a quantitative evaluation of ADiC in an

imaging experiment is not feasible unless an independent method is used. However, it is obvious from

the presented experimental results (Fig. 2.5) that decoupling and detuning of the resonator lead to SNR

reduction which would directly translate into reduced accuracy of oxygen values in the images.

The ADiC method suits RS EPR the most because of its fast data acquisition capability. However,

this method can be applied to the first-derivative continuous-wave (CW) EPR with modifications. For

example, automatic tuning/coupling can be performed before every magnetic field sweep. However,

such sweeps are often relatively slow compared to RS data acquisition times. As a result, ADiC would

not help if a substantial deviation from critical coupling occurs during the sweep. A recently proposed

fast scan EPR imaging method33,59 would benefit from this technology. ADiC can also be used in pulsed

EPR; however, DTCs and the balun (see Fig. 2.2) must be protected from excessive peak power. This

can be done by the introduction of a limiter, either passive or active. CCC is not required for pulsed

experiments. The resonator is often over-coupled. The use of ADiC will be beneficial if the frequency

changes become comparable to the resonator bandwidth (see Fig. 2.5).
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2.11 Figures

Figure GA: Graphical Abstract: Rapid scan EPR: Automated digital resonator control for low-latency
data acquisition
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Figure 2.1: Function diagram of a digitally tunable capacitor. The net capacitance between points A
and B depends on the state (on/off) of the five switches permitting 25 = 32 net discrete capacitance
values.

Figure 2.2: Fully functional printed circuit board resonator (PCBR). Photos of the top and bottom of
the PCBR (left part of the figure) show essential resonator parts soldered on the PCB. The schematic
diagram of the resonator is presented on the right part of the figure. Digital inputs to the PCB include
clock, data, ground, and chip enable lines following Serial Peripheral Interface (SPI).
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Figure 2.3: Block diagram of major components used for ADiC. The PC communicates with MC via
serial protocol by sending short commands. MC communicates in real time (there are no interruptions)
with all units involved in ADiC. The microcontroller sends commands to AWG, DFS, the switch, and
DTCs, and reads reflection levels from BP. A pair of DTC values are sent to RES via SPI. A frequency
sweep waveform (pre-loaded into AWG) is output upon receiving a trigger from MC. Immediately before
this event, MC flips the digitally-controlled switch to pass the frequency sweep signal to the resonator.
The signal reflected from the resonator is measured by RP and digitized by MC, which also computes the
frequency corresponding to the lowest reflection. Depending on the result, this process is repeated for
neighboring DTC values. The DTC values for CCC are set at the end of this procedure. The resonance
frequency is established by sending a digital command via SPI to DFS. The digital switch is flipped
back to enable CW data acquisition. To reduce overhead time and ensure the collection of relevant RS
EPR signals, MC blocks digitizer (DIG) from receiving incoming triggers during the tuning process. The
entire tuning/coupling procedure is executed in real-time without involving the PC.
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Figure 2.4: Firmware algorithm executed by Teensy MC. The PC initiates the tuning procedure by
sending a serial command. After receiving this command, MC performs several steps aimed to find a
pair of DTC values and the frequency that minimizes reflection from the resonator. Immediately after
initiating tuning, the PC sends a command to the digitizer (DIG in Fig. 2.3) to measure RS EPR data.
However, MC blocks the acquisition until the critical coupling conditions are established. As a result,
there is no delay between the end of the tuning cycle and data acquisition. The reflection threshold is
selected to satisfy the critical coupling (≈ -40 dB reflection compared to the incident power).
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Figure 2.5: ADiC test over widely varied resonator loading conditions. EPR spectra were measured with
and without ADiC when a tube filled with NaCl solution was used to abruptly change the resonator
impedance.
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Figure 2.6: Long-term experiment showing critical resonator coupling as resonator coupling changes. a)
Resonance frequency (blue) and DTC values (red and black) change over time as the resonator coupling
conditions change. b) EPR spectral intensity remains optimal over time. A total of 3000 EPR spectra
were successfully collected with a time interval of 30 s without a single failure.

Figure 2.7: In vivo EPR image quantifying oxygen partial pressure (pO2) in a murine mammary tumor.
(a) 2D cross-section of 3D oxygen map. (b) Histogram of pO2 values obtained from 3D image.
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Parameter Range Unit

Resonance frequency range (TC-defined) 700-1000 MHz
Max RF power (continuous) 34 dBm
DTC resolution 5 bits
Effective DTC1 and 2 resolution 6.6 bits
DTC range 0.9 - 4.6 pF
SPI clock 1-25 MHz
Capacitance switching time 1-20 (depends on SPI clock frequency) µs
Quality factor (unloaded, CCC) 83
Digital input high 1.2 - 3.1 V
Digital input low 0 - 0.6 V
Power supply 2.3 - 4.8 V

Table 2.1: PCB resonator specifications

Sample DTC1/DTC2 Resonance frequency Quality factor Bandwidth

Empty 1/2 824.5 MHz 83 ≈ 10 MHz
Deionized water 2/2 810.5 MHz 70 ≈ 12 MHz
NaCl solution, 50 g/L 31/31 798 MHz 20 ≈ 40 MHz

Table 2.2: Measurements at critical coupling conditions and filling factor of 70%

Name Vendor Key specifications and use details

MC Teensy 4.1 PJRC, USA Clock: 600 MHz
DIG U1084 Keysight, USA Averaging at sampling rate: 62.5 MS/s
AWG 33600A Keysight, USA The output frequency is multiplied by eight
Switch ZSW2-63DR+ Minicircuits, NY USA Switching time: 1.6 µs
DFS SC5511a SignalCore, TX USA Phase noise 1 GHz @ 10 kHz: -137 dBc/Hz
RP ZX47-40+ Minicircuits, NY USA Pulse response time: 800 ns
DI LQW18AN 8Z Murata Electronics, Japan 300 nH
DTC PE64906 Peregrine Semiconductors, USA 0.9 - 4.6 pF, 5 bits

Table 2.3: Descriptions of the components in the block diagram shown in Fig. 2.3
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3.1 Abstract

Oxygen plays a critical role in the photopolymerization process resulting in the formation of solid struc-

tures from liquid resins during three-dimensional (3D) printing: it acts as a polymerization inhibitor.

Upon exposure to light, oxygen is depleted. As a result, the polymerization process becomes activated.

Electron paramagnetic resonance (EPR) imaging is described as a tool to visualize changes in oxygen

distribution caused by light exposure. This nondestructive method uses radio waves and, therefore, is

not constrained by optical opacity offering greater penetrating depth. Three proof-of-principle imaging

experiments were demonstrated: (1) spatial propagation of the photopolymerization process; (2) oxygen

depletion as a result of postcuring; and (3) oxygen visualization in a 3D-printed spiral model. Commercial

stereolithography (SLA) resin was used in these experiments. Lithium octa-n-butoxynaphthalocyanine

(LiNc-BuO) probe was mixed with the resin to permit oxygen imaging. Li-naphthalocyanine probes

are routinely used in various EPR applications because of their long-term stability and high functional

sensitivity to oxygen. In this study, we demonstrate that EPR imaging has the potential to become

a powerful visualization tool in the development of 3D printing technology, including bioprinting and

tissue engineering.

3.2 Introduction

Ambient oxygen plays a critically important role in the photopolymerization process acting as an inhibitor.

Modern three-dimensional (3D) stereolithography printers use this property of oxygen to spatially sepa-

rate areas where the polymerization process should take place from the bulk resin.1,2 Specially designed

oxygen-permeable materials are used to achieve this goal.1 No analytical imaging method is currently

available to directly observe oxygen distribution during 3D printing and postcuring. Electron paramag-

netic resonance imaging (EPRI) permits such measurements.3–8 EPRI has the potential to become a

useful tool for the developers of new 3D printers and photopolymerized resins. The first oxygen imaging

results in the application to 3D printing are presented in this article.

Electron paramagnetic resonance spectroscopy is used to measure compounds containing unpaired

electrons, such as metal complexes, free radicals, and oxygen.9,10 EPRI is in many ways similar to the

well-known magnetic resonance imaging (MRI) modality. Both methods are based on the same quantum
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mechanical principles, such as interactions between spins and magnetic fields.

In the case of EPR, electron spin is used as the reporter of inter- and intramolecular interactions. EPR

imaging is routinely used in biomedical research to observe changes in the microenvironment of tissues

and tumors.11–15 Chemically stable electron spin probes have been developed to measure redox potential,

pH, inorganic phosphate concentration, enzymatic activity, and oxygen partial pressure pO2.6,11,13,16–24

These parameters are important biological markers that are used to study various physiological conditions

but can also be applied for use in general 3D printing applications.

The goal for this article is to explore the application of EPR imaging to 3D printing. Toward

this goal, proof-of-concept experiments were conducted to map pO2 in photopolymerized resin after

light exposure. During polymerization, molecules of monomers and/or oligomers cross-link to form

solid structures. Atmospheric oxygen, which is naturally dissolved in the resin, acts as an inhibitor or

the reaction.25 First, it quenches the photoexcited photoinitiator that is used to generate initial free

radicals.26 Second, O2 molecules attack radical species to form peroxides27 that remove oxygen from

the media. Due to slow oxygen diffusion in resins, O2 is not immediately replenished, and once removed,

the polymerization chain reaction can begin.

Developers of stereolithography printers implement an ingenious engineering solution that takes

advantage of oxygen dissolved in the 3D printing media. The 3D printers are designed to utilize a

thin “dead zone” layer that separates the liquid resin and the bed of the vat, through which light is

projected, to form two-dimensional (2D) slices of the printed 3D objects.2 This window is made from

an oxygen-permeable material that permits constant oxygenation of the “dead zone.” The formation

of this zone creates a liquid interface between the freshly printed object and the vat window. This

technology permits fast and reliable printing.

An alternative fast 3D printing approach (in which oxygen also is a key player) was recently published

in Science.28 The 3D objects are created in bulk liquid media (resin) using a mathematical algorithm

developed for computer tomography. In this method, the back-projection of 2D masks forms a 3D object.

Constructive interference creates areas with high light intensity where oxygen is quickly depleted. When

the depletion level exceeds a certain threshold value, polymerization chain reaction activates. In this

method, the control and detection of pO2 levels by the means of EPR oximetry will permit fine-tuning

of the mechanical properties of 3D-printed or bioprinted parts.27,29

Monitoring oxygen distribution with the help of EPR imaging during the polymerization process
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may provide important information to improve the resolution and quality of 3D prints. Timing of

light exposure and intensity can be optimized for a given oxygen concentration and diffusion coefficient

within the printing volume. This optimization would ensure a high-threshold nonlinear oxygen depletion

response to light, which is an important factor in the creation of high-resolution 3D objects.

Micro EPR imaging30 can be used to optimize the microfabrication process. Several techniques have

been developed that take advantage of oxygen inhibitory properties in 3D printing.31,32 Computational

modeling of oxygen diffusion and the polymerization process is used to optimize manufacturing.33 EPR

imaging can directly measure oxygen concentration with a spatial resolution of 30 µm or better30,34 to

verify and fine-tune the theoretical models.

To date, only 2D spectral-spatial EPR imaging has been used to observe the polymerization pro-

cess.35 Changes in EPR spectra of radicals along a single spatial dimension were measured, and no

oxygen imaging has been done. Allylic radical formation resulting from light-induced resin polymeriza-

tion35 was visualized. Such spatial images are not informative for most 3D printing applications.

In comparison, this article demonstrates 4D spectral-spatial imaging results. These images comprise

of three Cartesian dimensions (x,y,z) and a single spectral dimension (EPR intensity as a function of

the magnetic field). Absorption EPR spectra are analyzed to give local oxygen concentration. This is

done by nonlinear curve fitting. The width of the EPR spectrum is a linear function of oxygen partial

pressure. The fitting procedure transforms 4D spectral-spatial images into 3D oxygen maps. In this

article, we present the first oxygen images in 3D prints containing photoinduced resin.

Commercially available Formlabs “Clear” resin, a photopolymerizable, methacrylic acid ester-based

liquid substance, was used in the imaging experiments described here. We routinely use the Formlabs

Form 3 printer (Formlabs, Somerville, MA) to manufacture various parts of a locally-built EPR imaging

system with this resin.3 The introduction of stable EPR probes into the resin makes it possible to

monitor both the static oxygen concentration and its kinetics.

Three types of proof-of-concept experiments were conducted. First, we observed the propagation

of the polymerization front upon exposure to light and subsequent depletion of oxygen. In the second

experiment, the process of postcuring was imaged. Oxygen levels in the print were imaged before and

after postcuring. Finally, oxygen partial pressure in a 3D-printed object was imaged. Towards this goal,

an Ender-3 Pro printer was modified to extrude resin instead of plastic.

The EPR oximetry imaging method described in this article is not limited to a specific resin type
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but can be used with any photopolymerizable resin. Oxygen inhibition is encountered in a very wide

range of polymerization reactions. We envision applications of EPR imaging to 3D bioprinting, where

a wider range of probes16,17,36–39 can be used to monitor changes in both the prints and the cell

environment. We hope that this article will introduce EPR imaging into the field of 3D printing and

stimulate interdisciplinary collaborations.

3.3 Materials and Methods

3.3.1 EPR imaging system

A recently described modular rapid scan (RS) EPR imaging system3 was used. The RS EPR method

has been demonstrated to provide superior sensitivity in comparison with the traditional first-harmonic

continuous-wave EPR method.40,41 Crucially, a larger number of projections can be acquired per unit

of time, which is critical for imaging.

3.3.2 Modification of 3D printer

An open-source extrusion-type 3D printer (Creality Ender-3 Pro, Shenzhen Creality 3D, China) was

modified for stereolithography resin extrusion (Fig. 3.1). The extruder and its stepper motor were

replaced with a linear actuator (S20-3030-B; Actuonix, Canada) and a 1 mL Luer-Lok Tip syringe (BD,

NJ) with a 23-gauge stainless steel blunt needle (Component Supply Co., TN) to extrude the resin. A

light source (405nm, MTPCB-0842; Marktech Optoelectronics, NY) was added to photopolymerize the

resin. The firmware of the 3D printer was reprogrammed to control the movement and extrusion of the

actuator. Bed and extruder heating were disabled.

3.3.3 Sample preparation

Commercial “Clear” resin (FLGP CL04; Formlabs) was used for oximetric EPR imaging. This resin is

a mixture of methacrylic acid esters and a diphenyl (2,4,6-trimethylbenzoyl) phosphine oxide (DPTBP)

as a photoinitiator.42 “Clear” resin, as its name suggests, is a semitransparent viscous substance. Upon

exposure to blue light (405nm wavelength), the resin solidifies forming semitransparent solid 3D objects.

To permit oxygen EPR imaging, lithium octa-n-butoxynaphthalocyanine (LiNc-BuO) microcrystals

were dispersed in the resin at various concentrations. LiNc-BuO is an oxygen-sensing particulate micro-
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crystalline probe used for longitudinal oximetry measurements in preclinical and clinical EPR applica-

tions.43–47 Crystal sizes varied in the range of approximately 2-10µm (Fig. 3.2). LiNc-BuO (molecular

weight [MW]=1297 g/mol) crystals are hydrophobic compounds and can be easily dispersed, but not

solubilized, in the methacrylic acid ester resin using a shaker and/or sonicator. LiNc-BuO was found

to be insoluble in the monomer. Long-term storage of the prepared mixture (3 months) does not

compromise the probe.

The resin containing LiNc-BuO was calibrated with respect to the linewidth in response to oxygen

partial pressure. Several oxygen EPR probes, India ink, for example, characteristically display nonlinear

dependence of linewidth on oxygen. However, LiNc-BuO has been found to have a linear dependence

of linewidth on oxygen concentration, independent of crystal size and preparation procedure.48

Three processes were investigated: (1) propagation of the front of photopolymerization in a glass

bottle filled with liquid resin; (2) postcuring of a polymerized resin; and (3) imaging of a 3D printed

spiral object.

• A 2mL glass bottle with a diameter of 11 mm was filled with “Clear” resin containing LiNc-BuO at

0.5 mg/mL. High-efficiency violet LZ1-00UB00 LED (LED Engin, San Jose, CA) was used as the

light source for photopolymerization. This small-size surface-mount chip (4.4 x 4.4 mm footprint)

emits within a narrow wavelength band between 385 and 410 nm. This range matches that

specified for the commercial Formlabs resin that was used in the imaging experiments. As explained

above, the light-emitting diode (LED) activates the photoinitiator and starts the polymerization

chain reaction after the depletion of oxygen. The bottle containing the probe/resin mixture was

placed in the EPR resonator of the RS EPR imaging system3 (Fig. 3.3a), and the LED was

positioned underneath the sample. As a result, light (and polymerization) propagated in the

upward direction (Fig. 3.3b). The LED was placed slightly off the bottle’s center. Three images

were acquired after 3, 7, and 82 s of the total light exposure time. Images were measured directly

following light exposure to observe the propagation of the polymerization front throughout the

sample.

• A solid cylinder was formed by sequential (layer by layer) photopolymerization of the probe/resin

mixture of 8 mg/mL LiNc-BuO. The probe/resin mixture was added into a cup (ID=8.8 mm) and

photopolymerized to form five layers, each ∼0.9 mm in height, resulting in a polymerized cylinder
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with a height of 4.5 mm. Each layer was exposed to LED light for 2s.

• A 3D spiral was designed with OpenSCAD and printed on the modified Ender-3 Pro with a mixture

of resin and 32mg/mL LiNc-BuO crystals. The spiral was printed with 20 layers of 0.04 mm height,

resulting in a structure ∼0.8 mm high. The spiral had an outside diameter of 10 mm. Each layer

was exposed to LED light for 2 s.

3.3.4 Rapid scan EPR imaging

A locally-built, modular, RS EPR system operating at 800 MHZ3 was used for spectroscopy and imaging.

RS EPR signals were acquired and then postprocessed into absorption spectra.49 For both spectroscopy

and imaging, the scan frequency was 9400 Hz. Scan amplitude varied depending on the gradient values.

After the 4D spectral-spatial images were reconstructed, EPR spectra corresponding to each voxel were

line fitted to extract linewidth and integral spin intensity proportional to the spin-probe concentration.

MATLAB Curve Fitting app was used to fit EPR absorption spectra which had a Lorentzian shape. As

a result of the fitting, 3D linewidth and concentration maps were obtained. The linewidth maps were

translated into oxygen images using the known linear dependence of LiNc-BuO spectral width (SW) as

a function of O2 partial pressure, pO2.45

3.4 Results

3.4.1 Imaging of the photopolymerization process

LiNc-BuO oxygen probe was homogeneously distributed throughout the bottle volume. However, areas

containing fully oxygenated probes are not visible in the image. This happens due to two reasons.

First, the oxygenated (at ambient partial oxygen pressure) LiNc-BuO probe has a broad relative to

the image SW EPR linewidths. Magnetic field scans at low gradient values are comparable to SW.

RS deconvolution algorithm was designed to treat any line comparable in width to the scan amplitude

as background. As a result, broad spectral components are subtracted from the reconstructed EPR

absorption lines.50 It is also important to note that due to the inverse relationship between RS EPR

linewidth and intensity, degassed LiNc-BuO crystals will produce x 25 higher intensity spectra compared

to an analogous sample in an ambient 21% oxygen atmosphere.

104



The cumulative result of these effects is a sharp spatial contrast in EPR intensity images (Fig.

3.4a-c). The advancement of the polymerization front is visible with increased light exposure. A total

of 2546 projections were acquired per image, including 26 intermediate zero-gradient spectra. These

spectra were used for fine adjustments of the drifting external magnetic field, which occurs as a result

of heating of the permanent magnet by the gradient coils. Total image acquisition time was ∼2.5 min.

A maximum gradient of 3 G/cm was used to measure projections.

Four-dimensional spectral-spatial images were reconstructed using a previously described algorithm51

developed by Komarov and Hirata. The four dimensions in the images include three Cartesian coordinates

(x, y, z) and a spectral coordinate (EPR spectrum as a function of the scanning magnetic field). As a

result, each voxel (3D volume element within the image) contains an EPR spectrum (4th dimension).

During the postprocessing, the spectra are line fitted to extract two (or more depending on the probe

being used) parameters: oxygen and spin probe intensity. Only Figure 3.4a-c shows spin intensity 3D

maps extracted from the 4D EPR images. The rest of the results show 3D cross-sections and histograms

obtained from 3D pO2 maps. These maps were extracted from 4D EPR images by the means of the

EPR line fitting procedure.

Due to the off-center placement of the LED source, the polymerization process propagates asym-

metrically. In addition, light reflection and refraction along the glass bottle walls expose resin close to

the wall surface to higher intensity LED irradiation. As a result, polymerization near the walls advanced

further compared to the center of the bottle. The depletion of oxygen throughout the volume is shown

in the histograms (Fig. 3.4g-i). The LED circuit was nonmagnetic and contained a minimal amount of

metal so no effect on the EPR resonator and scanning field was detectable.

3.4.2 Imaging of postcuring process

It is common practice to postprocess photopolymerized 3D printed objects by simultaneous light exposure

and heating (often to 60°C). Postcuring is required to achieve the desired mechanical properties of 3D

prints. Timing and light intensity need to be optimized for the object’s size and the resin used. In

industrial use, an unnecessarily long curing process may reduce the manufacturing throughput and the

profit margins, as a result. In addition, overexposure may damage the polymer chains, weakening the

mechanical strength of a printed object. EPR imaging is proposed as a tool to monitor and optimize the

postcuring process. Toward this goal, a cylinder (described in Sample preparation 2) was polymerized
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under ultraviolet (UV) light and imaged with EPR. The cylinder was then postcured for 30 min at 60°C

in the Form Cure machine (Formlabs) and imaged again. Voxels in 4D EPR images measured before and

after postcuring were processed to obtain two 3D oxygen maps using line-fitting procedure described

above. The difference between the two O2 maps (Fig. 3.5) demonstrates changes in oxygen distribution

as a result of curing. Histograms of pO2 distribution in the photopolymerized cylinder before and after

postcuring are presented in Figure 3.6.

3.4.3 Imaging of 3D printed spiral

Oxygen distribution in a 3D-printed spiral was visualized. Oxygen concentration was found to be higher

at the perimeter of the spiral, and in areas with less resin. The CAD model (Fig. 3.7a) was sliced

with Simplify3D and printed using the modified Ender-3 Pro printer (Fig. 3.1). The 3D printed spiral

shown in Figure 3.7b was imaged. The oxygen image (2D slice from 3D map) shown in Figure 3.7c

demonstrates a close resemblance in shape with the printed object.

3.5 Discussion

Proof-of-concept experiments were conducted to demonstrate the capability of EPR imaging to monitor

the light-induced consumption of oxygen in the resin used for 3D stereolithography (SLA) printing. It

was shown that the incorporation of oxygen-sensitive EPR probe into SLA resin permits monitoring of

the photopolymerization and postcuring processes. The latter can be used to time- and quality-optimize

postprocessing of 3D printed objects. EPR imaging can also be used to visualize internal structures of

the prints that are not visible to the naked eye. In this capacity, EPR can serve as an alternative to

other imaging modalities, such as computed X-ray tomography (CT). In comparison with CT, EPR, in

addition to spatial information, measures oxygen distribution in the printed objects.

To demonstrate the feasibility of 3D printing using SLA resin impregnated with an EPR probe, an

extrusion-type 3D printer was modified (Fig. 3.1). A spiral model (Fig. 3.7) was printed and imaged.

The quality of the print was not perfect given the use of a modified plastic printer. However, the EPR

image captured the real shape quite accurately. The introduction of oxygen-sensing probes into resins

used in the commercial 3D SLA systems will improve the print quality and permit oxygen imaging.

The imaging technology described in this article has the potential to become a practical tool for
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the developers of 3D printers and resins. Imaging of oxygen will provide a unique insight into the

polymerization process not achievable with any other technique. Further studies need to be conducted

to optimize probe concentration. It needs to be low enough to ensure no interference with the printing

process and high enough to produce high-quality oxygen images. Faster image acquisition will be more

informative in capturing oxygen diffusion real-time, during printing. Increasing gradient strength to

about 30G/cm will produce oxygen mapping throughout the entire sample, including fully oxygenated

(21%) regions. However, in this case, the reduction of sensitivity may need to be compensated by

increasing the probe concentration. Imaging of the postprint curing process may become a valuable tool

to optimize both duration and light intensity.

The monitoring of oxygen and other important biomarkers in bioprinted structures in another fu-

ture direction for this technology. We hope that this article will serve as a starting point for future

collaborative research with manufacturers and developers of 3D printers and other interested parties.

For example, we envision the application of EPR oximetry to 3D printing in dental research and clinical

practices.52,53 EPR imaging could be additionally used to study polymer degradation over time caused

by atmospheric oxygen.54
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3.9 Figures

Figure 3.1: Modified Ender-3 Pro 3D Printer. A stepper motor responsible for plastic filament extrusion
was replaced by a linear actuator. The linear actuator, connected to a syringe plunger, permits both
extrusion and retraction of a mixture of Clear FLGP CL04 resin and LiNc-BuO crystals. A 385-410 nm
light source is attached to the printer frame that initiates photopolymerization of the resin. 3D, three-
dimensional; LiNc-BuO, lithium octa-n-butoxynaphthalocyanine. Color images are available online.
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Figure 3.2: Microscopic images of LiNc-BuO crystals dispersed in Formlabs “Clear” resin.
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Figure 3.3: A bottle filled with a mixture of oxygen-sensitive EPR probe LiNc-BuO and “Clear” resin.
(a) The photo of the bottle shows the suspension of LiNc-BuO in the resin. After the light exposure,
a visible liquid-solid interface is formed. (b) Sketch showing the sample containing a bottle placed in
the resonator loop (red) and LED beneath the bottle. Polymerization propagates from the bottom up.
EPR, electron paramagnetic resonance; LED, light-emitting diode. Color images are available online.
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Figure 3.4: Spin probe concentration and oxygen partial pressure (pO2) data obtained from three 4D
EPR images acquired after 3 (a, d, g); 7 (b, e, h); and 82 (c, f, i) seconds of light exposure. Iso-
surfaces of the concentration maps are shown in a-c subplots. 2D coronal slices of oxygen distribution
(d, e, f) and whole image histograms (g, h, i) are provided for the 3-, 7-, and 82-s images, respectively.
Bin size in all histograms is 1 mmHg. 2D, two-dimensional. Color images are available online.
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Figure 3.5: Change in oxygen partial pressure in the units of mmHg across a photo-polymerized cylinder
as the result of the curing process. Slices a-f correspond to the z-depth of 159, 95, 32 ,-32, -95, -195
µm, respectively. Color images are available online.
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Figure 3.6: Histograms of pO2 distribution in the polymerized cylinder before and after postcuring.
The number of voxels in the precuring and postcuring oxygen images are 1727 and 1442, respectively.
The difference in the numbers is the result of the thresholding procedure that removes voxels with low
signal-to-noise ratios. The voxel volume is approximately 3-4 mm3. Color images are available online.

Figure 3.7: OpenSCAD spiral model (a), photo of a 3D printed part (marks on the ruler are in millime-
ters) (b), 2D slice from 3D image of oxygen distribution in the spiral (c). Color images are available
online.
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4.1 Abstract

Bioprinting and other 3D culture techniques promise to develop complex in vitro tissue models to answer

medical and biological questions. An unsolved question in this field is the amount of oxygen delivered to

cells in thick bioprints, due to limited diffusion. Several methods such as optical fiber optic probes and

microscopy can be used for investigating standard 2D cultures, but these methods give limited spatial

information or insufficient depth penetration in 3D culture. Electron paramagentic resonance imaging

(EPRI) is proposed to map changing oxygen levels in these models. Here, a spherical simulation of

oxygen consumption is generated using the heat equation. To give basis for comparison, fiber optic

probe and Seahorse measurements of oxygen consumption rate (OCR) are taken of Saccharomyces

cerevisiae yeast using varying concentrations of a nutrient source, sodium pyruvate. Measurements are

also taken with peritoneum-derived murine macrophages. Using a home-built bioprinter, 3D cell culture

models containing yeast or macrophages are printed and imaged with EPRI. OCR rates are calculated

by analyzing consecutive EPR images in the time dimension. In all OCR measurement methods with

yeast, a difference in OCR is evident depending on the presence of sodium pyruvate. Taken as a whole,

this research is a first demonstration of mapping 3D OCR.

4.2 Introduction

Bioprinting is an exciting and rapidly developing direction for additive manufacturing, where a 3D

model is constructed through the 3D printing of a cell-laden hydrogel called bioink.1 This technology

has the capability of constructing whole organs with high resolution (1-10µm).2,3 There are promising

developments in the application of bioprinting towards transplants/implants, drug testing and cancer

models.4–6 To attain more physiologically-relevant models, the bioprinting field is moving towards more

complex, functional, and physiologically-sized organ models.

One of the limiting factors in the development of physiologically-sized organ models is the limit of

diffusion for oxygen, nutrients, and waste.7,8 The term limit of diffusion refers to the depth oxygen can

reach before being consumed by cells in a natural or artificial tissue. In bioprinting, depending on the

cell density and type of materials used, the diffusion limit is between 40µm for scaffold-free bioprints to

350µm for acellular structures.9,10 Beyond this point, cell viability decreases as the delivery of oxygen,
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nutrients, and waste becomes insufficient to support the cells.7

To overcome this limitation, two main strategies are employed. The first strategy is supplying oxygen

to cells by adding oxygen-releasing substances to the bioink. Calcium peroxide or sodium percarbonate

show steady release of oxygen over several days, although there are the drawbacks of the release of

hydrogen peroxide and a spike of oxygen release directly following printing, potentially damaging the

printed cells.11 Catalase can be added to break down the hydrogen peroxide into water and oxygen.12

Another method to supply oxygen to cells in bioprints is by printing with algae and cyanobacteria, which

release oxygen as a product of photosynthesis.13 This method has been used in conjunction with HepG2

hepatic tumor cells to demonstrate steady release of oxygen and increased cell viability.14

Similar to natural tissue, bioprinted models can supply oxygen and nutrients and remove cell waste

through vasculature. In the body, there is a spectrum of vasculature size, ranging from 2-5mm for

arteries to 5-20µm for capillaries. In bioprinting, the smallest vascular size should be less than the

limit of diffusion (40-350µm) to allow for dense functional models.15 However, most cell-laden vascular

models are larger than 500µm, with the smallest cell-laden vascular bioprint to date being 150µm in

diameter.16 Acellular capillary bioprints with diameter 5µm have been printed, introducing the possibility

for cell-laden bioprinting of capillaries of this size.17

Cell viability and single-point oxygen measurements have been used to gauge the success of these

methods for providing oxygen and nutrients to the cells.7,18–20 Increase in cell viability shows that the

cells have sufficient oxygen and nutrient delivery to survive, but does not indicate if oxygen and nutrient

delivery have reached physiologic levels. Similarly, single-point oxygen measurements have been used

to demonstrate the success of microchannels and perfusion in increasing oxygen concentrations in the

interior of bioprints at a single point, but do not information about the overall oxygen concentration

throughout the bioprints.

Several imaging modalities provide maps of oxygenation through tissue. Infrared fluorescent mi-

croscopy can quantitatively map oxygen, among many other parameters, with high resolution (∼200µm)

and up to 3mm depth.21 The depth limitations of microscopy limit its capability for thicker bioprints such

as whole organ models. Positron emission tomography (PET) can also be used to measure oxygen with

positronium or 15O radiotracers, along with glucose consumption rates using Fleuro-2-deoxy-D-glucose,

a glucose analog.22–24 PET is however limited in low spatial and oxygen resolutions. Doppler-ultrasound

can be used to image perfusion rate with good resolution.25 MRI can be used to measure relative or
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quantitative oxygen concentration in certain conditions.26,27 Finally, electron paramagnetic resonance

imaging (EPRI) has been used to measure quantitative oxygen concentration and partial pressure in

vivo.28–30

EPRI has the advantage of deep tissue imaging (∼10 cm), multifunctional probes, and fast imaging

times (rapid scan EPRI, RS EPRI). Because EPRI probes directly measure oxygen, pH, and other

parameters, EPRI is a quantitative technique for mapping the microenvironment (ME).31 Through the

use of a new soluble probe, the probe for in vivo concurrent measurement of pH, pO2 and Pi in

Extracellular space (HOPE), multiple parameters of the ME relevant to bioprinting can be mapped.32

Other probes, like deuterated Finland trityl (dFT) and its derivatives (Ox063 and Ox071) provide oxygen

mapping with good resolution.33

Quantitative mapping and determination of oxygen flux in bioprinted models of Saccharomyces

cerevisiae is demonstrated here. These measurements are made possible through the development

of stable, automated digital tuning, coupling, and data acquisition on our home-built modular RS

EPRI system, making long-term imaging experiments for determining oxygen flux possible.34–36 The

incorporation of EPR probe into the bioink enables long-term oxygen mapping.

4.3 Materials and Methods

4.3.1 Bioprinter design

The bioprinter design was based on a previous modified 3D printer design for plastic resin (figure 4.1)35

using the freeform reversible embedding of suspended hydrogels (FRESH) bioprinting method.37 A

Creality Ender 3 Pro 3D printer was modified by the replacement of the heated extrusion head with a

linear extruder. This extruder had the capability to print bioink by pushing the plunger of a syringe.

4.3.2 FRESH 2.0 synthesis

FRESH 2.0 support bath was made using an existing protocol. Briefly, 2% gelatin type B, 0.25%

Plurinic F-127, 0.1% gum arabic, 50% ethanol and the remainder water, were mixed together at 45°C

until dissolved. This solution was then taken off heat and stirred at 950 RPM for 16 hours. After 16

hours of stirring, the solution was aliquoted into 50mL centrifuge tubes and centrifuged at 300 RCF for

5 minutes. The supernatant was removed, and a 10mM CaCl2 solution was added to fill the centrifuge
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tubes to 45mL. This wash procedure was repeated at least three times, with centrifugation at 1000

RCF. The resulting FRESH solution was stored at 4°C until use, at which time the FRESH solution was

centrifuged at 1000 RCF, supernatant removed, and FRESH beads moved to the printing chamber.

4.3.3 Bioprinting protocol

The bioprinted model was designed using MATLAB, resulting in Gcode, the protocol the bioprinter uses

to print the model (see Appendix for code). A tube was generated with outer radius 7.5mm, inner

radius 3mm and height 8mm. A representative CAD model was displayed in figure 4.2. Bioprinting

was conducted in a biosafety cabinet to maintain sterile conditions. An alternative to placing the entire

bioprinter in the biosafety cabinet would be to construct a biosafety cabinet around the bioprinter.

Custom biosafety cabinets are standard in commercial bioprinters.

The bioink was prepared as follows: for the experiments using Saccharomyces cerevisiae, cells were

diluted to 0.25 optical density (O.D.) using a UV-vis spectrometer at 600nm light. 500µL of this solution

was centrifuged at 4000 RCF for 5 minutes, and supernatant discarded. 750µL of 6% sodium alginate

was added, resulting in a final alginate concentration of 4.5%. EPR oxygen-sensitive probe (dFT) was

added to give final concentration of 1mM. After bioprinting, the resulting dFT concentration in the bioink

was ∼200µM due to incorporation of FRESH bath into the bioprint and diffusion of EPR probe into the

support bath after printing. The final dFT concentration of 200µM dFT was calculated by dissolving

a bioprinted model and comparing UV-Vis absorption at 467nm against standardized solutions of dFT.

Sodium pyruvate was added in figure 5b to give final pyruvate concentration of 1%. Sodium pyruvate

was also added to the FRESH bath in this case, resulting in FRESH bath pyruvate concentration of

1%. Finally, water was added to make 1mL total volume. For the macrophage experiment, 25,000 cells

were combined with 750µL of 6% sodium alginate dissolved in calcium-free EMEM medium with added

FBS, sodium pyruvate, and HEPE buffer. 1mM Ox063 and more culture media were added to make

1mL total volume of bioink. Final concentration of Ox063 in the bioprint was approximately 200µM,

calculated with absorbance of the dissolved bioprint. After printing finishes, the print was allowed to

rest in the FRESH bath for a period of 6 hours to allow strong crosslinking.
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4.3.4 Cell culture

Saccharomyces cerevisiae strain RM11α yeast are cultured on YPD agar in standard 100mm cell culture

plates at 4°C. Yeast were chosen to demonstrate OCR mainly because of their ease-of-use. Yeast can be

grown on the countertop or refrigerator at room temperature using basic yeast agar. 24hrs before the

experiment, yeast were inoculated into 10mL of a custom YPGal liquid media consisting 2% peptone,

1% yeast extract and 2% galactose to upregulate the aerobic respiration pathway. The media containing

yeast was stirred on a hot plate set to 30°C and 350 RPM.

MDA-MB-231 cells were cultured in L-15 medium supplemented with 2mM glutamine, 15% fetal

bovine serum and 1% penecillin/streptomycin antibiotic solution, and kept in a cell incubator at 37°C,

5% CO2. After bioprinting and imaging, the bioprint containing MDA-MB-231 cells was kept in L-15

medium in the cell incubator for 24 hours.

4.3.5 Oxygen consumption measurements

Yeast were collected from liquid culture by centrifugation at 1000 RCF and washed twice in distilled

water. Yeast were starved by mixing in distilled water for six hours before the experiment. The yeast

were diluted to an OD (650 nm) of 1.00 using a UV-Vis spectrometer. This correlates to roughly 7×107

cells per mL. Cells were additionally counted using a hemocytometer.

To measure OCR in the presence of varying concentrations of pyruvate under stirring conditions

(stirring removes the factor of diffusion of oxygen and pyruvate through undisturbed solution), 20mL

cells (see Appendix for cell concentrations) in solution consisting of one of the following concentrations

of sodium pyruvate (1%, 0.4%, 0.2% and 0.04%) were placed in a 25mL Erlenmeyer flask. 4mL viscous

mineral oil was added to the surface of the yeast solution to slow oxygen diffusion from the external

environment. The solution was stirred vigorously using a stir bar on a hot plate at 500 RPM with

the heating element turned off. Measurements (4 technical replicates per group) were collected using

a fiber-optic oxygen sensor. Data was analyzed using MATLAB software. Groups were analyzed for

statistical differences using a 1-way ANOVA and pairwise comparisons test.

To measure OCR in the presence of varying concentrations of pyruvate in undisturbed conditions

(stirring only between technical replicates), an Agilent XFe24 Seahorse Analyzer was used. Cells were

centrifuged and adhered to the 24 well plate. The plates were filled with 500µL of water. For yeast
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measurements, injection of 50µL sodium pyruvate solution was used give final well concentrations of

1%, 0.4%, 0.2%, and 0.04% pyruvate. Measurements were collected for 10, 15 or 60 minutes, with

mixing of the media for 2 minutes between measurements.

As a control for EPRI OCR measurement of macrophages, it was necessary to compare the OCR

of macrophages to that of yeast to determine the concentration of macrophages to use in the bioprint.

For peritoneal macrophages no injections of pyruvate were used. Rather, macrophages (25,000, 50,000,

100,000 or 250,000 macrophages per well) were in a dMEM media without phenol red during the

Seahorse experiment.

4.3.6 Peritoneal macrophage isolation

1 mL of sterile 3% Brewer thioglycolate medium was injected into the peritoneal cavity of a C57BL/6J

mouse. After four days, the mouse was euthanized via isoflurane overdose with secondary euthanasia

method of opening the pleural cavity. The skin around the incision area was sterilized with 70%

isopropanol solution. Next, the outer skin of the peritoneum was cut to expose the inner skin lining

the peritoneal cavity. 5 mL ice cold PBS (with 3% FCS) was injected into the peritoneal cavity using a

27G needle, and the peritoneum was massaged to dislodge any attached cells. Then, a 25G needle was

inserted to aspirate the fluid containing the macrophages. The resulting cell suspension was centrifuged

at 132 RCF (800 RPM on our machine) for 10 minutes at 4°C. A live/dead cell count was conducted

with Trypan blue on a hemocytometer.

4.3.7 RS EPRI setup

A previously described RS EPRI system was used.34,36 Briefly, the the system was a modular RS EPR

imager at 800MHz with automatic control of tuning, coupling, and data acquisition. Home-built MAT-

LAB software was also used (see Appendix). Images were collected with 2000 averages per spectrum,

internal averaging conducted by the digitizer. Bioprints were placed inside of a 14mm inner diameter

cylindrical vial, with the outside edges of the bioprint in contact with the vial. 500µL petroleum jelly

was melted at 50°C and added to remove as much air as possible in the center and top of the tube

bioprint. The rest of the volume in the vial was filled with dental impression, which cures over a period

of 3-5 minutes. The vial containing the sealed bioprint was placed in the resonator. The vial was
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centered in the RS EPRI system by changing gradients in x, y, z directions and observing the spectrum.

Finally, images were collected with 26 blocks containing 126 projections and a zero gradient spectrum.

To capture faster changes in kinetics, where large changes in concentration occur within 30 minutes,

a slightly different collection method was used, where 16 blocks of 126 projections are collected. The

last 10 blocks were not collected in these images, reducing the amount of time required for each image.

In the last image of the experiment, all 26 blocks of projections were collected. The last 10 blocks of

projections were mostly responsible for the collection of spatial information rather than the collection of

spectral information. During image reconstruction, this spatial data is assumed to remain constant in

the bioprinted model. This method of image collection allows for ∼ 62% faster data collection, enabling

the measurement of faster kinetics.

4.4 Results

4.4.1 Simulation of oxygen diffusion and consumption by cells in 3D culture

Oxygen flux is dependent on several factors, including diffusion coefficient, cell size, cell number, and

consumption rate by the cells. To investigate the role of each of these factors towards oxygen flux

in a bioprint, a simulated model was generated (figure 4.3). Oxygen diffusion and consumption in a

homogeneous bioprint where cells are equidistant in a spherical coordinate system can be described

using the following heat equation:

∂u

∂t
=

D (x)

x2
∂

∂x

(
x2

∂u

∂x

)
+ f (t) (4.1)

The concentration of oxygen is given as u, time as t, distance x. D (x) is diffusion coefficient, where

the first three values represent the diffusion coefficient of the plasma membrane and/or cell wall, and

the rest of the values represent the diffusion coefficient of the extracellular matrix. Finally, f (t) is the

consumption of oxygen by the cells. Based on experimental data (see mixing raw data in Appendix),

f (t) is a linear equation unless limited by diffusion (there are no more oxygen molecules in the sphere

x (1) to consume).

This theoretical model of oxygen flux was simulated numerically in MATLAB (see Appendix for code).

Simulations compare the effects of internal oxygen consumption rate (OCR) on oxygen concentration
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over time (figure 4.4 a, b), external OCR measured by the viewer (figure 4.4 c, d), cell concentration

(compare figure 4.4 a to b and c to d), and the number, N, of increments in x, the distance from the

center of the cell to the halfway point to the next cell. Internal OCR is the amount of oxygen consumed

by the cell per second, and is represented by f (x) in equation 4.1. External OCR is the OCR rate that

would be measured by an observer, represented by du
dt . As expected, internal OCR positively correlates

with external OCR and cell concentration. External OCR was also linear, with curvature only near 0

mM O2. However, there was a large difference (∼ 50%) in external OCR with respect to N.

To match the simulation more closely with EPRI results, an extended simulation was completed over

the period of a week with lower internal OCR and N=1000 (see figure 4.5). Two hours of the simulation

was completed over the period of a week (solid lines). The simulation was extrapolated for a period of

20 hours (dotted lines).

4.4.2 Yeast metabolic measurements in 2D culture

Yeast oxygen consumption rates under varying concentrations of sodium pyruvate were measured in an

Erlenmeyer flask under mixing conditions to minimize the contribution of oxygen diffusion (figure 4.6).

Starved yeast were placed in distilled water containing one of the following concentrations of sodium

pyruvate: 1%, 0.4%, 0.2%, or 0.04% by mass. Oxygen concentration in the yeast solution was measured

over time (see Appendix). The rate was extracted from the data using MATLAB, and adjusted by the

amount of cells in solution. As expected, the rate of yeast oxygen consumption increased as pyruvate

concentration increased (figure 4.7). Statistics are shown in Tables 4.1 and 4.2.

To confirm yeast oxygen consumption rates, additional measurements were collected using Seahorse.

In this case, the yeast were adhered to the bottom of a 24-well plate. A solution of sodium pyruvate in

distilled water was mixed by the machine, then the oxygen probe moved in close proximity to the cells,

and oxygen concentration over time was measured without mixing. Measurements were collected for 10

minutes (figures 4.8 and 4.9, tables 4.1 and 4.2) and 60 minutes (figures 4.10 and 4.11, tables 4.3 and

4.4). The first minute of data collection was used to generate OCR and statistical analyses. Oxygen

consumption increased with increasing pyruvate concentrations, matching with data in figure 4.7.
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4.4.3 3D bioprinting of a cell-laden model

Loss in cell viability is a common issue among extrusion bioprinters.38 To demonstrate the ability for our

homebuilt bioprinter (figure 4.1) to construct cell-laden constructs with live cells, MDA-MB-231 GFP

and RFP positive cells were printed into a thick tube construct (figure 4.2). These cells were chosen

to demonstrate bioprinting with human cells in the homebuilt bioprinter and for their ability to switch

between aerobic and anaerobic respiration. The cells were imaged 6 and 24 hours after printing, seen

in figure 4.12 a and b, respectively, using an Olympus spinning disc confocal microscope. While signs

of apoptosis were present in some cells, most cells remained viable. Because the confocal microscope

cannot penetrate the full depth of the bioprint without sectioning, and because we only wanted to see

if some cells survived the printing process, we did not numerically measure cell viability.

4.4.4 Mapping oxygen diffusion in 3D bioprinted culture

To better understand diffusion in 3D culture, an acellular thick tube construct was printed. Alginate

bioink containing 1mM dFT was used. After printing, dFT diffused from the print into the FRESH

support bath, giving a final probe concentration of < 200µM in the print. A solution of Pluronic F-125

bioink containing glucose and GOX was injected into the construct, consuming oxygen. In this case,

the diffusion of oxygen out of the print towards the GOX was investigated. The print was then sealed

from oxygen using 500µL petroleum jelly and dental impression mold. Figure 4.13 maps change in

oxygen partial pressure as a function of time. At time 0, a sharp gradient is visible in the print. Oxygen

concentration decreases to near-zero, then rises slightly after two hours, perhaps as a result of small air

bubbles around the perimeter of the construct.

4.4.5 Mapping oxygen flux in 3D bioprinted culture with Saccharomyces cerevisiae

As a proof-of-principle demonstration, two thick tube constructs laden with yeast was printed. One

construct contained sodium pyruvate at 1% concentration. 1% pyruvate was because it maintained a

similar nutrient density as the media the yeast were grown in. The second construct did not contain

sodium pyruvate. Pyruvate was used as an energy source for the yeast to force aerobic respiration. To

make the constructs, yeast diluted to 0.25 optical density were further diluted twice more for a resulting

concentration of 3 ∗ 106 cells per mL. Both bioprints were continuously imaged over several hours.

133



Combining the images together in the time dimension allows for analysis of kinetics. Both yeast only

(figure 4.14 and yeast + pyruvate in figure 4.15 show decrease in oxygen concentration over time. OCR

was calculated for each voxel in the time dimension (figure 4.16 and d, e of figures 4.14 and 4.15). By

comparing average OCR in 3D culture, it was possible to deduce that yeast in the bioprint containing

1% sodium pyruvate consumed more oxygen over time. Finally, OCR was calculated for eight trials

using EPR spectrometry (figure 4.17). Linear OCR rate was calculated by measuring EPR spectra over

time in bioprints containing Saccharomyces cerevisiae with and without pyruvate (n=4 in each group).

Student’s t-test showed a difference between pyruvate and no pyruvate groups (p=0.0478).

4.4.6 Comparison of OCR measurement methods with Saccharomyces cerevisiae

Each OCR measurement method is compared in table 4.7. Additionally, a one-way ANOVA and Tukey

HSD Post-hoc test was performed on the summarized data (tables 4.8 and 4.9). Importantly, Seahorse

and EPR spectral measurements were similar, while EPRI measurements more closely matched the

Stirring experimental results. Most methods were found to be different from each other, resulting in

slightly different OCR for the given conditions, though all methods were in the same magnitude of each

other. These differences could be a result of the different environment (e.g. stirring or mixed environment

compared to not-stirred environment), or due to error. For example, at high gradients required for EPRI

spatial resolution, the measured data become noisy and the potential for error increases.

4.4.7 Murine macrophage metabolic measurements in 2D culture

As a comparison with yeast, and moving towards mammalian cells, OCR of murine macrophages was

measured using Seahorse in figure 4.18. The number of cells per well was varied between 25,000 and

250,000 macrophages. Similar to the yeast Seahorse data, OCR was not linear over longer periods of

time. The first minute of data collection was used to generate OCR and statistical analyses.

4.4.8 Mapping oxygen flux in 3D bioprinted culture with murine macrophages

To demonstrate oxygen consumption by mammalian cells in 3D culture, a cell-laden bioprint containing

25,000 macrophages per mL was generated. Peritoneal-derived macrophages were chosen because they

can switch from aerobic to anaerobic respiration, do not proliferate, and can be polarized. These
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aspects of macrophages are planned for further investigation in bioprinting in our lab. EPR imaging

was conducted over 18 hours (figure 4.20. Over this time period, oxygen partial pressure inside the

construct decreased from levels comparable to air partial pressure (159mmHg) to below 50mmHg at the

end of imaging. By combining the images, OCR was extracted from the data (figure 4.20 e). OCR for

peritoneal macrophages was less than the yeast models, but the number of cells were also much less.

4.5 Discussion

This research is presented as a first demonstration of OCR mapping in 3D culture. To achieve this, a

spherical model of oxygen diffusion and consumption by cells was generated to explore the relationships

between cell concentration, diffusion coefficient at the surface of the cell, diffusion coefficient of the

extracellular matrix, and oxygen consumption rate inside the cell. Next, to give a basis of comparison for

3D OCR, and example rates for the spherical model, OCR was calculated using Seahorse as well as in a

stirred solution using a fiber optic probe. Using a home-built bioprinter, cell-laden and acellular 3D con-

structs were printed with 4.5% alginate. Viability of cells was confirmed by printing fluorescent-labeled

cancer cells. RS EPR imaging was conducted over several hours for bioprints containing Saccharomyces

cerevisiae yeast or macrophages. Images were combined together to add the dimension of time, resulting

in 5D spectral-spatial-temporal imaging. Comparing changes in the oxygen maps over time, 3D OCR

was able to be extracted. Finally, the 3D OCR was compared in bioprinted yeast with and without

pyruvate.

Measuring OCR and mapping oxygen in bioprinted models will be important as the size and com-

plexity of models increases. Already, researchers are including vasculature into bioprints to allow cells

to survive in thicker models.7,39,40 The need to measure the success of the methods to deliver oxygen

to cells deep in the model remains. This research represents the first efforts towards this goal.

A model of spherical diffusion was generated using MATLAB, comparing the effects of internal oxygen

consumption rate, cell concentration, and spherical shell incremental size, N. Increase in observed OCR

was expected for increasing internal OCR and cell concentration. However, changes in N also resulted

in large changes in observed OCR, indicating that the value N needs to be increased until it no longer

plays a role in observed OCR. The simulation works by calculating oxygen concentration in each shell,

u (x) at each time point, t. The number of iterations required for calculating u (x) for N = 400 and
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1e6 cells over a simulation time period of one second is 150,470 iterations, from the equation i = D
dx2 ,

where i is iterations, D is diffusion coefficient, and dx is the shell size increment determined from N

and the cell concentration. For N of 1000, the number of iterations required increases exponentially

to 943,290, plus the compounding factor of computing more points. Therefore, while the simulation

takes 6 hours to run on our computers using N = 200, it will take several days, months, or years to run

simulations with N greater than 400.

For N of 1000, 5,000 or 10,000 the time required is approximately 9 days, 162,700 days and ∼1 million

days, respectively, assuming a cubic relationship of N to time required. A simulation of N = 1000 was

carried out in figure 4.5. Notably, the simulation of 1e-4 mM O2/s/cell at N=1000 is closer to 1e-4 mM

O2/s/cell with N=400 than with N=200 (figure 4.4), indicating convergence of values with increasing

N. Such simulations with high values of N could be carried out on a supercomputer, but supercomputers

reduce time the most using parallel computing. Iterations to calculate u (t) currently are conducted using

serial processing. Despite the limitations described above, some interesting conclusions can be deduced

from the computational model. First, during the simulation oxygen concentration is relatively flat with

respect to distance away from the cell, x. Measured OCR is also relatively linear over time. This is

predicted because of the small distances between cells (100µm using 106 cells). Interestingly, there is

nonlinearity when oxygen concentrations near zero, something we also noticed in all experiments.

Nonlinearity of oxygen concentration from the Seahorse was more apparent than in the other OCR

methods. This could be due in part to an oxygen gradient forming at the bottom of the Seahorse wells,

with oxygen consumed at the level of the cells being replaced by oxygen diffusing from elsewhere in the

wells. As oxygen level near the cells decreases, oxygen diffusion towards the cells increases, creating

nonlinearity in the measurements. While this affects OCR measurements using our experimental setup,

it may not have a significant effect during more normal operation.41 This nonlinearity made selection

of OCR rate for comparison in the bar graphs challenging (figures 4.9, 4.11, 4.19). Different rates

are observed at different times during the experiment. For this reason, OCR for the bar graphs and

statistical analyses were selected during the first minute of data collection after the mixing cycle.

EPRI was used to extract 3D OCR from bioprinted models, showing a difference in OCR between

different types of cells and yeast with or without pyruvate. Resolution was approximately 250µm, on the

same magnitude as the distance between yeast cells in the study. This resolution gives a good overview

of oxygen concentrations throughout the print. In the future, we hope the computational model can
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predict how the oxygen maps appear on much smaller scales, since diffusion is important on the scale of

tens to hundreds of micrometers. To achieve EPR imaging at this scale, higher gradients or probes with

more narrow linewidth could be used. Additionally, images were acquired every 18 minutes with 2000

averages and 16 blocks of projections, limited by the need for good EPR signal-to-noise (SNR). Large

changes in oxygen concentration much faster than this may result in distorted images. However, RS

EPRI allows for image collection much faster than this (up to 2000 times faster if only one average is

needed), with the requirement that SNR is higher. This can be achieved by using higher concentration

of EPR probe, or improving the sensitivity of the EPR imager. Such improvement would allow for

mapping changes on the time scale of milliseconds and seconds as opposed to tens of minutes.

Both single EPRI and EPR measurement in Saccharomyces cerevisiae with and without puruvate

showed statistical difference in OCR. However, high variation is noted in the experimental pyruvate

group. Intriguingly, OCR measured by EPR spectra was higher than OCR measured through EPRI,

even when using the same data. ”Pyruvate 2” and ”No Pyruvate 1” in figure 4.17 are the spectral

components from imaging data seen in figure 4.16. The reason for this difference in measured OCR

remains to be determined, but could be due in part to increased background as EPR imaging gradients

are applied, resulting in less accurate linewidth measurements biased towards narrow linewidths. The

authors are currently exploring this issue.

Important similarities and differences were seen between the OCR methods (see table 4.7). The

simulation data collected for the table used the same cell concentration as the bioprint, with internal

oxygen consumption rate, f (x), as the variable changed to attain OCR similar to the bioprints. The

Seahorse measurements in figure 4.8 appeared to closely match the stirring measurements in figure 4.7

as well as EPRI measurements. Slightly higher measurements for the Seahorse OCR data could be

explained by the fact that the cells are glued to the bottom of the well plates - they are concentrated

on the bottom where the oxygen sensor is placed, while in the Stirring and EPRI measurements, the

cells are evenly dispersed throughout the entire volume being measured.

During EPR imaging, bioprints were kept in room conditions: air concentration CO2 and room

temperature. These are normal conditions for yeast cells, but mammalian cells, including murine

macrophages, need to be maintained under physiologic conditions. Metabolism under these conditions

will be different than under physiologic conditions. Currently, our lab is developing a bioprinting cham-

ber to maintain these conditions during EPR imaging. This chamber will allow the study of bioprints
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with mammalian cells under controlled, physiologic conditions.

The methodology demonstrated here is proposed to quantify the success of methods of delivering

oxygen to cells in thick bioprints. In future studies, the evaluation of improvements of oxygen delivery

in response to vascularization and the release of oxygen through peroxides are proposed.
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4.7 Figures
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Figure 4.1: Extrusion bioprinter design
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Figure 4.2: CAD model of tube bioprint.

Figure 4.3: Diagram of a theoretical model of oxygen flux. To model the flux of oxygen in 3D culture,
assume cells are arranged equidistant in a spherical coordinate system, X. The maximum value of X is
the halfway point between two cells, marked as a red circle. This maximum value is dependent on the
concentration of cells in 3D culture. The cells have some radius r, and a rate of oxygen consumption,
Rc. For simplicity, the extracellular matrix is assumed to have a constant diffusion coefficient, Dm. The
plasma membrane and/or cell wall of the cell has a different diffusion coefficient, Dp.
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Figure 4.4: 3D oxygen diffusion and consumption simulation. a-b: Predicted oxygen concentration over
time with varying internal oxygen consumption rates (OCR) and a) 1∗106 cells or b) 2∗106 cells per mL.
c-d: External OCR with varying internal OCR and c) 1 ∗ 106 or d) 2 ∗ 106 cells per mL. e: Comparison
of the predicted oxygen concentration over time with varying internal OCR and N. N is defined as the
number of increments in x, the spherical distance from the center of the cell and the next cell. Internal
OCR is a constant in the simulation, defined as the amount of oxygen (mM O2 consumed per second
per cell. External OCR is the rate measured by an observer, in units mM O2 consumed per cell per
minute. 149



Figure 4.5: 3D oxygen consumption simulation with lower rates and higher N. Predicted oxygen con-
centration over time with varying internal oxygen consumption rates and 2 ∗ 106 cells per mL. Solid
lines represents simulated data, while dotted lines represent continuation of simulated data assuming
continuation of linearity.

Figure 4.6: Experimental setup for yeast oxygen measurement under stirring conditions.
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Figure 4.7: Yeast oxygen consumption rates under stirring conditions. Yeast OCR was measured with
different concentrations of pyruvate. There were 4 technical replicates in each group. One-way ANOVA
and pairwise comparisons test calculated using MATLAB (see tables 4.1 and 4.2 for results and p-
values).
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Figure 4.8: Seahorse yeast oxygen measurement under different pyruvate concentrations. Numbers in
the legend refer to concentrations of pyruvate. Each line in the same color is a technical replicate, n=3.
Seahorse works through cycles of mixing and measurement. Mixing does not occur during measurement.
The mixing period can be seen when there is a sharp increase in oxygen pO2 (one example of this is
at the demarcation between no pyruvate and pyruvate). From each technical replicate, two cycles of
measurement without pyruvate and six cycles of measurement with added pyruvate were taken.
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Figure 4.9: Graph of OCR from Seahorse (see figure 4.8). OCR was calculated from the last five points
in each replicate after injection of pyruvate solution. Pyruvate 1%, 0.4%, 0.2% and 0.04% groups had
18 technical replicates each, while the background group had 24 and No Pyruvate had 48. All groups are
statistically different, with p∼0, except when comparing Pyruvate 0.04% to No Pyruvate and Pyruvate
1% to Pyruvate 0.4%. Results from statistical analysis are shown in tables 4.3 and 4.4.
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Figure 4.10: Longer-term Seahorse yeast oxygen measurement. Each line in the same color is a technical
replicate, n=6. The cells group is cells only, with no added pyruvate. BG is background, the well contains
only water.

Figure 4.11: Graph of OCR for longer-term Seahorse yeast measurement (see figure 4.10). OCR was
calculated from the first 10 points in each replicate after injection of pyruvate solution. Pyruvate 1%
and 0.4% had 24 replicates each, while Background had 16 and No Pyruvate had 32. All groups are
statistically different. Results from statistical analysis are shown in tables 4.5 and 4.6.
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Figure 4.12: Bioprinted cancer cells a) day of bioprinting b) day after bioprinting. Cells are the MDA-
MB-231 epithelial human breast cancer cell line. Green is GFP, pink is RFP, and blue is Nucspot live
650 nuclear stain.
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Figure 4.13: Bioprinted model of oxygen diffusion. Oxygen maps show the change in oxygen concen-
tration as a function of time. EPR images were collected continuously over the period of three hours.
The black circle in image 1 illustrates the injection site for the GOX solution.
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Figure 4.14: EPRI kinetics of yeast in a bioprint. Data are a single experiment (collection of 10 images)
taken over the period of approximately 5.5 hours. Data show OCR measurement of yeast (OD 0.25
diluted twice in distilled water) embedded in a bioprint and starved for 6 hours before experiment. a:
surface model of reconstructed EPR image showing bioprint as seen by EPRI. b: representative slice of
last EPR image in the set of images, taken approximately 5.5 hours after the first image collected. Color
bar shows pO2 in mmHg. c: histogram of first and last image showing distribution of oxygen partial
pressure across all voxels in the image. d: representative oxygen partial pressure at one voxel across
time. e: histogram of oxygen consumption rate calculated at each voxel.
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Figure 4.15: EPRI kinetics of yeast in a bioprint containing 1% sodium pyruvate. Data are a single
experiment (collection of 20 images) taken over approximately 11 hours. Data show OCR measurement
of yeast (OD 0.25 diluted twice in distilled water) embedded in a bioprint containing 1% pyruvate.
Bioprint containing yeast and pyruvate rested to complete crosslinking process for the period of 6 hours
before the experiment. a: surface model of reconstructed EPR image. b: representative slice of last
EPR image in the set of images. Color bar shows pO2 in mmHg. c: histogram of first and last image
showing distribution of oxygen partial pressure across all voxels in the image. d: representative oxygen
partial pressure at one voxel across time. e: histogram of oxygen consumption rate calculated at each
voxel. 158



Figure 4.16: EPRI OCR data. a: histogram of yeast with (blue) and without (red) 1% pyruvate
in bioprint. Data shown is comparison of figures 4.14e and 4.15e. b: bar chart comparing oxygen
consumption rate data and standard deviation of yeast with and without pyruvate. Standard deviation
calculated using OCR from each voxel in the images as an individual measurement. Student’s t-test
used to compare yeast in bioprint with and without pyruvate.

Figure 4.17: Comparison of OCR data. a) EPR spectra of yeast in bioprints with and without 1%
pyruvate was collected with four technical replicates in each group (eight bioprints were tested total).
Data was smoothed for viewing using moving window average of 10 points. b) OCR was calculated
from collected spectra using using LiNc-BuO oxygen sensing probe for two replicates of the pyruvate
group, or dFT oxygen sensitive probe in the rest of the replicates. A Student’s t-test using MATLAB
gives a p value of 0.0478.
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Figure 4.18: Oxygen measurements of murine macrophages in 2D culture using Seahorse (see section
4.3.5). Each line within the graphs represents an individual biological replicate, macrophages taken from
a separate mouse (n=3).
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Figure 4.19: OCR measurements of murine macrophages by Seahorse in 2D culture (see figure 4.18).
Each group is statistically different, see tables 4.10 and 4.11. The 25,000, 50,000, 100,000 and 250,000
macrophage groups were replicated 30 times each, while Background had 81 replicates.
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Figure 4.20: EPRI kinetics of murine macrophages in a bioprint. Murine macrophages (25,000 cells/mL)
were incorporated into a bioprint as outlined in the Methods section. 30 images were collected over a
period of approximately 16.7 hours. a: surface model of reconstructed EPR image. b: representative
slice of last EPR image in the set of images. Color bar shows pO2 in mmHg. c: histogram of first and last
image showing distribution of oxygen partial pressure across all voxels in the image. d: representative
oxygen partial pressure at one voxel across time. e: histogram of oxygen consumption rate calculated
at each voxel.
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Source SS df MS F Prob>F

Groups 6.29359e-15 3 2.09786e-15 10.05 0.0014
Error 2.50375e-15 12 2.08646e-15
Total 8.79734e-15 15

Table 4.1: Results of 1-way ANOVA for stirring experiment (see figure 4.7). Calculated using anova1()
function in MATLAB.

Group 1 Group 2 P-value

1% Pyruvate 0.4% Pyruvate 0.4490
1% Pyruvate 0.2% Pyruvate 0.0087
1% Pyruvate 0.04% Pyruvate 0.0018
0.4% Pyruvate 0.2% Pyruvate 0.1230
0.4% Pyruvate 0.04% Pyruvate 0.0248
0.2% Pyruvate 0.04% Pyruvate 0.7859

Table 4.2: Pairwise comparisons test for stirring experiment (see figure 4.7). MATLAB multcompare
used for analysis.

Source SS df MS F Prob>F

Groups 4.3e-11 4 1.1e-11 82.03 9.0e-33
Error 1.5e-11 115 1.3e-13
Total 5.8e-11 119

Table 4.3: Results of 1-way ANOVA with unequal sample sizes for Seahorse OCR experiment (see figure
4.9). Calculated using anova1() function in MATLAB.
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Group 1 Group 2 P-value

Pyruvate 1% Pyruvate 0.4% 0.16
Pyruvate 1% Pyruvate 0.2% 2.8e-7
Pyruvate 1% Pyruvate 0.04% 5.2e-18
Pyruvate 1% No Pyruvate 7.7e-29
Pyruvate 0.4% Pyruvate 0.2% 0.0033
Pyruvate 0.4% Pyruvate 0.04% 1.5e-12
Pyruvate 0.4% No Pyruvate 2.8e-22
Pyruvate 0.2% Pyruvate 0.04% 7.0e-5
Pyruvate 0.2% No Pyruvate 1.0e-11
Pyruvate 0.04% No Pyruvate 0.14

Table 4.4: Pairwise comparisons test for Seahorse OCR measurements (see figure 4.9). Calculated using
MATLAB multcompare.

Source SS df MS F Prob>F

Groups 2.6e-10 2 1.3e-10 225.2 1.1e-24
Error 8.1e-11 77 1.1e-12
Total 3.4e-10 79

Table 4.5: Results of 1-way ANOVA with unequal sample sizes for long-term (60 minutes per mea-
surement period) Seahorse OCR experiment (see figure 4.11). Calculated using anova1()function in
MATLAB.

Group 1 Group 2 P-value

Pyruvate 1% Pyruvate 0.4% 1.8e-5
Pyruvate 1% No Pyruvate 1.5e-24
Pyruvate 0.4% No Pyruvate 4.3e-15

Table 4.6: Pairwise comparisons test for longer Seahorse OCR measurement (see figure 4.11). Calculated
using MATLAB multcompare.

Method OCR, Pyruvate 1% OCR, No Pyruvate
mean (std) 10−9 mmHg/min/cell 10−9 mmHg/min/cell

Stirring 67.2 (14.4) 17.1 (4.94)
Seahorse 214 (12.9) 135 (16.1)
EPR 213 (75.8) 122 (10.3)
EPRI 91.3 (26.2) 41.8 (8.36)

Table 4.7: Comparison of OCR methods. OCR a: Yeast starved for 6 hours then given pyruvate 1%.
OCR b: Yeast starved for 6 hours, no added nutrients. Units are mmHg per minute per cell. Seahorse
OCR was calculated between 9-10 minutes of data collection.

Source SS df MS F P

Groups 1.97e9 7 2.82e8 7400 <1e-5
Error 1.16e7 30800 378
Total 3.14e7 30800

Table 4.8: One-way ANOVA of different OCR methods. Calculated using 1-way ANOVA using summary
data (see statpages.info/anova1sm.html).
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Group 1 Group 2 P-value

Stirring, Pyruvate Stirring, No Pyruvate 0.0064
Stirring, Pyruvate Seahorse, Pyruvate 0
Stirring, Pyruvate Seahorse, No Pyruvate 0
Stirring, Pyruvate EPR, Pyruvate 0
Stirring, Pyruvate EPR, No Pyruvate 0.0017
Stirring, Pyruvate EPRI, Pyruvate 0.20
Stirring, Pyruvate EPRI, No Pyruvate 0.1514
Stirring, No Pyruvate Seahorse, Pyruvate 0
Stirring, No Pyruvate Seahorse, No Pyruvate 0
Stirring, No Pyruvate EPR, Pyruvate 0
Stirring, No Pyruvate EPR, No Pyruvate 0
Stirring, No Pyruvate EPRI, Pyruvate 0
Stirring, No Pyruvate EPRI, No Pyruvate 0.1787
Seahorse, Pyruvate Seahorse, No Pyruvate 0
Seahorse, Pyruvate EPR, Pyruvate 1
Seahorse, Pyruvate EPR, No Pyruvate 0
Seahorse, Pyruvate EPRI, Pyruvate 0
Seahorse, Pyruvate EPRI, No Pyruvate 0
Seahorse, No Pyruvate EPR, Pyruvate 0
Seahorse, No Pyruvate EPR, No Pyruvate 0.9003
Seahorse, No Pyruvate EPRI, Pyruvate 0
Seahorse, No Pyruvate EPRI, No Pyruvate 0
EPR, Pyruvate EPR, No Pyruvate 0
EPR, Pyruvate EPRI, Pyruvate 0
EPR, Pyruvate EPRI, No Pyruvate 0
EPR, No Pyruvate EPRI, Pyruvate 0.034
EPR, No Pyruvate EPRI, No Pyruvate 0
EPRI, Pyruvate EPRI, No Pyruvate 0

Table 4.9: Tukey HSD Post-hoc Test of different OCR methods. Calculated using summary data (see
statpages.info/anova1sm.html).

Source SS df MS F Prob>F

Groups 1.06441e-7 3 3.54804e-8 29.36 3.37401e-14
Error 1.40165e-7 116 1.20832e-9
Total 2.46606e07 119

Table 4.10: Results of 1-way ANOVA for Seahorse OCR measurement of macrophages (see figure 4.19).
Calculated using MATLAB anova1() function.
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Group 1 Group 2 P-value

25k macrophages 50k macrophages 7.5e-6
25k macrophages 100k macrophages 1.6e-13
25k macrophages 250k macrophages 1.2e-10
50k macrophages 100k macrophages 0.003
50k macrophages 250k macrophages 0.10
100k macrophages 250k macrophages 0.59

Table 4.11: Pairwise comparisons test for macrophage OCR measurement (see figure 4.19). Calculated
using MATLAB multcompare() function.
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Chapter 5

Discussion

Completion of the dissertation research resulted in several publications, including chapters 2 and 3.

Chapter 4 is in preparation for publication. However, several other publications were a result of the

dissertation research. Tseytlin et al (2019) describes the original modular rapid scan EPR imager,

during which the original ideas for digitization and automation of data acquisition were developed.1

Next, Mihalik et al (2023) collected in vivo oxygenation maps to compare tissue oxygenation before and

after low- or high-dose GMCSF treatment using the ADiC EPRI system.2 The ADiC system allowed

faster and easier data collection, giving more time for imaging rather than fine-tuning the machine.

Finally, Sarvari et al (2023) measured oxygen depletion by photoinitiator in light-based bioprints, and

imaged oxygen production by algae-laden bioprints using the ADiC EPRI system for longitudinal oxygen

mapping.3

5.1 Digitization of the RS EPRI system permits automation and lon-

gitudinal imaging

During the construction of our modular rapid (RS) electron paramagnetic resonance (EPR) imaging

system,1 there were several limitations that could be overcome with a digital acquisition system. The

time required to tune and couple the resonator by manually adjusting voltages of the resonator’s voltage

controlled capacitors was on the time scale of several seconds to minutes. Images had to be collected

one-by-one, repeating the tuning and coupling process between each image. For long experiments to

examine changes over time in a variable, it was required to have one or two personnel monitoring the
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EPR system at all times. Additionally, we occasionally noticed large periodic amplitude modulated noise

which decreased the signal to noise ratio (SNR) of the imager, which may have been a result of the EPR

imager being sensitive to radiofrequencies picked up by the wires between the power supply and the

voltage controlled capacitors. Finally, during image collection, no adjustments were able to be made,

sometimes resulting in the loss of data from changes in coupling and tuning from animal movement,

through drift of magnetic field, or as conditions in the environment changed. These limitations resulted

in the loss of much time and less potential data collection.

The objective of digitization of the RS EPRI system through the development of the automated

digital control (ADiC) and digital resonator was to overcome the above limitations in Chapter 2. Through

the use of digitally tunable capacitors (DTCs) and a printed circuit board (PCB)-based resonator,

automated control of coupling was enabled. Replacing the reference microwave RF source with a digital

frequency source (DFS) enabled automated tuning. The DTCs that were used (PE64906) allow 32

discrete capacitances each, for a combined 94 possible values if i ± 1 index values are used. Controlling

the ADiC is a Teensy microcontroller (MC). During the coupling cycle, the MC changes the DTC value,

sets frequency scans with an arbitrary waveform generator, then measures reflection from the resonator

at the rate of 300 measurements per millisecond. MC selects the best DTC value to match resonator

impedance. By selecting the best measurement point from the frequency scan, then using a point-to-

frequency calibration, the tuning cycle selects the best RF frequency to match the resonance frequency.

This process takes place generally within 10ms, dependent on how many DTC indices are tried before

optimal coupling is found. This automated tuning and coupling is much faster than manual tuning and

coupling, and is very stable - 3000 EPR spectra were collected in Fig. 2.6 over a period of 24 hours

without a single failed tuning/coupling cycle. Finally, by introducing a break between image projection

collections, tuning/coupling can take place during image collection, as in Fig. 2.7. Here, projections

are arranged in blocks, each containing 126 projections. Between each block, magnetic field drift is

corrected and tuning/coupling are optimized.

In other EPRI systems, an analog tuning correction is used, called automatic frequency control

(AFC). In general terms, AFC is performed by a detector which generates a voltage dependent on the

distance between the target frequency (resonance frequency) and the current RF.4 This voltage induces

adjustment of the RF. In continuous wave (CW) EPR, phase detection of the frequency modulation is

used to bring RF to resonance frequency.5 Alternatively, the resonance frequency can be adjusted to
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match the RF using varactor diodes in the position of the tuning capacitor.6 Varactor diodes are electrical

components that can be used as voltage controlled capacitors. With their addition to the resonator,

automatic coupling can be achieved in conjunction with AFC.7 AFC is limited to small corrections of

frequency8 and induces change in position of the EPR signal, causing distortion of the EPR spectra

or projections.6 Due to AFC running continuously, this EPR signal distortion results in misleading data

(artificial linewidth broadening, etc) or the loss of data. In comparison, ADiC has a global (20MHz

in our case) scan for resonance frequency. ADiC only runs when data is not being collected, avoiding

distortion of the collected signal.

Integration of digital components into the EPR system is a recent direction in the EPR field.9

Digital components enable miniaturization, increase repeatability through discretization, and enable

automation. Direct digital detection of EPR signal through the use of a digitizer is common in CW, RS,

and pulse EPR, and can be used to increase SNR, among other improvements.10 Digital components

such as DFS and DTCs can be used to generate RF and tune/couple the resonator (Figure 2.2). These

components are controlled with a digital MC. Alternatively, a digital controller such as MC or a field

programmable gate array (FPGA) can control analog components (voltage controlled oscillator, VCO,

and voltage controlled capacitors) through the conversion of digital signal to analog voltage using a

digital-to-analog converter (DAC).11 This flexibility of the digital controllers allows for a wider selection

of components for use in the design of the EPR system.

Another benefit of digital components is the possibilities of miniaturization. EPR-on-a-chip designs

promise to put all the components of an EPR spectrometer on a single PCB, for application in high-

frequency EPR with small samples and high spectral resolution.12,13 Miniature EPR systems also have

in vivo applications in biodosimetry14 and cutaneous oxygen measurement.15 Our own resonator was

reduced in size by several centimeters due to the addition of a balun chip replacing a more traditional

coaxial transmission line balun (Figure 2.2). Placing the entire EPR RF bridge and resonator on a single

PCB would reduce space requirements, cost, and losses due to long transmission lines.

One future direction for further development of an ADiC is finer selection of DTC indices. Close

to critical coupling, small capacitance changes give large changes in coupling. In the current ADiC

system, two DTCs with maximum difference of index ± 1 gives 94 possible combinations to select

critical coupling. A higher number of possible combinations in the same capacitance range would allow

the MC to select coupling closer to true critical coupling of the resonator, resulting in better SNR. As
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digital components continue to improve, it is likely that DTCs with more possible combinations will

become available. An alternative to waiting would be to design the circuit to allow four capacitors

arranged in two pairs. One capacitor would give rough capacitance adjustments while the second gives

finer adjustment.

A second limiting factor to the amount of DTC combinations tried during the coupling cycle is

the time required for the completion of the coupling cycle itself. In the current ADiC system, each

combination requires the MC to collect 300 points as an AWG scans resonance frequency. This cycle

takes 1ms for each DTC combination due to the maximum data collection rate of the Teensy 4.1

MC.Improvement in data collection rate creates the possibility of trying more DTC combinations in a

given time. FPGAs and application specific integrated circuits (ASICs) allow the use of parallel processing

and faster processing speeds. These devices also can be used for direct detection of EPR signal and

control of magnetic field strength when combined with fast analog-to-digital converters (ADCs).16 As

a result, the ability of the FPGA or MC to tune, couple and collect data automatically through digital

protocols gives the scientist a powerful tool to collect EPR spectra or images without any necessary

input from the user. This ability is demonstrated Figures 2.5, 2.6 and 2.7. Finally, EPR data can be

stored on a secure digital (SD) card. In sum, the capabilities of MCs or FPGAs almost entirely remove

the necessity of a computer for operation of the EPR system.

ADiC can be used to couple and tune the system after large movement from an animal. However,

periodic animal movements such as breathing and heartbeat also have effects on coupling and tuning

depending on the part of the animal being studied. The rate of mouse breathing under normal conditions

is around 255 breaths per minute.17 This rate is significantly slower under anesthesia, commonly used

with EPRI. Mouse heart rate is much faster, around 600 beats per minute.18 The time for ADiC tuning

and coupling cycle along with a cycle of data collection would optimally be a magnitude faster than the

breathing or heart rates to account for changes in coupling and tuning these movements cause for in vivo

experiments. To achieve this, both ADiC and data acquisition would need to be faster than the current

system. As mentioned above, using parallel processing with an FPGA or ASIC would allow for faster

tuning and coupling cycles. With our current system, a block of projections with enough averaging for

good SNR in vivo takes between 30 seconds to 2 minutes, corresponding to 1000 and 4000 averages

per projection, respectively, for 200µM OX071 (Figure 2.7). Decreasing this time to a scale suitable for

correction of resonator conditions for heartbeat and breathing (∼10ms) could be achieved with several
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improvements. First, faster data acquisition while maintaining good SNR will require a resonator with

higher q-factor and higher RF power. Secondly, several sets of projections can be acquired with low

averaging with maintenance of critically coupled conditions (CCC). These repeated projections are later

averaged together in the software during image reconstruction. Finer coupling through the use of more

DTC indices could result in better SNR, enabling faster data collection through less averaging, though

it comes at the cost of more time spent achieving CCC.

In summary, the ADiC system established fast digital coupling, tuning, and data acquisition for RS

EPRI. This system overcomes some of the problems associated with traditional AFC and automatic

coupling such as distortion of the EPR signal during data collection. Future improvements in ADiC fine

coupling and speed can be achieved through parallel processing and upgraded DTCs. The ADiC system

is also compatible with other EPR methods such as pulse and CW, though it is optimized for RS EPR.

5.2 Oxygen mapping as a tool in 3D printing technology development

In the last decade, 3D printing has rapidly become a useful technique for rapid prototyping and the

production of specialized components. One of the more widely available 3D printing methods is light-

based printing, where a resin is photopolymerized with light to form a solid structure (see Section 1.7).

This photopolymerization process consumes oxygen, a process that can be observed with EPRI through

the incorporation of EPR oxygen-sensitive probes in the resin. The original goal of Chapter 3 was to

demonstrate a proof-of-concept of the use of EPRI in mapping oxygen concentration in the 3D printing

process.

To demonstrate oxygen mapping in 3D prints, lithium n-butoxynaphthalocyanine (LiNc-BuO) was

incorporated into resin (Figure 3.2). Oxygen maps were collected of the resin - LiNc-BuO mixture during

photopolymerization demonstrating depletion of oxygen at the polymerization front (Figures 3.3, 3.4

and 3.5). Further oxygen depletion was shown as a result of the post-printing process (Figure 3.6). As

a proof of concept for imaging printed objects, a 3D printer was modified for use with the LiNc-BuO

resin mixture, and an oxygen map was collected for a 3D printed spiral model (Figures 3.1 and 3.2).

One limitation to the use of EPR oxygen mapping in commercial 3D printers is that most of the

printers have large resin tanks, requiring a large amount of EPR probe. For example, FormLabs resin

comes in 1L containers, requiring 32g of EPR probe if used at the same concentration as Figure 3.7.
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This amount of EPR oxygen probe would currently require significant time to synthesize or cost to buy.

The solution we utilized was to use a home-built printer which required less volume of resin to operate

(Figure 3.1).

Though there is not much previous research mapping oxygen in 3D prints, differential oxygen con-

centrations are used in 3D printing to prevent the print from sticking to the resin tank.19 The resin

tank is coated in an oxygen-permeable silicone layer that creates a “dead zone” layer preventing pho-

topolymerization directly on the surface of the resin tank. The photopolymerization instead occurs on

the build plate. Oxygen mapping using EPR brings the possibility of optimizing this “dead zone” to

improve 3D printing speed and quality. To do this, high resolution oxygen EPRI with voxels on the scale

of ∼10µm will be necessary, as the “dead zone” layer is around 20µm thick.

Another area where oxygen may be important is post-curing. Post-curing of methacrylated resins has

been shown to reduce the effects of aging on 3D prints through increased chain crosslinking.20 Excessive

post-curing was shown to result in brittleness. We were able to measure a decrease in oxygen contained

in the printed models during the postcuring process, Figure 3.6. By linking oxygen concentration to the

amount of post-print curing, optimal conditions may be found for the curing process.

5.3 EPRI oxygen mapping, cell consumption rates, and other applica-

tions towards bioprinting

EPRI oxygen mapping in 3D culture is proposed as a tool to observe the microenvironment in these

models. Observing the oxygen consumption rate (OCR) of cells is an important tool for traditional 2D

cell culture in today’s research.21,22 We believe the ability to observe or even map OCR in 3D cultures

will be useful. Beyond this application, mapping oxygen concentrations in 3D cultures, particularly

bioprinted models, will help on the path towards developing more complex and large in vitro 3D tissue

and organ models.23 One unmet need in bioprinting will be to quantify the success of methods to

improve delivery of oxygen to cells deep within thick bioprints. Depending on the concentration of cells

in culture, the limit of diffusion is between 40-350µm.24,25 Improving oxygen levels in bioprints through

perfused vasculature,26 oxygen-generating cells,27 oxygen-generating chemicals,28 or a combination29

promise to overcome this challenge. A previous study has measured oxygen concentration in a bioprint

using a fiber optic probe, but was limited by the probe to single-point measurements that are invasive

172



to the model.30 Another study incorporated oxygen-sensitive nanoparticles into a bioprint.31 However,

microscope depth penetration is limited to ∼3mm.

We have recently conducted EPRI oxygen mapping in 3D culture using several types of cells (see

Chapter 4). Using home-built bioprinters, it was possible to add EPR oxygen-sensitive probes to the

bioink, and create 3D models visible in EPRI. The printers were tested with the MDA-MB-231 model of

triple-negative breast cancer. Both 6 and 24 hours after bioprinting, cells remained alive and were able

to be imaged under a confocal microscope. By combining images together across the time dimension,

3D OCR was extracted. OCR was found to be different between two bioprints containing yeast, one

with pyruvate and one without. These results are consistent with other experiments: 1) fiber optic

oxygen probe measurement of yeast stirred in solutions containing varying concentrations of pyruvate, 2)

Seahorse measurements of yeast with varying concentrations of pyruvate. Moving towards mammalian

cells, OCR of peritoneal macrophages was measured using EPRI. Finally, a computational model of

diffusion and oxygen consumption in a spherical coordinate system was generated.

The measurement of OCR in 3D bioprinting using EPRI has exciting potential. However, there

are several aspects which can be improved. First, the resolution of the EPR images in the study was

approximately 250µm. As mentioned above, depending on cell concentration and diffusion coefficient,

the limit of diffusion is between 40-350 µm, about the same as the EPR image resolution. As a result,

the oxygen gradient caused by competing diffusion and oxygen consumption by cells would not be seen

at this scale. Rather, an average of the oxygen concentration over the volume of the voxel would be

observed. Luckily, this average would still be informative, and most vasculature models currently are

on the scale of several hundreds of micrometers to millimeters in vasculature diameter, with spacing of

several millimeters between vessels. The resolution can be improved, however, through either the use

of higher imaging gradients (gradients of 3G were used here, though much higher gradients are possible

on our machine), or through the development of an EPR probe with narrower linewidth. Additionally,

the computational model can be used in reverse to estimate the oxygen gradient present with a given

cell concentration and diffusion coefficient.

Next, each image took between 18-30 minutes to acquire, depending on the collection of 16 blocks

of projections for fast kinetic images or the full 26 blocks of projections. Large changes in oxygen

concentration faster than this time period will not be recorded, and could perhaps cause distortion in

the EPR images. Each projection in these images were collected with 2000 averages. By increasing
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the concentration of EPR probe, by increasing the sensitivity of the EPRI system or better coupling of

the resonator, less averages will be required resulting in faster image collection. Increasing SNR using

the methods described here would also lead to better precision in measured oxygen concentrations. For

example, an amount of error or random noise was present in the single voxel measurements of some

points in Figures 4.16 d and 4.20 d (between 400-600 minutes and near 200 minutes, respectively).

Thankfully, due to the large number of voxels in the images (503-703), these single noisy or incorrect

points do not affect the overall conclusions.

In the computational simulation, OCR was in the same magnitude as experimental data. However, it

was apparent that the number of divisions in distance, x, had a large (∼50%) effect on OCR. It is clear

that in future experiments, the maximum possible number of divisions, N, will be required. However, as

N increases, the time required for computation increases exponentially, because the number of iterations,

i, for computing change in oxygen also increases exponentially. In the study, i = D
dx2 , where D is diffusion

coefficient and dx is computed from N and cell concentration. Additionally, computational time increases

even more because of computing oxygen concentrations at N number of positions each iteration. The

example used in the study was that an N of 1,000 would take approximately 9 days while an N of 10,000

would take 1 million days for the simulation to compute. At some point, the simulated OCR should

converge as N increases, but more research is required to determine when this occurs.

It was noticed that the oxygen concentration measurements of oxygen consumption by cells were

more nonlinear in Seahorse data compared to the stirred experiment (Fig. 4.7 and Appendix) or even 3D

EPR oxygen mapping. This could be due to oxygen diffusion from the external environment during Sea-

horse measurement, as well as the absence of stirring during measurement. In the Seahorse experiment,

all the cells are at the bottom of the wells. As oxygen is consumed at the bottom of the wells, an oxygen

gradient forms. As a result of the heat equation (see equation 4.1), the larger the gradient, the faster

oxygen diffuses towards the cells. Therefore, an equilibrium is met: as oxygen is consumed by cells,

more oxygen is delivered through diffusion, resulting in the nonlinearity of the Seahorse measurements.

Nonlinearity in oxygen concentration over time leads to error in measuring maximum OCR. However,

we measured Seahorse data over much longer time periods before mixing than is typically seen in the

literature, which would minimize this effect. One note here: slight nonlinearity was also noticed in

the simulation data as oxygen concentrations neared zero. This is expected, because in the cell where

oxygen is consumed, a finite number of oxygen molecules exist. As oxygen concentrations near zero, the
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cell in the simulation consumes all of the oxygen molecules available and has to wait for more oxygen

to diffuse into the cell. This is the diffusion-limited condition.

As mentioned above, future studies will apply EPRI oxygen mapping to models of oxygen delivery to

cells in the bioprint. Research in the lab is already moving in this direction, with the construction of a

perfusable resonator for EPRI. Additionally, we have conducted research on measuring oxygen production

by algae in bioprinted constructs (paper in press). Measurement of continued oxygen consumption in

bioprints could be a way to determine cell viability in deep tissue noninvasively. Another future direction

will be the expansion of spectral-spatial-temporal (5D) EPRI measurements into other aspects of the

microenvironment. Many different EPR probes are available, measuring reactive oxygen species, pH,

phosphate, viscosity, and enzymatic activity. Each of these measurements have potential applications

in 3D cultures. For example, mechanical properties of the cell environment, including viscosity, are

important in stem cell behavior and differentiation.32 Bioprinted tumor models should recapitulate

aspects of the microenvironment seen in patients: low pH and low oxygen concentration.33,34

The original goal of measuring OCR in yeast in this study was to measure the ratio of aerobic to

anaerobic respiration. However, yeast have complex metabolism like most other cells, and this ratio can-

not be measured simply through consumption of oxygen. Additional ability to measure the consumption

of nutrients such as glucose and production of CO2 would be required. Glucose consumption can be

readily measured using positron emission tomography (PET),35 and CO2 production could perhaps be

estimated by measuring pH, though this has not been tried to the writer’s knowledge. Fortunately, a

PET/EPR combined imager is in the final phases of construction, and would allow for glucose, oxygen,

and pH coimaging.

Moving towards in vivo studies, mapping kinetics using EPRI will have applications in animal studies

as well. Mapping changes in signal intensity over time would enable the measurement of the length of

time from EPR probe or medicine administration to arrival at the target organ. Certain treatments for

disease models can be expected to change the microenvironment as well.36 For example, Vandetanib

increases tumor oxygenation not related to changes in vasculature or perfusion.37 Mapping the rate of

oxygen increase over time could give further insights to dosing and optimal timing for radiotherapy.
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5.4 Final Thoughts

In this research, our modular RS EPRI system was upgraded with ADiC, a modular, automatic digital

control of coupling, tuning, and data acquisition. ADiC is fast (<15ms), repeatable (no mistakes over

24 hour periods), and provides wide range coupling and tuning. Automation became possible through

the use of an Arduino, and digital components including a PCB resonator, DTCs and DFS. ADiC should

make imaging of small animals faster and more repeatable, but also enables the measurement of kinetics

by combining EPR images in the time dimension. Although ADiC is fast, it can be made much faster

using an FPGA or ASIC with parallel processing. Additional DTC values would allow for finer coupling

resulting in better EPR SNR. Potentially the entire EPR RF bridge and resonator could be combined

into one PCB, controlled by an ASIC also located on the PCB. Such future directions are also a goal of

the EPR-on-a-chip project.

Next, oxygen concentration was mapped in 3D printing resins and 3D printed constructs. Oxygen is

a crucial inhibitor of photopolymerization of light-based printing. Measurement and mapping of oxygen

in 3D printed constructs can lead to better optimized 3D printing systems and quality control for 3D

prints. Degradation of the 3D print over time due to oxidation of the photocured resin may also be

studied with EPRI.

Finally, oxygen kinetics were mapped in several bioprinted constructs made with alginate bioink

containing EPR oxygen sensitive probe. OCR was extracted from EPR image data. Importantly, dif-

ference in OCR between pyruvate-fed and starved yeast was evident. To better understand diffusion

and oxygen consumption in 3D culture at the cellular level, a computational model of yeast diffusion

and consumption was developed using the heat equation in a spherical coordinate system. The ability

to map oxygen levels and OCR in 3D culture can be used to quantify improvements in methods to

deliver oxygen to cells deep inside 3D tissue models such as vasculature, chemical oxygen generation,

and cell-based oxygen generation. Mapping OCR with EPR can also be used in much the same way

as in 2D culture, to determine the respiration of different cell types in models of disease. It would be

interesting to see if oxygen consumption rates for cells is similar or the same in 2D compared to 3D

culture. Future efforts can be directed towards these goals.
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Functionalized Bioink with Optical Sensor Nanoparticles for O 2 Imaging in 3D-Bioprinted Con-

structs. Advanced Functional Materials 28(45):1804411. ISSN 1616301X. doi:10.1002/adfm.

201804411. URL https://onlinelibrary.wiley.com/doi/10.1002/adfm.201804411.

[32] Vining KH and Mooney DJ (2017) Mechanical forces direct stem cell behaviour in development and

regeneration. Nature Reviews Molecular Cell Biology 18(12):728–742. ISSN 1471-0072, 1471-0080.

doi:10.1038/nrm.2017.108. URL https://www.nature.com/articles/nrm.2017.108.

[33] Dutta SD, Ganguly K, Hexiu J, Randhawa A, Moniruzzaman M, and Lim K (2023) A 3D

181

https://onlinelibrary.wiley.com/doi/10.1002/adma.202205082
https://onlinelibrary.wiley.com/doi/10.1002/adma.202205082
https://linkinghub.elsevier.com/retrieve/pii/S1742706122002781
https://linkinghub.elsevier.com/retrieve/pii/S1742706122002781
https://linkinghub.elsevier.com/retrieve/pii/S1385894722062635
https://linkinghub.elsevier.com/retrieve/pii/S1385894722062635
https://linkinghub.elsevier.com/retrieve/pii/S2590238520305762
https://linkinghub.elsevier.com/retrieve/pii/S2590238520305762
https://www.mdpi.com/2073-4360/12/6/1260
https://www.mdpi.com/2073-4360/12/6/1260
https://onlinelibrary.wiley.com/doi/10.1002/adfm.201804411
https://www.nature.com/articles/nrm.2017.108


Bioprinted Nanoengineered Hydrogel with Photoactivated Drug Delivery for Tumor Apopto-

sis and Simultaneous Bone Regeneration via Macrophage Immunomodulation. Macromolec-

ular Bioscience 2300096. ISSN 1616-5187, 1616-5195. doi:10.1002/mabi.202300096. URL

https://onlinelibrary.wiley.com/doi/10.1002/mabi.202300096.

[34] Mao S, Pang Y, Liu T, Shao Y, He J, Yang H, Mao Y, and Sun W (2020) Bioprinting of in vitro

tumor models for personalized cancer treatment: a review. Biofabrication 12(4):042001. ISSN

1758-5090. doi:10.1088/1758-5090/ab97c0. URL https://iopscience.iop.org/article/10.

1088/1758-5090/ab97c0.

[35] Juhasz C, Chugani DC, Muzik O, Shah A, Shah J, Watson C, Canady A, and Chugani HT (2001)

Relationship of flumazenil and glucose PET abnormalities to neocortical epilepsy surgery outcome.

Neurology 56(12):1650–1658. ISSN 0028-3878, 1526-632X. doi:10.1212/WNL.56.12.1650. URL

https://www.neurology.org/lookup/doi/10.1212/WNL.56.12.1650.

[36] Danhier P, De Saedeleer CJ, Karroum O, De Preter G, Porporato PE, Jordan BF, Gallez B, and

Sonveaux P (2013) Optimization of Tumor Radiotherapy With Modulators of Cell Metabolism:

Toward Clinical Applications. Seminars in Radiation Oncology 23(4):262–272. ISSN 10534296.

doi:10.1016/j.semradonc.2013.05.008. URL https://linkinghub.elsevier.com/retrieve/

pii/S1053429613000490.
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Chapter 6

Appendix

NOTE: code will not run “as is”, the code was changed to fit within the size of the page. Ask author

for original code files.

6.1 EPRI GUI in MATLAB Appdesigner

classdef August_EPRI_2023 < matlab.apps.AppBase

% Properties that correspond to app components

properties (Access = public)

UIFigure matlab.ui.Figure

ButtonGroup_4 matlab.ui.container.ButtonGroup

DButton matlab.ui.control.RadioButton

OButton matlab.ui.control.RadioButton

SButton matlab.ui.control.RadioButton

RButton matlab.ui.control.RadioButton

MButton matlab.ui.control.RadioButton

AutocenterOffButton matlab.ui.control.Button

AutoTuningCheckBox matlab.ui.control.CheckBox

BG_Zero_Button matlab.ui.control.Button

BG_ReNew_Button matlab.ui.control.Button
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CorrEditField matlab.ui.control.NumericEditField

CorrEditFieldLabel matlab.ui.control.Label

PicoScopeGppLabel matlab.ui.control.Label

Pico_calibration matlab.ui.control.NumericEditField

TabGroup matlab.ui.container.TabGroup

UsermodeTab matlab.ui.container.Tab

BackgroundsubtractionCheckBox matlab.ui.control.CheckBox

Label_7 matlab.ui.control.Label

Label_6 matlab.ui.control.Label

Average_Plots_chk matlab.ui.control.CheckBox

AverLabel matlab.ui.control.Label

Plot_EPR_chk matlab.ui.control.CheckBox

PlotLabel_2 matlab.ui.control.Label

RSData_Show_CheckBox matlab.ui.control.CheckBox

ProbeDropDown matlab.ui.control.DropDown

Panel_9 matlab.ui.container.Panel

Current_Field matlab.ui.control.NumericEditField

RunStopButton_2 matlab.ui.control.StateButton

SpectraLabel matlab.ui.control.Label

Panel_8 matlab.ui.container.Panel

RSFreqLabel matlab.ui.control.Label

Scan_Frequency matlab.ui.control.DropDown

AutoLabel matlab.ui.control.Label

AutpRS_CheckBox matlab.ui.control.CheckBox

PhRSLabel matlab.ui.control.Label

Phase_RS matlab.ui.control.NumericEditField

Phase_RF matlab.ui.control.NumericEditField

PhRFLabel matlab.ui.control.Label

Number_of_spectra matlab.ui.control.NumericEditField

RunStopButton matlab.ui.control.StateButton
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Naver_V matlab.ui.control.NumericEditField

NaverLabel matlab.ui.control.Label

Panel_4 matlab.ui.container.Panel

Start_Imaging_3D matlab.ui.control.StateButton

Image matlab.ui.control.Image

CheckBox_Kinetics matlab.ui.control.CheckBox

NewImagingButton matlab.ui.control.Button

Start_Imaging_4D matlab.ui.control.StateButton

Number_of_Imagers matlab.ui.control.NumericEditField

ImsLabel matlab.ui.control.Label

GmaxGcmButtonGroup matlab.ui.container.ButtonGroup

gmax_4 matlab.ui.control.RadioButton

gmax_5 matlab.ui.control.RadioButton

gmax_3 matlab.ui.control.RadioButton

Protocol_imaging matlab.ui.control.DropDown

ImagProtocolLabel matlab.ui.control.Label

Panel_5 matlab.ui.container.Panel

Sent_G0 matlab.ui.control.Button

Send2NI matlab.ui.control.Button

ShimmingButton matlab.ui.control.Button

GzEditField matlab.ui.control.NumericEditField

GzEditFieldLabel matlab.ui.control.Label

GyEditField matlab.ui.control.NumericEditField

GyEditFieldLabel matlab.ui.control.Label

GxEditField matlab.ui.control.NumericEditField

GxEditFieldLabel matlab.ui.control.Label

Panel_3 matlab.ui.container.Panel

Comments_Image_Info matlab.ui.control.TextArea

ScreenButton matlab.ui.control.Button

SaveDataChk matlab.ui.control.CheckBox
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FileName matlab.ui.control.EditField

F_nameLabel matlab.ui.control.Label

CommentsTextArea matlab.ui.control.TextArea

FolderName matlab.ui.control.EditField

FolderEditFieldLabel matlab.ui.control.Label

Panel matlab.ui.container.Panel

ScanGppLabel matlab.ui.control.Label

RS_Amp_DropDown matlab.ui.control.DropDown

Ax_1 matlab.ui.control.UIAxes

Ax_2 matlab.ui.control.UIAxes

Ax_3 matlab.ui.control.UIAxes

TuningTab matlab.ui.container.Tab

ReflThershEditField matlab.ui.control.NumericEditField

ReflThershEditFieldLabel matlab.ui.control.Label

FineCWControlLabel matlab.ui.control.Label

CW_Freq matlab.ui.control.NumericEditField

RFMHzEditFieldLabel matlab.ui.control.Label

DTC2 matlab.ui.control.NumericEditField

DTC2EditFieldLabel matlab.ui.control.Label

DTC1 matlab.ui.control.NumericEditField

DTC1EditFieldLabel matlab.ui.control.Label

PlottunepatternCheckBox matlab.ui.control.CheckBox

SmartTuneButton matlab.ui.control.Button

SetonceButton matlab.ui.control.Button

kHzButton_2 matlab.ui.control.Button

kHzButton matlab.ui.control.Button

TunerangeButtonGroup matlab.ui.container.ButtonGroup

Button_780 matlab.ui.control.RadioButton

Button_770 matlab.ui.control.RadioButton

GapsButton matlab.ui.control.RadioButton
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Button_3 matlab.ui.control.RadioButton

Button_2 matlab.ui.control.RadioButton

Button matlab.ui.control.RadioButton

testserialcombox matlab.ui.control.EditField

TestserialcommunicationButton matlab.ui.control.Button

DisconnectMCButton matlab.ui.control.Button

ConnectMCButton matlab.ui.control.Button

MCbox matlab.ui.control.UIAxes

CalibrationsTab matlab.ui.container.Tab

AWGGppLabel matlab.ui.control.Label

AWG_calibration matlab.ui.control.NumericEditField

PicoScopeTextArea matlab.ui.control.TextArea

PicoScopeTextAreaLabel matlab.ui.control.Label

ExpertmodeTab matlab.ui.container.Tab

MaxpointformagnetfieldcorrectioniffittingissporadicCheckBox

matlab.ui.control.CheckBox

LWmin matlab.ui.control.NumericEditField

LWminLabel matlab.ui.control.Label

ScanFrequnecyHzLabel matlab.ui.control.Label

Scan_Frequency_old matlab.ui.control.DropDown

ButtonGroup_2 matlab.ui.container.ButtonGroup

SumButton matlab.ui.control.RadioButton

DownButton matlab.ui.control.RadioButton

UpButton matlab.ui.control.RadioButton

SettingsTab matlab.ui.container.Tab

ShimminggradientEditField matlab.ui.control.NumericEditField

ShimminggradientEditFieldLabel matlab.ui.control.Label

Panel_7 matlab.ui.container.Panel

FOVEditField matlab.ui.control.NumericEditField

FOVEditFieldLabel matlab.ui.control.Label
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FindButton matlab.ui.control.Button

MaxScanEditField matlab.ui.control.NumericEditField

MaxScanEditFieldLabel matlab.ui.control.Label

StartScanEditField matlab.ui.control.NumericEditField

StartScanEditFieldLabel matlab.ui.control.Label

GmaxEditField matlab.ui.control.NumericEditField

GmaxEditFieldLabel matlab.ui.control.Label

ButtonGroup_3 matlab.ui.container.ButtonGroup

Quad_but matlab.ui.control.RadioButton

Spec_but matlab.ui.control.RadioButton

FT_but matlab.ui.control.RadioButton

Data_but matlab.ui.control.RadioButton

BGRemovalPanel matlab.ui.container.Panel

HPFCorrectCheckBox matlab.ui.control.CheckBox

HarmLabel matlab.ui.control.Label

BGR_Harm_2 matlab.ui.control.DropDown

BGR_Harm matlab.ui.control.DropDown

BGR_order matlab.ui.control.DropDown

OrderLabel matlab.ui.control.Label

BGR_percent matlab.ui.control.NumericEditField

EPRsamplesEditField matlab.ui.control.NumericEditField

EPRsamplesEditFieldLabel matlab.ui.control.Label

GzcalibrationEditField matlab.ui.control.NumericEditField

GzcalibrationEditFieldLabel matlab.ui.control.Label

GycalibrationEditField matlab.ui.control.NumericEditField

GycalibrationEditFieldLabel matlab.ui.control.Label

GxcalibrationEditField matlab.ui.control.NumericEditField

GxcalibrationEditFieldLabel matlab.ui.control.Label

SpectraaveragingEditField matlab.ui.control.NumericEditField

SpectraaveragingEditFieldLabel matlab.ui.control.Label
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HalfPeriodEditField matlab.ui.control.NumericEditField

HalfPeriodEditFieldLabel matlab.ui.control.Label

DCMagneticFieldGPanel matlab.ui.container.Panel

DC_Max_Volt_V matlab.ui.control.NumericEditField

ATTVoltageabslimitVLabel matlab.ui.control.Label

DC_Coil_Calibration_V matlab.ui.control.NumericEditField

CoilCalibrationVGEditFieldLabel matlab.ui.control.Label

DigitizerPanel matlab.ui.container.Panel

TextArea_3 matlab.ui.control.TextArea

DigitizerPanel_2 matlab.ui.container.Panel

yyyy matlab.ui.control.NumericEditField

TBDLabel_7 matlab.ui.control.Label

xxxx matlab.ui.control.NumericEditField

TBDLabel_6 matlab.ui.control.Label

Flags matlab.ui.control.NumericEditField

TBDLabel_5 matlab.ui.control.Label

VertVoltage matlab.ui.control.NumericEditField

VerticalVoltageLabel matlab.ui.control.Label

Mode matlab.ui.control.NumericEditField

TBDLabel_4 matlab.ui.control.Label

NumAverages matlab.ui.control.NumericEditField

NumaveragesLabel matlab.ui.control.Label

NumSegments matlab.ui.control.NumericEditField

NumsegmentsLabel matlab.ui.control.Label

NumSamples matlab.ui.control.NumericEditField

NumsamplesLabel matlab.ui.control.Label

Timeout matlab.ui.control.NumericEditField

TBDLabel_3 matlab.ui.control.Label

NumChan matlab.ui.control.NumericEditField

TBDLabel_2 matlab.ui.control.Label
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Saml_Interv matlab.ui.control.NumericEditField

SamplinterLabel matlab.ui.control.Label

Re_arm matlab.ui.control.NumericEditField

TBDLabel matlab.ui.control.Label

AWGSettingsPanel matlab.ui.container.Panel

ResetArduinoButton matlab.ui.control.Button

ResetAWGAutostateButton matlab.ui.control.Button

PauseButton matlab.ui.control.StateButton

ResetAWGtoTuneCWstateButton matlab.ui.control.Button

CalibrationPanel matlab.ui.container.Panel

LRG_2 matlab.ui.control.EditField

LRG matlab.ui.control.EditField

TextArea_2 matlab.ui.control.TextArea

AWGPanel matlab.ui.container.Panel

AWG_Set matlab.ui.control.Button

AWG_amplitude matlab.ui.control.NumericEditField

AmplLabel matlab.ui.control.Label

AWG_phase matlab.ui.control.NumericEditField

PhaseLabel matlab.ui.control.Label

CoilTypeButtonGroup matlab.ui.container.ButtonGroup

SmallButton matlab.ui.control.RadioButton

MiddleButton matlab.ui.control.RadioButton

LargestButton matlab.ui.control.RadioButton

SamplingTX matlab.ui.control.EditField

SamplingBasePostSamSegInxEditFieldLabel matlab.ui.control.Label

PicoscopeSettingsPanel matlab.ui.container.Panel

RESETButton matlab.ui.control.Button

TextArea matlab.ui.control.TextArea

RetrieveDataTX matlab.ui.control.EditField

RetrieveStart_iSeg_iRatioModeLabel matlab.ui.control.Label
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TriggerPanel matlab.ui.container.Panel

AutoTr matlab.ui.control.NumericEditField

AutoTrLabel matlab.ui.control.Label

Direct matlab.ui.control.NumericEditField

DirecLabel matlab.ui.control.Label

Delay matlab.ui.control.NumericEditField

DelayLabel matlab.ui.control.Label

Treshold matlab.ui.control.NumericEditField

TresholdmVEditFieldLabel matlab.ui.control.Label

Channel matlab.ui.control.DropDown

ScanParsPanel matlab.ui.container.Panel

FunGenVoltage_box matlab.ui.control.NumericEditField

FunGenVLabel matlab.ui.control.Label

FunGenPhase_box matlab.ui.control.NumericEditField

FGPhaseDegrLabel matlab.ui.control.Label

FunGenReset matlab.ui.control.Button

UpdatePlot matlab.ui.control.CheckBox

end

properties (Access = public)

True_Gpp= 0;

% Pico

obj_picoScope;

settings_picoScope;

% Fun generator

obj_funGen;
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settings_funGen;

% ’U1084’

obj_U1084;

settings_U1084;

% Magnet

obj_magnet;

settings_magnet

% NI

obj_NI

settings_NI

%MC

MC

%AWG

awg_obj

Spectra; % info & data realted to spectra

Magnetic_Field = 0; % Description

Magnetic_Field_Guess = 0; % Description

Magnetic_Field_Fit % Description

CF

best_reflection

tunecounter

autocenter=0;

rs_bg = 0;

experiment % Description

pico_Calib_All = 0.2% Description

CC = [0.153 0.25 0.38 0.25 0.513]; % coils constants_list % Description
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Compress_pars; % Description

Aver_multiplier = 1; % Description

FOV = 22; % [mm] % Description

end

methods (Access = public)

function send2teensy = Make_Serial_Pars(app)

mode = 0; % ’0’ to set only pars

switch app.TunerangeButtonGroup.SelectedObject.Text

case ’770-790’

range = 77;

case ’780-800’

range = 78;

case ’790-810’

range = 79;

case ’800-820’

range = 80;

case ’810-830’

range = 81;

case ’Gaps’

range = 80;

end

RF = app.CW_Freq.Value;

if RF >= range *10

193



RF_ = round((RF - range * 10) * 1000);

% OLD: RF_ = round((RF - 790) * 100);

RF_A = floor (RF_/256);

RF_B = RF_ - RF_A *256;

DTC_1 = app.DTC1.Value;

DTC_2 = app.DTC2.Value;

Refl_THrehold = app.ReflThershEditField.Value;

send2teensy = uint8( [mode, range, RF_A, RF_B, DTC_1,

DTC_2, Refl_THrehold ] ); % 6 bytes total ;

else

warndlg(’Change tuning range’);

send2teensy = -2;

end

x = 0;

end

function smart_tune_noread(app)

send2teensy = Make_Serial_Pars(app);

send2teensy(1) = 3;

write(app.MC,send2teensy ,’uint8’);

readback=read(app.MC,1,’uint8’);

while readback ~= 0

warning("teensy communication error")

pause(1);

write(app.MC,send2teensy,’uint8’);

readback=read(app.MC,1,’uint8’);

end

end
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function Run_Spectra(app)

N_spectra = app.Number_of_spectra.Value;

RS_Freq = str2double(app.Scan_Frequency.Value);

List_F = zeros(1,5);

for n = 1 : 5

List_F(n) = str2double( app.Scan_Frequency.Items{n} );

end

inx = List_F == RS_Freq;

app.Pico_calibration.Value = app.CC(inx) *app.CorrEditField.Value;

% parameters

p.dt = app.settings_U1084.sampl_interval;

dt = p.dt;

N_samples = app.settings_U1084.nbrSamples;

t = (1: N_samples) * p.dt;

y = exp(3*1i*2*pi *RS_Freq*t);

% save comp_test dt y RS_Freq

[dt,v1,dv,v_end,IQ]=Compress_RS_data(dt,y,RS_Freq);

p.size = length(IQ);

p.protocol = ’Spectra’;

p.number_spectra = N_spectra ;

p.data = zeros(N_spectra, p.size);

p.measured = 0;
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p.rs_freq = RS_Freq;

p.v = [v1,dv,v_end];

average_A = 0;

average_B = 0;

app.Compress_pars.dt = dt;

app.Compress_pars.dv = dv;

app.Compress_pars.v1 = v1;

app.Compress_pars.v_end = v_end;

app.Compress_pars.IQsize = length(IQ);

% Scan Amplitude

% app.SetScanAmplitude_CB; % CB function

% Bpp = app.Actual_Gpp;

Gpp = str2double(app.RS_Amp_DropDown.Value);

Bpp = set_Scan_Amplitude(app, Gpp, 0 ,1);

% Digitizer pars

app.settings_U1084.nbrAvg = app.Naver_V.Value;

value{1} = ’NumAver’;

value{2} = app.Naver_V.Value;

send_dev(app.obj_U1084,’U1084’,value, app.settings_U1084);

% Deconvolution pars

pars=rsDefaults; % loads default par

% pars.Nh = [1, 1];

H1 = str2double( app.BGR_Harm.Value );

H2 = str2double( app.BGR_Harm_2.Value );

pars.Nh = [H1, H2] ;

pars.polynomB = [app.BGR_percent.Value, str2double(app.BGR_order.Value)];
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pars.fwhm = app.LWmin.Value;

pars.fig = ’None’;

if app.AutpRS_CheckBox.Value

pars.APC = [20, 3, 5];

else

pars.APC = [ 1, .01, 5];

end

% Background

if app.BackgroundsubtractionCheckBox.Value

app.Collect_Background;

end

% app.rs_bg

% ------------MAJOR LOOP >>-------------------------------------------->>

for k = 1 : N_spectra

if app.AutoTuningCheckBox.Value

app.tunecounter = 0;

app.Smart_Tune(app);

else

% smart_tune_noread(app);

end

if app.autocenter ==1

try

Magnet_auto_field(app);

pause(0.1);

catch

warndlg (’ Magnet_auto_field(app); ’);
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end

end

rs_data = get_dev(app.obj_U1084,’U1084’,’data’, app.settings_U1084);

[~,~,~,~,IQ]=Compress_RS_data(p.dt,rs_data,RS_Freq);

p.data(k,:) = IQ;

p.cw(k,1) = app.CW_Freq.Value; %continuous wave frequency

p.dtc1(k,1) = app.DTC1.Value; %dtc1 value

p.dtc2(k,1) = app.DTC2.Value; %dtc2 value

p.reflection(k,1) = app.best_reflection;

p.time(k,1) = datetime("now",Format="dd-MMM-uuuu HH:mm:ss");

p.magnet(k,1) = app.Magnetic_Field;

[t, rs_i] = decompress(app,p.v,IQ);

try

rs_data = rs_i - app.rs_bg;

catch

rs_data = rs_i;

end

if 0 % test

%%

pars.APC = [20, 3, 5];

pars.fig = "Abs"

rs_test = rs_data;

t_test = t;

pars.phases = [app.Phase_RS.Value, app.Phase_RF.Value];

[h, SA, SB, pars]=RsEPR2Gen(t,rs_test,Bpp,RS_Freq,pars);
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plot(t,imag(rs_data),t,real(rs_data))

plot(real(rs_data))

plot(h,SA,h,SB);

save raw_data_G2_2S t rs_test Bpp RS_Freq pars

%R

end

if app.Plot_EPR_chk.Value % Plot

pars.phases = [app.Phase_RS.Value, app.Phase_RF.Value];

try

[h, SA, SB, pars]=RsEPR2Gen(t,rs_data,Bpp,RS_Freq,pars);

if app.AutpRS_CheckBox.Value

app.Phase_RS.Value = app.Phase_RS.Value + pars.rs_ph_corr;

end

catch

h = 1 : 10;

SA = h;

SB = h;

end

average_A =average_A + SA;

average_B =average_B + SB;

if app.Average_Plots_chk.Value

SB = average_B;

SA = average_A;

end

% fit

SAB = SA + SB;

options = optimoptions(’lsqcurvefit’,’Algorithm’,
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’levenberg-marquardt’);

options.StepTolerance=1e-9;

options.FunctionTolerance = 1e-9;

options.OptimalityTolerance = 1e-9;

SpectralModel = app.ProbeDropDown.Value;

A = double ( sum(SAB) * (h(2) -h(1)) );

if A < 0 ; A = 0; end

isGetFitLine = 1; % compute Y fit line

Ampl_guess = A; % no Guess

% SpectralModel = app.SpectralModelDropDown.Value;

try

[pp, new_sp, ~] = Fit_1D(h, SAB, Ampl_guess, SpectralModel,

isGetFitLine, options);

Lw = round(pp(2) *1000);

app.Magnetic_Field_Fit = pp(3); % Description

LW_t = [’FWHM (Lor) = ’ num2str(Lw, ’%.2f’) ’;

Pos = ’ num2str(pp(3), ’%.3f’)];

app.plot_Spectra(h,SA,SB,new_sp,rs_data);

title(app.Ax_1,LW_t);

pause(0.5);

catch

new_sp = 0 * h;

app.plot_Spectra(h,SA,SB,new_sp, rs_data);

disp(’error of fitting’)

end

%

end
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if ~app.RunStopButton.Value; break; end

end % end for

app.RunStopButton.Value = 0;

app.RunStopButton.BackgroundColor = 0.5* [1, 1 , 1];

app.RunStopButton.Text = ’Start spectra’;

if app.SaveDataChk.Value

fn = [app.FolderName.Value ’\’ app.FileName.Value];

save([fn ’_sig’] ,’p’);

if app.Plot_EPR_chk.Value % Plot

Spec.AB = average_A + 1i * average_B;

Spec.h = h;

save([fn ’_spe’] ,’Spec’);

end

end

end

function plot_Spectra(app,h,SA,SB,S_fit, rs_data)

if app.RSData_Show_CheckBox.Value

rs = rs_data - mean(rs_data);

plot(app.Ax_1, h, SA + SB);

plot(app.Ax_3, real(rs));

plot(app.Ax_2, imag(rs));

else

plot(app.Ax_3, h, SA, h, SB);

plot(app.Ax_2, h, SA - SB);
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Err_ = std(SA-SB);

I = max(SA +SB );

SNR = I/Err_;

% tx = []

% title(app.Ax_2, ’EPR_U_p - EPR_D_o_w_n’)

title( app.Ax_2, [’SD of noise = ’ num2str(Err_) ’;

SNR = ’ num2str(SNR) ’; I = ’ num2str(I) ] );

try

plot(app.Ax_1, h, SA + SB,h,S_fit);

catch

plot(app.Ax_1, h, SA + SB);

end

end

axis(app.Ax_1,’tight’);

axis(app.Ax_2,’tight’);

axis(app.Ax_3,’tight’);

end

function Run_imaging(app, mode)

pars=rsDefaults; % loads default par

RS_Freq = str2double(app.Scan_Frequency.Value);

app.experiment.RS_Freq = RS_Freq;

H1 = str2double( app.BGR_Harm.Value );

H2 = str2double( app.BGR_Harm_2.Value );
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pars.Nh = [H1, H2] ;

pars.polynomB = [app.BGR_percent.Value, str2double(app.BGR_order.Value)];

pars.fwhm = app.LWmin.Value;

pars.APC = [5 0.1 5];

pars.fig = ’None’;

pars.phases = [app.Phase_RS.Value, app.Phase_RF.Value];

options = optimoptions(’lsqcurvefit’,’Algorithm’,’levenberg-marquardt’);

options.StepTolerance=1e-9;

options.FunctionTolerance = 1e-9;

options.OptimalityTolerance = 1e-9;

switch mode

case ’4D’

app.Start_Imaging_3D.Value = 0; %

MeasureBlocks_4D(app,pars,options); % 4D measurment

app.Start_Imaging_4D.Value = 0 ;

app.Start_Imaging_4D.BackgroundColor = 0.5* [1, 1 , 1];

app.Start_Imaging_4D.Text = ’4D’;

case ’3D’

app.Start_Imaging_4D.Value = 0; %

MeasureBlock_3D(app);

app.Start_Imaging_3D.Value = 0 ;

app.Start_Imaging_3D.BackgroundColor = 0.5* [1, 1 , 1];

app.Start_Imaging_3D.Text = ’3D’;
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end

end

function [Gx, Gy, Gz] = Read_Gxyz(app)

Gx = app.GxEditField.Value;

Gy = app.GyEditField.Value;

Gz = app.GzEditField.Value;

end

function Actual_Gpp = set_Scan_Amplitude(app, Gpp, if_show, if_reset)

% Gpp = Vpp*coilconstant/1000;

coilconstant = app.AWG_calibration.Value;

% Gpp = str2double(app.RS_Amp_DropDown.Value) + extra;

% Vpp = Gpp / coilconstant /2 * 1.5 /7 *6 *3/6.3;

% new_coil_const = 0.107;

Vpp = Gpp * coilconstant;

if Vpp > 3; Vpp = 3; end % for now

if if_reset

send_dev(app.obj_funGen,’Fun_Gen_Ampl’,Vpp, ’ ’);

disp(’Reset Scan’)

pause(1);
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else

% disp(’Skip reset Scan’)

end

% Gpp = str2double(app.RS_Amp_DropDown.Value);

% app.set_Scan_Amplitude(Gpp); % set Scan Amplitude

% based on Wanted Gpp

signal = app.get_Scan_Amplitude; % get Voltage

coilconstant = app.Pico_calibration.Value;

%fit = signal.fit; % =0.5*Ampl*cos(2*pi*freq*t1+angle(z2))+dc;

% fitted theroretical line

Vpp = signal.Ampl; % = Ampl; %

Actual_Gpp= Vpp/coilconstant/1000; % signal reads in [mV]

% Actual = app.Actual_Gpp;

if if_show

t = signal.t;

plot(app.Ax_3,t,signal.chA,t,signal.fit);

axis(app.Ax_3,’tight’);

title(app.Ax_3, [’Actual: ’ num2str(Actual_Gpp)]);

end

% Gpp = Vpp*coilconstant/1000;

% app.BackgroundsubtractionCheckBox.Value = 0;

app.rs_bg = 0;

end
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function signal = get_Scan_Amplitude(app)

value = ’data’;

signal = get_dev(app.obj_picoScope,’picoScope’, value, app.settings_picoScope);

ps5000a = app.settings_picoScope.ps5000a;

chA = signal.chA;

iii= 1:length(chA) ;

sampling_interval = (ps5000a.time_base- 2)/ 125000000; % [seconds]

t = iii*sampling_interval;

z=chA;

% Fit Data

freq = str2double(app.Scan_Frequency.Value);

Period=1/freq;

Ncycles=floor(t(end)/Period);

inx=t<=Ncycles*Period;

t1=t(inx);

z1=z(inx);

ref=exp(1i*2*pi*freq*t1); %reference wave

z2= z1’*ref’;

L=length(t1);

Ampl =4*abs(z2)/L ; %for peak-to-peak voltage

ph =angle(z2)*180/pi;

dc=sum(z1)/L;

signal.fit=0.5*Ampl*cos(2*pi*freq*t+angle(z2))+dc; % fitted theroretical line

signal.Ampl = Ampl; %

signal.ph = ph;

signal.t = t’;

end
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function [t, rs_i] = decompress(app,V,data)

IQ = data; % block.data(s,:);

% V = block.v;

v = V(1) : V(2) : V(3);

[ti,rs] = ifftM2Gen(v,IQ);

dt = ti(2) - ti(1);

L = length(rs);

M = 8;

rs_i = interpft(rs,L * M);

t = (1 : L*M) * dt/M;

t = t - t(1);

t = transpose(t);

% Vm = V(2);

end

function MeasureBlocks_4D(app,pars,options,SpectralModel)

[Gx_S, Gy_S, Gz_S] = Read_Gxyz(app); % shimming

dt = app.settings_U1084.sampl_interval;

isGetFitLine = 1;

first = app.experiment.current_block; % - 1; % # block to start with

last = length(app.experiment.plan); % # block to end

SpectralModel = app.ProbeDropDown.Value;

RS_Freq = str2double(app.Scan_Frequency.Value);

Gpp_ = 0;

for k = first : last
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if app.experiment.SkipBlocks(k) % if to collectgiven block

tic

inx = app.experiment.plan(k).block_inx;

current_block = app.experiment.block(inx);

%Tune if available

%% G = 0

app.Send_shimming_2NI; % sets G = 00

%% Auto-tune

if 1

app.tunecounter = 0;

app.Smart_Tune(app);

else

app.smart_tune_noread(app);

end

%% Set #averages

NB = app.experiment.Num_blocks;

block_mod = mod(k, NB); % 1 : 26 now

switch block_mod

case 1

app.Aver_multiplier = 1;

case (NB - 3)

app.Aver_multiplier = 2;

case 0 % 26 26 *2 ...

app.Aver_multiplier = 4;

end

value_A{1} = ’NumAver’;

value_A{2} = app.Naver_V.Value * app.Aver_multiplier;

send_dev(app.obj_U1084,’U1084’,value_A, app.settings_U1084);
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%% Scan widths

Gpp = str2double(app.RS_Amp_DropDown.Value) + current_block.SWplus;

if Gpp ~= Gpp_

True_Gpp_ = set_Scan_Amplitude(app,Gpp,0 ,1); % set Sacn Amplitude

Gpp_ = Gpp ;

else

True_Gpp_ = set_Scan_Amplitude(app,Gpp,0, 0); % set Sacn Amplitude

end

current_block.SW_set = Gpp;

current_block.SW_get = True_Gpp_;

%% Read G = 0 data

rs_data = get_dev(app.obj_U1084,’U1084’,’data’, app.settings_U1084);

rs_data = rs_data /app.Aver_multiplier;

[dt_,v1,dv,v_end,IQ]=Compress_RS_data(dt,rs_data,RS_Freq);

current_block.Spectrum0 = IQ;

current_block.v = [v1,dv,v_end];

current_block.raw_data_size = length(rs_data);

current_block.cw = app.CW_Freq.Value; %added

current_block.dtc = [app.DTC1.Value, app.DTC2.Value]; %added

current_block.reflection = app.best_reflection;

current_block.Magnetic_Field = app.Magnetic_Field;

%% Field correction

if block_mod == 1

t = (1: length(rs_data)) * dt;

[h, SA, SB, pars]=RsEPR2Gen(t,rs_data, True_Gpp_,RS_Freq,pars);
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SAB = SA + SB;

Ampl_guess = double ( sum(SAB) * (h(2) -h(1)) );

if Ampl_guess<0; Ampl_guess=0; end

[pp, new_sp, ~] = Fit_1D(h, SAB, Ampl_guess, SpectralModel,

isGetFitLine, options);

app.Magnetic_Field_Fit = pp(3);

Lw = round(pp(2) *1000);

LW_t = [’FWHM (Lor) = ’ num2str(Lw, ’%.2f’) ’;

Pos = ’ num2str(pp(3), ’%.3f’)];

app.plot_Spectra(h,SA,SB,new_sp,rs_data);

title(app.Ax_1,LW_t);

Magnet_auto_field(app);

% Read G = 0 data again

rs_data = get_dev(app.obj_U1084,’U1084’,’data’, app.settings_U1084);

rs_data = rs_data /app.Aver_multiplier;

[dt_,v1,dv,v_end,IQ]=Compress_RS_data(dt,rs_data,RS_Freq);

current_block.Spectrum0 = IQ;

current_block.v = [v1,dv,v_end];

current_block.raw_data_size = length(rs_data);

current_block.cw = app.CW_Freq.Value; %added

current_block.dtc = [app.DTC1.Value, app.DTC2.Value]; %added

current_block.reflection = app.best_reflection;

current_block.Magnetic_Field = app.Magnetic_Field;

end
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%%

G3 = current_block.G3;

% >>> LOOP over Block

for s = 1 : size(G3,1)

g3 = G3(s,:); % gradinets x y z

value_g = [0, Gx_S + g3(1), Gy_S + g3(2), Gz_S + g3(3)];

send_dev(app.obj_NI,’gradients’,value_g, app.settings_NI);

if ~app.Start_Imaging_4D.Value; break; end

pause(0.001); % replace later by smthg userfull /datasaving ...

serail ...

rs_data = get_dev(app.obj_U1084,’U1084’,’data’, app.settings_U1084);

rs_data = rs_data /app.Aver_multiplier;

[dt_,v1,dv,v_end,IQ]=Compress_RS_data(dt,rs_data,RS_Freq);

current_block.data(s, :) = IQ;

end

% <<< LOOP over Block

% off resonance background collection

send_dev(app.obj_magnet,’magnet’, 0 , app.settings_magnet); % Field OFF

pause(0.5);

rs_data = get_dev(app.obj_U1084,’U1084’,’data’, app.settings_U1084);

[~,~,~,~,IQ] = Compress_RS_data(dt,rs_data,RS_Freq);

current_block.background = IQ;

send_dev(app.obj_magnet,’magnet’,app.Magnetic_Field,

app.settings_magnet);
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% end background collection

app.Send_shimming_2NI; % sets G = 000

current_block.toc = toc;

current_block.date = datetime("now",Format="dd-MMM-uuuu HH:mm:ss");

if ~app.Start_Imaging_4D.Value; break; end

% save

fn_full = [app.FolderName.Value ’\’ app.FileName.Value ’~block~’

num2str(k)];

save(fn_full,’current_block’);

disp(fn_full);

app.experiment.current_block = k;

app.Comments_Image_Info.Value = [’Block # ’ num2str(k) ’ out of ’

num2str(last) ’ is done; time per block = ’ num2str(round(toc/60,1))

’ mins; Wait another ’ num2str(round((last - k) * toc/60,1)) ’ mins’];

% pause(1);

end % if collect block

end

end

function results = MeasureBlock_3D(app)

[Gx_S, Gy_S, Gz_S] = Read_Gxyz(app); % shimming

dt = app.settings_U1084.sampl_interval;

app.Smart_Tune(app); % tuning

RS_Freq = str2double(app.Scan_Frequency.Value);
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%% Vary averages

app.Aver_multiplier = 4;

value_A{1} = ’NumAver’;

value_A{2} = app.Naver_V.Value * app.Aver_multiplier;

send_dev(app.obj_U1084,’U1084’,value_A, app.settings_U1084);

%%

% set_Scan_Amplitude(app, Gpp)

Gpp = str2double(app.RS_Amp_DropDown.Value);

Gmax = str2double(app.GmaxGcmButtonGroup.SelectedObject.Text);

True_Gpp = set_Scan_Amplitude(app,Gpp + Gmax*app.FOV/10,0 ,1);

% set Scan Amplitude

current_block.SW_set = Gpp;

current_block.SW_get = True_Gpp;

%correct magnetic field from last G0 iteration

% if app.autocenter ==1 && k ~= first

% Magnet_auto_field(app);

% end

% G0 ; get & compress data

app.Send_shimming_2NI; % sets G = 00

rs_data = get_dev(app.obj_U1084,’U1084’,’data’, app.settings_U1084);

rs_data = rs_data /app.Aver_multiplier;
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[dt_,v1,dv,v_end,IQ]=Compress_RS_data(dt,rs_data,RS_Freq);

current_block.Spectrum0 = IQ;

current_block.v = [v1,dv,v_end];

current_block.raw_data_size = length(rs_data);

current_block.cw = app.CW_Freq.Value; %added

current_block.dtc = [app.DTC1.Value, app.DTC2.Value]; %added

current_block.reflection = app.best_reflection;

% >>> LOOP over Block

G3 = app.experiment.block_3D.G3;

ss = size(G3);

L = size(G3,2);

M = size(G3,3) ;

current_block.data = zeros (L,M,length(IQ));

for s = 1 : L

for m = 1 : M

g3 = G3(:,s,m); % gradinets x y z

value_g = [0, Gx_S + g3(1), Gy_S + g3(2), Gz_S + g3(3)];

send_dev(app.obj_NI,’gradients’,value_g, app.settings_NI);

% if ~app.Start_Imaging_4D.Value; break; end

pause(0.001); % replace later by smthg userfull /datasaving ...

serail ...

rs_data = get_dev(app.obj_U1084,’U1084’,’data’, app.settings_U1084);

[dt_,v1,dv,v_end,IQ]=Compress_RS_data(dt,rs_data,RS_Freq);

current_block.data(s,m,:) = IQ;
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end

end

% <<< LOOP over Block

% off resonance background collection

send_dev(app.obj_magnet,’magnet’, 0 , app.settings_magnet); % Field OFF

pause(0.5);

rs_data = get_dev(app.obj_U1084,’U1084’,’data’, app.settings_U1084);

[~,~,~,~,IQ] = Compress_RS_data(dt,rs_data,RS_Freq);

current_block.background = IQ;

send_dev(app.obj_magnet,’magnet’,app.Magnetic_Field,app.settings_magnet);

% end background collection

app.Send_shimming_2NI; % sets G = 000

current_block.toc = toc;

current_block.date = datetime("now",Format="dd-MMM-uuuu HH:mm:ss");

% if ~app.Start_Imaging_4D.Value; break; end

% save

fn_full = [app.FolderName.Value ’\’ app.FileName.Value ’~block_3D~’];

save(fn_full,’current_block’);

disp(fn_full);

% app.experiment.current_block = k;

app.Comments_Image_Info.Value = ’Block_3D is done’;

% pause(1);

% end % if collect block
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%end

end

end

% Callbacks that handle component events

methods (Access = private)

% Code that executes after component creation

function startupFcn(app)

%% path

Lib_path = ’G:\My Drive\Share with MT\EPRI GUI 2023’;

% Lib_path = ’G:\My Drive\Matlab EPR Imaging\EPRI GUI 2023 March 2023’;

cd (Lib_path) %’G:\My Drive\Share with MT\EPRI GUI 2023’;

addpath(genpath(Lib_path));

warndlg (’Teensy: Smart_Tune_test_Matrch_2023’);

% Parameters

% Initialize devices >>>>>>>>>>>>>>>>>>>>>>>> DEVICES

if 1

[app.obj_picoScope, app.settings_picoScope] = ini_devices_S(’picoScope’);

[app.obj_funGen, app.settings_funGen] = ini_devices_S(’Fun_Gen’);

[app.obj_U1084, app.settings_U1084] = ini_devices_S(’U1084’);

[app.obj_magnet, app.settings_magnet] = ini_devices_S(’magnet’);

[app.obj_NI, app.settings_NI] = ini_devices_S(’NI’);

[app.MC,~] = ini_devices_S(’MC’);

[app.awg_obj,~] = ini_devices_S(’awg’);
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app.tunecounter = 0;

app.Smart_Tune(app);

app.TunerangeButtonGroup.SelectedObject = app.Button_3;

app.TunerangeButtonGroupSelectionChanged(app);

app.pico_Calib_All = app.Pico_calibration.Value;

app.XHnage_RS_frequnecy;

end

app.pico_Calib_All = app.Pico_calibration.Value;

app.Compress_pars.IQsize = 10; %

end

% Close request function: UIFigure

function UIFigureCloseRequest(app, event)

% obj_picoScope;

% settings_picoScope;

% % Fun generator

% obj_funGen;

% settings_funGen;

try

close_devices_S(app.obj_picoScope, ’picoScope’);

catch

end

try
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close_devices_S(app.obj_funGen, ’Fun_Gen’);

catch

end

try

status = AqD1_stopAcquisition(app.obj_U1084);

if (status ~= 0)

fprintf(’Error in AqD1_stopAcquisition: %d\n’, status);

end

% Free remaining resources

status = Aq_closeAll();

if (status ~= 0)

fprintf(’Error in Aq_closeAll: %d\n’, status);

end

catch

end

app.Stop_Teensy;

delete(app)

end

% Value changed function: HalfPeriodEditField

function HalfPeriodEditFieldValueChanged(app, event)

app.tuning_adc_parameters.scan.onescan = app.HalfPeriodEditField.Value;

app.pro = Appodization_Profile(app.tuning_adc_parameters.scan.onescan);

end

% Value changed function: RS_Amp_DropDown

function SetScanAmplitude_CB(app, event)
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Gpp = str2double(app.RS_Amp_DropDown.Value);

if_show = 1;

Actual = set_Scan_Amplitude(app, Gpp, if_show,1);

%

%

% app.set_Scan_Amplitude(Gpp); % set Scan Amplitude based on

% Wanted Gpp

% signal = app.get_Scan_Amplitude; % get Voltage

% coilconstant = app.Pico_calibration.Value;

%

% %fit = signal.fit; % =0.5*Ampl*cos(2*pi*freq*t1+angle(z2))+dc;

% fitted theroretical line

% Vpp = signal.Ampl; % = Ampl; %

% app. Actual_Gpp= Vpp/coilconstant/1000; % signal reads in [mV]

% t = signal.t;

% plot(app.Ax_3,t,signal.chA,t,signal.fit);

% axis(app.Ax_3,’tight’);

% title(app.Ax_3, [’Actual: ’ num2str(app.Actual_Gpp)]);

%

% % Gpp = Vpp*coilconstant/1000;

%

% % app.BackgroundsubtractionCheckBox.Value = 0;

app.rs_bg = 0;

end

% Callback function

function Magnet_auto_field(app, event)

app.Magnetic_Field = app.Magnetic_Field - app.Magnetic_Field_Fit;

if app.Magnetic_Field > 32 || app.Magnetic_Field < 0.1

app.Magnetic_Field = 1;
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warndlg(’Magnetic Field error’,’Magnet_auto_field’);

app.autocenter = 0;

end

send_dev(app.obj_magnet,’magnet’, app.Magnetic_Field , app.settings_magnet);

pause(1);

end

% Button pushed function: ScreenButton

function take_screenshot(app, event)

fn = [app.FolderName.Value ’\’ app.FileName.Value ’screenshot’];

file_exist = exist([fn ’.mat’],’file’);

if file_exist > 0

fn = [fn num2str(app.savecounter) ’.png’];

else

% app.savecounter = 0;

fn = [fn ’.png’]

end

exportapp(app.UIFigure,fn);

end

% Value changed function: RunStopButton

function Run_Stop_Spectra(app, event)

if app.RunStopButton.Value % start

app.RunStopButton.BackgroundColor = [0, 1 , 0];

app.RunStopButton.Text = ’Running...’;

app.rs_bg = 0;

Run_Spectra(app);

else % stop

app.RunStopButton.BackgroundColor = 0.5* [1, 1 , 1];
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app.RunStopButton.Text = ’Start spectra’;

end

end

% Value changed function: RunStopButton_2

function CF_Guess(app, event)

%value = app.RunStopButton_2.Value;

app.Magnetic_Field_Guess = (app.CW_Freq.Value - 750)/2.8 - 2.5 ;

app.Magnetic_Field = app.Magnetic_Field_Guess; %+ app.Current_Field.Value;

if app.Magnetic_Field < 0; app.Magnetic_Field = 0; end

if app.Magnetic_Field > 30; app.Magnetic_Field = 30; end

send_dev(app.obj_magnet,’magnet’,app.Magnetic_Field , app.settings_magnet);

app.Current_Field.Value = round( app.Magnetic_Field ,2);

end

% Value changed function: Start_Imaging_4D

function Run_Stop_Imaging(app, event)

if app.Start_Imaging_4D.Value % start

app.Start_Imaging_4D.BackgroundColor = [0, 1 , 0];

app.Start_Imaging_4D.Text = ’Running...’;

if ~app.SaveDataChk.Value

app.SaveDataChk.Value = 1;

warndlg(’Changing status to "Save Image" ... 3 secs to cancel’);

pause(3);

end
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Run_imaging(app,’4D’);

% New_Imaging(app);

else % stop

app.Start_Imaging_4D.BackgroundColor = 0.5* [1, 1 , 1];

app.Start_Imaging_4D.Text = ’Start/continue’;

end

end

% Button pushed function: NewImagingButton

function New_imaging(app, event)

tx = [’Verify EPR Probe type; It is ’ app.ProbeDropDown.Value];

% load gong.mat; sound(y);

% pause(0.1);

% f = warndlg(tx);

try

Run_Spectra(app); % to reste all pars

catch

end

Gmax = str2double(app.GmaxGcmButtonGroup.SelectedObject.Text);

block = Load_Protocol_J23(’Imaging’, app.Protocol_imaging.Value, Gmax,
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str2double(app.Scan_Frequency.Value), app.FOV, app.Compress_pars.IQsize);

% loads protocol

N_images = app.Number_of_Imagers.Value;

Num_blocks = length(block);

n = 1; SW = zeros(1, Num_blocks);

for k = 1 : N_images

for m = 1 : Num_blocks

plan(n).block_inx = m;

plan(n).image_num = k;

SW(m) = block(m).SWplus;

n = n + 1;

end

end

% fatst kinetics >> skip high-G data

% NB = app.experiment.Num_blocks ;

Remove_blocks = 17; % numer of blocks to remove starting from this number

first_image_cut = 1;

get_blocks_inx = ones( Num_blocks,N_images);

if app.CheckBox_Kinetics.Value && (N_images > 2)

get_blocks_inx ( Remove_blocks : end, first_image_cut :

(N_images - 1) ) = 0;

imagesc(get_blocks_inx);

end

app.experiment.SkipBlocks = get_blocks_inx ;

223



%% 3D spatial imaging

block_3D = block(end);

N_Prjs = 18;

theta = (0 : 10 : 170)/180* pi;

phi= theta;

[P,T] = meshgrid(phi,theta);

G3x = sin(T).*cos(P);

G3y = sin(T).*sin(P);

G3z = cos(T);

d = block.data;

s = size(d);

xxx = zeros(3,N_Prjs,N_Prjs);

xxx(1,:,:) = G3x;

xxx(2,:,:) = G3y;

xxx(3,:,:) = G3z;

block_3D.G3 = xxx;

block_3D.data = zeros(N_Prjs,N_Prjs, s(2));

%%

app.experiment.block_3D = block_3D;

app.experiment.Remove_blocks = Remove_blocks;

app.experiment.SWplus = SW;

app.experiment.block = block;

app.experiment.plan = plan;

app.experiment.Gmax = Gmax;

app.experiment.N_images = N_images;
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app.experiment.Num_blocks = Num_blocks;

data = block.data;

app.experiment.data_size = size(data );

app.experiment.fname = app.FileName.Value;

app.experiment.current_block = 1;

app.experiment.protocol = app.Protocol_imaging.Value;

app.experiment.Probe = app.ProbeDropDown.Value;

app.experiment.Naver = app.Naver_V.Value;

app.experiment.isKinetics = app.CheckBox_Kinetics.Value;

disp(’new’);

Exper = app.experiment;

Exper.block = rmfield(Exper.block,’data’);

Exper.RS_freq = str2double( app.Scan_Frequency.Value ) ;

app.experiment.Comments = app.CommentsTextArea.Value;

fn_full = [app.FolderName.Value ’\’ app.FileName.Value ’~Exp ’];

save(fn_full,’Exper’);

disp(’Saved’);

disp(fn_full);

app.Start_Imaging_3D.Value = 0 ;

app.Start_Imaging_3D.BackgroundColor = 0.5* [1, 1 , 1];

app.Start_Imaging_3D.Text = ’3D’;

app.Start_Imaging_4D.Value = 0 ;

app.Start_Imaging_4D.BackgroundColor = 0.5* [1, 1 , 1];

app.Start_Imaging_4D.Text = ’4D’;

app.NewImagingButton.Text = ’Done :)’;

pause(1);
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app.NewImagingButton.Text = ’New imaging’;

end

% Callback function: GxEditField, GyEditField, GzEditField, Send2NI

function Send_shimming_2NI(app, event)

[Gx, Gy, Gz] = Read_Gxyz(app);

value = [0, Gx, Gy, Gz];

send_dev(app.obj_NI,’gradients’,value, app.settings_NI);

pause(0.5);

end

% Button pushed function: ConnectMCButton

function ConnectMCButtonPushed(app, event)

[app.MC,~] = ini_devices_S(’MC’);

end

% Button pushed function: DisconnectMCButton

function Stop_Teensy(app, event)

try

app.MC.delete;

disp(’MC disconnected’);

catch

warning(’MC cannot be stopped’);

end

end

% Selection changed function: TunerangeButtonGroup

function TunerangeButtonGroupSelectionChanged(app, event)

selectedButton = app.TunerangeButtonGroup.SelectedObject;
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switch selectedButton.Text

case ’770-790’

fprintf(app.awg_obj, ’MMEM:LOAD:STAT "Int:\Settings\770.STA"’);

write(app.MC,[3 3],’uint8’);

app.CW_Freq.Value = 780;

readback=read(app.MC,1,’uint8’);

while readback ~= 0

warning("teensy communication error")

pause(1);

write(app.MC,[3 3],’uint8’);

readback=read(app.MC,1,’uint8’);

end

case ’780-800’

fprintf(app.awg_obj, ’MMEM:LOAD:STAT "Int:\Settings\770.STA"’);

write(app.MC,[3 3],’uint8’);

app.CW_Freq.Value = 790;

readback=read(app.MC,1,’uint8’);

while readback ~= 0

warning("teensy communication error")

pause(1);

write(app.MC,[3 3],’uint8’);

readback=read(app.MC,1,’uint8’);

end

case ’790-810’

fprintf(app.awg_obj, ’MMEM:LOAD:STAT "Int:\Settings\790.STA"’);

write(app.MC,[3 2],’uint8’);

app.CW_Freq.Value = 800;

readback=read(app.MC,1,’uint8’);
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while readback ~= 0

warning("teensy communication error")

pause(1);

write(app.MC,[3 2],’uint8’);

readback=read(app.MC,1,’uint8’);

end

case ’800-820’

fprintf(app.awg_obj, ’MMEM:LOAD:STAT "Int:\Settings\800.STA"’);

write(app.MC,[3 1],’uint8’);

app.CW_Freq.Value = 810;

readback=read(app.MC,1,’uint8’);

while readback ~= 0

warning("teensy communication error")

pause(1);

write(app.MC,[3 1],’uint8’);

readback=read(app.MC,1,’uint8’);

end

case ’810-830’

fprintf(app.awg_obj, ’MMEM:LOAD:STAT "Int:\Settings\810.STA"’);

write(app.MC,[3 0],’uint8’);

app.CW_Freq.Value = 820;

readback=read(app.MC,1,’uint8’);

while readback ~= 0

warning("teensy communication error")

pause(1);

write(app.MC,[3 0],’uint8’);

readback=read(app.MC,1,’uint8’);

end
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case ’Gaps’

fprintf(app.awg_obj, ’MMEM:LOAD:STAT "Int:\Settings\GAPS.STA"’);

end

end

% Button pushed function: TestserialcommunicationButton

function Send2Teensy(app, event)

send2teensy = Make_Serial_Pars(app);

write(app.MC, send2teensy ,’uint8’);

readback=read(app.MC,1,’uint8’);

while readback ~= 0

warning("teensy communication error")

pause(1);

write(app.MC, send2teensy,’uint8’);

readback=read(app.MC,1,’uint8’);

end

pause(.1);

app.testserialcombox.Value = ’x x x x x x’;

pause(0.1);

try

num = read(app.MC,6,"uint8");

app.testserialcombox.Value = num2str( num );

disp(’reading from Teensy’);

catch

end

end
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% Button pushed function: SetonceButton

function Set_Get_Reflection(app, event)

send2teensy = Make_Serial_Pars(app);

send2teensy(1) = 1;

write(app.MC, send2teensy ,’uint8’);

readback=read(app.MC,1,’uint8’);

while readback ~= 0

warning("teensy communication error")

pause(1);

write(app.MC, send2teensy,’uint8’);

readback=read(app.MC,1,’uint8’);

end

offset = 11921;

slope = 14.9;

pause(.3);

N = 301;

try

data = read(app.MC,N,"uint8");

reflection = data(1 : 298);

pause(0.1);

[V , inx] = max(reflection);

app.CF = (inx + offset)/slope+10*(double(send2teensy(2))-80);

tx = [’CWF = ’ num2str(app.CF) ’; Reflection = ’ num2str(V)];

frequencies = zeros(298,1);

for i = 1:298

frequencies(i) = (i + offset)/slope+10*(double(send2teensy(2))-80);

end

plot(app.MCbox,frequencies,reflection);
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title(app.MCbox, tx);

disp(’reading from Teensy’);

catch

end

% write(app.MC, send2teensy ,’uint8’);

end

% Button pushed function: SmartTuneButton

function Smart_Tune(app, event)

send2teensy = Make_Serial_Pars(app);

if send2teensy(1) >= 0

xxxx = 0;

send2teensy(1) = 2;

write(app.MC, send2teensy ,’uint8’);

offset = 11921;

slope = 14.9;

pause(.3);

readback=read(app.MC,1,’uint8’);

while readback ~= 0

warning("teensy communication error")

pause(1);

write(app.MC, send2teensy,’uint8’);

readback=read(app.MC,1,’uint8’);

end

N = 307;

%try
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data = read(app.MC,N,"uint8");

while length(data)<307 || data(305)>32

flush(app.MC);

send2teensy = Make_Serial_Pars(app);

send2teensy(1) = 2;

write(app.MC, send2teensy ,’uint8’);

pause(.3);

readback=read(app.MC,1,’uint8’);

while readback ~= 0

warning("teensy communication error")

pause(1);

write(app.MC, send2teensy,’uint8’);

readback=read(app.MC,1,’uint8’);

end

N = 307;

%try

data = read(app.MC,N,"uint8");

end

flush(app.MC);

reflection = data(1:296);

% reflection = data(1:300);

info_back = data(302: 307);

app.best_reflection = info_back(1);

best_position = info_back(2);

app.DTC1.Value = info_back(3);

app.DTC2.Value = info_back(4);

best_segment = info_back(5);

test = info_back(6); % == 255
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% best_reflection = info_back(2);

% dtc1 = info_back(4);

% dtc2 = info_back(5);

% save(’reflectiondata.mat’,’reflection’,’info_back’,

’best_position’,’best_reflection’,’dtc1’,’dtc2’);

% best_segment = info_back(6);

%send2teensy = Make_Serial_Pars(app);

range = send2teensy(2);

app.CW_Freq.Value = round((best_position + offset)/slope + 10*

(double(range)-80),2);

% disp(info_back);

app.testserialcombox.Value = num2str(info_back);

pause(0.1);

[V , inx] = max(reflection);

app.CF = (inx + offset)/slope+10*(double(range)-80)+0.05;

if app.PlottunepatternCheckBox.Value ==1

tx = [’CWF = ’ num2str(app.CF) ’; Reflection = ’ num2str(V)];

frequencies = zeros(296,1);

for i = 1:296

frequencies(i) = (i + 11921)/14.9+10*(double(range)-80);

end

plot(app.MCbox,frequencies’,reflection);

xlim(app.MCbox,[frequencies(1), frequencies(end-5)]);

title(app.MCbox, tx);

disp(’reading from Teensy’);

%save ’CW_Frequency’ ’app.CF’ ; %% temp solution

end

if app.tunecounter > 3
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app.tunecounter = 0;

return;

end

end

% switch app.TunerangeButtonGroup.SelectedObject.Text

% case ’790-810’

% if app.CW_Freq.Value>808 || app.best_reflection < 120

% app.tunecounter = app.tunecounter + 1;

% app.TunerangeButtonGroup.SelectedObject =

app.Button_2; %800-820

% app.TunerangeButtonGroupSelectionChanged(app);

% pause(7);

% app.Smart_Tune(app);

% end

% case ’800-820’

% if app.CW_Freq.Value < 802

% app.tunecounter = app.tunecounter + 1;

% app.TunerangeButtonGroup.SelectedObject =

app.Button; %790-810

% app.TunerangeButtonGroupSelectionChanged(app);

% pause(7);

% app.Smart_Tune(app);

% elseif app.CW_Freq.Value > 816

% app.tunecounter = app.tunecounter + 1;

% app.TunerangeButtonGroup.SelectedObject =

app.Button_3; %810-830

% app.TunerangeButtonGroupSelectionChanged(app);

% pause(7);
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% app.Smart_Tune(app);

% end

% case ’810-830’

% if app.CW_Freq.Value < 812 ||

app.best_reflection <120

% app.tunecounter = app.tunecounter + 1;

% app.TunerangeButtonGroup.SelectedObject =

app.Button_2; %800-820

% app.TunerangeButtonGroupSelectionChanged(app);

% pause(7);

% app.Smart_Tune(app);

% end

% end

%catch

%end

end

% Button pushed function: kHzButton

function minus50kHz(app, event)

app.CW_Freq.Value = app.CW_Freq.Value - 0.05;

app.Set_Get_Reflection;

end

% Button pushed function: kHzButton_2

function Plus50kHz(app, event)

app.CW_Freq.Value = app.CW_Freq.Value + 0.05;

app.Set_Get_Reflection;

end
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% Value changed function: Current_Field

function Current_FieldValueChanged(app, event)

app.Magnetic_Field= app.Current_Field.Value;

send_dev(app.obj_magnet,’magnet’,app.Magnetic_Field , app.settings_magnet);

end

% Button pushed function: AutocenterOffButton

function AutocenterOffButtonPushed(app, event)

if app.autocenter == 0

app.autocenter = 1;

app.AutocenterOffButton.BackgroundColor = ’g’;

app.AutocenterOffButton.Text = ’Auto-center On’;

elseif app.autocenter ==1

app.autocenter = 0;

app.AutocenterOffButton.BackgroundColor = ’r’;

app.AutocenterOffButton.Text = ’Auto-center Off’;

end

end

% Button pushed function: ShimmingButton

function Shimming_CB(app, event)

for Gmax = 1 % 0.03 : -0.01 : 0.01

N = 4;

if 0

G3 = shimming_protocol(Gmax, N); % list of gradients

else

G3_ = [0 0 0; 0 0 1; 0 1 0; 1 0 0];

G3 = Gmax* [G3_; -G3_];

end
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%%

% All Gradients

[Gx_S, Gy_S, Gz_S] = Read_Gxyz(app); % shimmin

% G3 = current_block.G3;

RS_Freq = str2double(app.Scan_Frequency.Value);

%app.SetScanAmplitude_CB; % CB function

if_show = 0;

Gpp = str2double(app.RS_Amp_DropDown.Value);

if_show = 1;

Bpp = set_Scan_Amplitude(app, Gpp, if_show ,1);

% Actual = set_Scan_Amplitude(app, Gpp, if_show);

% Bpp = app.Actual_Gpp;

pars.phases = [app.Phase_RS.Value, app.Phase_RF.Value];

% p = Load_Spectra_Protocol(N_spectra, RS_Freq);

dt = app.settings_U1084.sampl_interval;

LW = zeros(1,size(G3,1));

Pos = zeros(1,size(G3,1));

options = optimoptions(’lsqcurvefit’,’Algorithm’,’levenberg-marquardt’);
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options.StepTolerance=1e-9;

options.FunctionTolerance = 1e-9;

options.OptimalityTolerance = 1e-9;

SpectralModel = app.ProbeDropDown.Value;

LW_min = 1e10;

for s = 1 : size(G3,1)

g3 = G3(s,:); % gradinets x y z

value = [0, Gx_S + g3(1), Gy_S + g3(2), Gz_S + g3(3)];

send_dev(app.obj_NI,’gradients’,value, app.settings_NI);

pause(0.1); % replace later by smthg userfull /datasaving ...

serail ...

rs_data = get_dev(app.obj_U1084,’U1084’,’data’, app.settings_U1084);

t = (1: length(rs_data)) * dt;

pars.fig = ’None’;

pars.Nh = [2, 2];

pars.polynomB = [20,1];

pars.fwhm = app.LWmin.Value;

[h, SA, SB, pars]=RsEPR2Gen(t,rs_data,Bpp,RS_Freq,pars);

SAB = SA + SB;

A = double ( sum(SAB) * (h(2) -h(1)) );

if A < 0 ; A = 0; end

isGetFitLine = 1; % compute Y fit line

Ampl_guess = A; % no Guess

[pp, new_sp, ~] = Fit_1D(h, SAB, Ampl_guess, SpectralModel,

isGetFitLine, options);

LW(s) = round(pp(2) *1000);

Pos(s) = pp(3);

disp(s);
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plot_Spectra(app,h,SA,SB,new_sp, rs_data);

LW_t = [’FWHM (Lor) = ’ num2str(LW(s), ’%.2f’) ’; Pos = ’

num2str(pp(3), ’%.3f’)];

title(app.Ax_1,LW_t);

if LW(s) < LW_min

LW_min = LW(s);

SA_min = SA;

SB_min = SB;

S_fit = new_sp;

si = s;

end

end

plot_Spectra(app,h,SA_min,SB_min,S_fit, rs_data);

LW_t = [’FWHM (Lor) = ’ num2str(LW_min, ’%.2f’) ’; Pos = ’

num2str(pp(3), ’%.3f’)];

title(app.Ax_1,LW_t);

[lw, in ] = min(LW);

app.GxEditField.Value = round(app.GxEditField.Value + G3(in,1),2);

app.GyEditField.Value = round(app.GyEditField.Value + G3(in,2),2);

app.GzEditField.Value = round(app.GzEditField.Value + G3(in,3),2);

app.CommentsTextArea.Value = num2str(round(Pos,3));

Gx_S = app.GxEditField.Value;

Gy_S = app.GyEditField.Value;

Gz_S = app.GzEditField.Value;

% [Gx_S, Gy_S, Gz_S] = Read_Gxyz(app); % shimming

value = [0, Gx_S , Gy_S , Gz_S ];

send_dev(app.obj_NI,’gradients’,value, app.settings_NI);
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Pos

end

disp(’Shimmimg done’);

% <<< LOOP over Block

end

% Button pushed function: Sent_G0

function SetG0_CB(app, event)

value = [0, 0, 0, 0];

app.GxEditField.Value = 0;

app.GyEditField.Value = 0;

app.GzEditField.Value = 0;

send_dev(app.obj_NI,’gradients’,value, app.settings_NI);

end

% Callback function

function CollectBackgroundButtonPushed(app, event)

%collect

send_dev(app.obj_magnet,’magnet’, 0 , app.settings_magnet); % Field OFF

pause(0.5);

rs_data = get_dev(app.obj_U1084,’U1084’,’data’, app.settings_U1084);

dt = app.settings_U1084.sampl_interval;

RS_Freq = str2double(app.Scan_Frequency.Value);

send_dev(app.obj_magnet,’magnet’,app.Magnetic_Field,app.settings_magnet);

%return field to previous

%compress

240



[dt,v1,dv,v_end,bg_] = Compress_RS_data(dt,rs_data,RS_Freq);

%decompress

vectorv = [v1,dv,v_end];

v = vectorv(1) : vectorv(2) : vectorv(3);

in = abs(v)> 7 * vectorv(2);

bg_(in) = 0;

[t, app.rs_bg] = decompress(app, vectorv, bg_);

end

% Value changed function: Phase_RF

function Phase_RFValueChanged(app, event)

% app.BackgroundsubtractionCheckBox.Value = 0;

app.rs_bg = 0;

end

% Value changed function: Phase_RS

function Phase_RSValueChanged(app, event)

%app.BackgroundsubtractionCheckBox.Value = 0;

app.rs_bg = 0;

end

% Value changed function: Naver_V

function Naver_VValueChanged(app, event)

%app.BackgroundsubtractionCheckBox.Value = 0;

app.rs_bg = 0;

end

% Value changed function: Scan_Frequency

function XHnage_RS_frequnecy(app, event)

value = app.Scan_Frequency.Value;
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% C = round(str2double(value)/1000) ;

List_F = zeros(1,3);

for n = 1 : 5

List_F(n) = str2double( app.Scan_Frequency.Items{n} );

end

inx = List_F == str2double( value );

% CC = [0.155 1 0.4]; % coils constants_list

app.Pico_calibration.Value = app.CC(inx);

send_dev(app.obj_funGen,’Fun_Gen_Freq’,value, ’ ’);

% switch C

%

% case 8 % around Hz

% app.pico_Calib_All =

% app.Pico_calibration.Value; % ?

% /8130*value;

%

% case 12

%

% case 16

% app.pico_Calib_All = app.Pico_calibration.Value * 2;

% ? /8130*value;

%

% case 17

% app.pico_Calib_All = app.Pico_calibration.Value * 2;

% ? /8130*value;

% end
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app.Run_Spectra;

end

% Button pushed function: BG_ReNew_Button

function Collect_Background(app, event)

%collect

send_dev(app.obj_magnet,’magnet’, 0 , app.settings_magnet); % Field OFF

pause(0.5);

rs_data = get_dev(app.obj_U1084,’U1084’,’data’, app.settings_U1084);

dt = app.settings_U1084.sampl_interval;

RS_Freq = str2double(app.Scan_Frequency.Value);

send_dev(app.obj_magnet,’magnet’,app.Magnetic_Field,app.settings_magnet);

%return field to previous

%compress

[dt,v1,dv,v_end,bg_] = Compress_RS_data(dt,rs_data,RS_Freq);

%decompress

vectorv = [v1,dv,v_end];

v = vectorv(1) : vectorv(2) : vectorv(3);

in = abs(v)> 7 * vectorv(2);

[t, BG_all] = decompress(app, vectorv, bg_);

bg_(in) = 0;

[t, BG_harm] = decompress(app, vectorv, bg_);

bg = BG_all - BG_harm;

L = length(bg);

% M = round(0.8*L);

243



% N = L - M;

%

i1 = t < 0.8*t(end);

% y = bg(i1);

order = 10;

framelen = 2*round(L/100) +1;

A = sgolayfilt(bg(i1),order,framelen);

B = sgolayfilt(bg(~i1),order/2,framelen);

AB = [ A; B];

% PL = 40;

% p = polyfit(t(j1)’,bg(j1), PL);

% Poly_bg = polyval(p,t(j1)’);

% bg(j1) = bg(j1) + Poly_bg;

% app.rs_bg = BG_harm + Poly_bg;

whos AB BG_harm

app.rs_bg =AB + BG_harm;

% plotc(t,bg_2 )

plot(app.Ax_2,t,real(BG_all),t,real(app.rs_bg),t,real(app.rs_bg -
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BG_all),’linewidth’,2 );

plot(app.Ax_3,t,imag(BG_all),t,imag(app.rs_bg),t,imag(app.rs_bg -

BG_all),’linewidth’,2 );

pause(1);

%

end

% Button pushed function: BG_Zero_Button

function Zero_BG(app, event)

app.rs_bg = 0;

end

% Value changed function: Start_Imaging_3D

function Run_3D_imaging(app, event)

% value = app.Start_Imaging_3D.Value;

if app.Start_Imaging_3D.Value % start

app.Start_Imaging_3D.BackgroundColor = [0, 1 , 0];

app.Start_Imaging_3D.Text = ’3D >>’;

if ~app.SaveDataChk.Value

app.SaveDataChk.Value = 1;

warndlg(’Changing status to "Save Image" ... 3 secs to cancel’);

pause(3);

end

Run_imaging(app,’3D’);

% New_Imaging(app);

else % stop
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app.Start_Imaging_3D.BackgroundColor = 0.5* [1, 1 , 1];

app.Start_Imaging_3D.Text = ’Start 3D’;

end

end

% Selection changed function: ButtonGroup_4

function User_(app, event)

selectedButton = app.ButtonGroup_4.SelectedObject;

P = ’C:\Data_2023\’;

switch selectedButton.Text

case ’M’

app.FolderName.Value = [P ,’Mark\’];

case ’O’

app.FolderName.Value = [P ,’Oxana\’];

case ’R’

app.FolderName.Value = [P ,’Ryan\’];

case ’D’

app.FolderName.Value = [P ,’Duncan\’];

case ’S’

app.FolderName.Value = [P ,’Sajad\’];

end

disp(’user changed’);

end

end

% Component initialization
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methods (Access = private)

% Create UIFigure and components

function createComponents(app)

% Create UIFigure and hide until all components are created

app.UIFigure = uifigure(’Visible’, ’off’);

app.UIFigure.Color = [0.651 0.651 0.651];

app.UIFigure.Position = [100 100 1372 1135];

app.UIFigure.Name = ’MATLAB App’;

app.UIFigure.CloseRequestFcn = createCallbackFcn(app,

@UIFigureCloseRequest, true);

% Create TabGroup

app.TabGroup = uitabgroup(app.UIFigure);

app.TabGroup.Position = [10 65 1321 1062];

% Create UsermodeTab

app.UsermodeTab = uitab(app.TabGroup);

app.UsermodeTab.Title = ’User mode’;

% Create Ax_3

app.Ax_3 = uiaxes(app.UsermodeTab);

title(app.Ax_3, ’1’)

xlabel(app.Ax_3, ’X’)

ylabel(app.Ax_3, ’Y’)

zlabel(app.Ax_3, ’Z’)

app.Ax_3.FontSize = 18;

app.Ax_3.Position = [18 771 698 265];
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% Create Ax_2

app.Ax_2 = uiaxes(app.UsermodeTab);

title(app.Ax_2, ’2’)

xlabel(app.Ax_2, ’X’)

ylabel(app.Ax_2, ’Y’)

zlabel(app.Ax_2, ’Z’)

app.Ax_2.FontSize = 18;

app.Ax_2.Position = [30 486 686 270];

% Create Ax_1

app.Ax_1 = uiaxes(app.UsermodeTab);

title(app.Ax_1, ’3’)

xlabel(app.Ax_1, ’X’)

ylabel(app.Ax_1, ’Y’)

zlabel(app.Ax_1, ’Z’)

app.Ax_1.FontSize = 20;

app.Ax_1.Position = [18 1 1284 471];

% Create Panel

app.Panel = uipanel(app.UsermodeTab);

app.Panel.BackgroundColor = [1 1 1];

app.Panel.FontSize = 22;

app.Panel.Position = [731 929 100 76];

% Create RS_Amp_DropDown

app.RS_Amp_DropDown = uidropdown(app.Panel);

app.RS_Amp_DropDown.Items = {’0.5’, ’1’, ’1.5’, ’2’, ’3’,

’4’, ’5’, ’6’, ’7’, ’8’, ’9’, ’10’, ’11’, ’12’, ’13’, ’14’,

’15’, ’16’, ’18’, ’20’, ’22’, ’24’, ’26’};

app.RS_Amp_DropDown.ValueChangedFcn = createCallbackFcn(app,
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@SetScanAmplitude_CB, true);

app.RS_Amp_DropDown.FontSize = 20;

app.RS_Amp_DropDown.Position = [15 9 63 30];

app.RS_Amp_DropDown.Value = ’1’;

% Create ScanGppLabel

app.ScanGppLabel = uilabel(app.Panel);

app.ScanGppLabel.FontSize = 16;

app.ScanGppLabel.Position = [9 48 86 22];

app.ScanGppLabel.Text = ’Scan [Gpp]’;

% Create Panel_3

app.Panel_3 = uipanel(app.UsermodeTab);

app.Panel_3.FontSize = 16;

app.Panel_3.Position = [736 488 566 172];

% Create FolderEditFieldLabel

app.FolderEditFieldLabel = uilabel(app.Panel_3);

app.FolderEditFieldLabel.HorizontalAlignment = ’right’;

app.FolderEditFieldLabel.FontSize = 14;

app.FolderEditFieldLabel.FontWeight = ’bold’;

app.FolderEditFieldLabel.Position = [1 106 52 22];

app.FolderEditFieldLabel.Text = ’ Folder’;

% Create FolderName

app.FolderName = uieditfield(app.Panel_3, ’text’);

app.FolderName.FontSize = 14;

app.FolderName.Position = [78 106 357 22];

app.FolderName.Value = ’C:\DATA_2023\’;
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% Create CommentsTextArea

app.CommentsTextArea = uitextarea(app.Panel_3);

app.CommentsTextArea.FontSize = 14;

app.CommentsTextArea.Position = [9 54 539 44];

app.CommentsTextArea.Value = {’Comments:’};

% Create F_nameLabel

app.F_nameLabel = uilabel(app.Panel_3);

app.F_nameLabel.HorizontalAlignment = ’right’;

app.F_nameLabel.FontSize = 14;

app.F_nameLabel.FontWeight = ’bold’;

app.F_nameLabel.Position = [10 143 58 22];

app.F_nameLabel.Text = ’F_name’;

% Create FileName

app.FileName = uieditfield(app.Panel_3, ’text’);

app.FileName.FontSize = 14;

app.FileName.Position = [76 143 359 22];

app.FileName.Value = ’file_name’;

% Create SaveDataChk

app.SaveDataChk = uicheckbox(app.Panel_3);

app.SaveDataChk.Text = ’Save? ’;

app.SaveDataChk.FontSize = 20;

app.SaveDataChk.Position = [467 143 84 23];

% Create ScreenButton

app.ScreenButton = uibutton(app.Panel_3, ’push’);

app.ScreenButton.ButtonPushedFcn = createCallbackFcn(app,

@take_screenshot, true);
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app.ScreenButton.BackgroundColor = [0 1 0];

app.ScreenButton.FontSize = 18;

app.ScreenButton.FontColor = [0 0 1];

app.ScreenButton.Position = [467 108 69 29];

app.ScreenButton.Text = ’Screen’;

% Create Comments_Image_Info

app.Comments_Image_Info = uitextarea(app.Panel_3);

app.Comments_Image_Info.FontSize = 14;

app.Comments_Image_Info.Position = [11 8 539 35];

app.Comments_Image_Info.Value = {’Image pars info’};

% Create Panel_5

app.Panel_5 = uipanel(app.UsermodeTab);

app.Panel_5.BackgroundColor = [1 1 1];

app.Panel_5.Position = [737 792 565 41];

% Create GxEditFieldLabel

app.GxEditFieldLabel = uilabel(app.Panel_5);

app.GxEditFieldLabel.HorizontalAlignment = ’right’;

app.GxEditFieldLabel.FontSize = 18;

app.GxEditFieldLabel.Position = [6 10 29 22];

app.GxEditFieldLabel.Text = ’Gx’;

% Create GxEditField

app.GxEditField = uieditfield(app.Panel_5, ’numeric’);

app.GxEditField.Limits = [-5 5];

app.GxEditField.ValueDisplayFormat = ’%.2f’;

app.GxEditField.ValueChangedFcn = createCallbackFcn(app,

@Send_shimming_2NI, true);
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app.GxEditField.FontSize = 18;

app.GxEditField.Position = [50 9 58 23];

% Create GyEditFieldLabel

app.GyEditFieldLabel = uilabel(app.Panel_5);

app.GyEditFieldLabel.HorizontalAlignment = ’right’;

app.GyEditFieldLabel.FontSize = 18;

app.GyEditFieldLabel.Position = [119 11 29 22];

app.GyEditFieldLabel.Text = ’Gy’;

% Create GyEditField

app.GyEditField = uieditfield(app.Panel_5, ’numeric’);

app.GyEditField.Limits = [-5 5];

app.GyEditField.ValueDisplayFormat = ’%2.3g’;

app.GyEditField.ValueChangedFcn = createCallbackFcn(app,

@Send_shimming_2NI, true);

app.GyEditField.FontSize = 18;

app.GyEditField.Position = [163 10 56 23];

% Create GzEditFieldLabel

app.GzEditFieldLabel = uilabel(app.Panel_5);

app.GzEditFieldLabel.HorizontalAlignment = ’right’;

app.GzEditFieldLabel.FontSize = 18;

app.GzEditFieldLabel.Position = [232 11 29 22];

app.GzEditFieldLabel.Text = ’Gz’;

% Create GzEditField

app.GzEditField = uieditfield(app.Panel_5, ’numeric’);

app.GzEditField.Limits = [-5 5];

app.GzEditField.ValueDisplayFormat = ’%2.3g’;
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app.GzEditField.ValueChangedFcn = createCallbackFcn(app,

@Send_shimming_2NI, true);

app.GzEditField.FontSize = 18;

app.GzEditField.Position = [276 10 51 23];

% Create ShimmingButton

app.ShimmingButton = uibutton(app.Panel_5, ’push’);

app.ShimmingButton.ButtonPushedFcn = createCallbackFcn(app,

@Shimming_CB, true);

app.ShimmingButton.BackgroundColor = [0 1 0];

app.ShimmingButton.FontSize = 18;

app.ShimmingButton.FontColor = [0 0 1];

app.ShimmingButton.Position = [450 9 101 29];

app.ShimmingButton.Text = ’ Shimming’;

% Create Send2NI

app.Send2NI = uibutton(app.Panel_5, ’push’);

app.Send2NI.ButtonPushedFcn = createCallbackFcn(app,

@Send_shimming_2NI, true);

app.Send2NI.BackgroundColor = [0 1 1];

app.Send2NI.FontSize = 16;

app.Send2NI.Position = [400 8 40 26];

app.Send2NI.Text = ’Set’;

% Create Sent_G0

app.Sent_G0 = uibutton(app.Panel_5, ’push’);

app.Sent_G0.ButtonPushedFcn = createCallbackFcn(app, @SetG0_CB,

true);

app.Sent_G0.BackgroundColor = [0 1 1];

app.Sent_G0.FontSize = 16;
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app.Sent_G0.Position = [343 8 46 26];

app.Sent_G0.Text = ’G=0’;

% Create Panel_4

app.Panel_4 = uipanel(app.UsermodeTab);

app.Panel_4.BackgroundColor = [1 1 1];

app.Panel_4.Position = [737 676 565 98];

% Create ImagProtocolLabel

app.ImagProtocolLabel = uilabel(app.Panel_4);

app.ImagProtocolLabel.HorizontalAlignment = ’right’;

app.ImagProtocolLabel.FontSize = 16;

app.ImagProtocolLabel.FontColor = [0 0 1];

app.ImagProtocolLabel.Position = [22 66 64 22];

app.ImagProtocolLabel.Text = ’Protocol’;

% Create Protocol_imaging

app.Protocol_imaging = uidropdown(app.Panel_4);

app.Protocol_imaging.Items = {’FBP’, ’FBPHG’, ’HG_Y’, ’’};

app.Protocol_imaging.FontSize = 16;

app.Protocol_imaging.Position = [16 34 92 22];

app.Protocol_imaging.Value = ’FBPHG’;

% Create GmaxGcmButtonGroup

app.GmaxGcmButtonGroup = uibuttongroup(app.Panel_4);

app.GmaxGcmButtonGroup.ForegroundColor = [0 0 1];

app.GmaxGcmButtonGroup.Title = ’Gmax, G/cm’;

app.GmaxGcmButtonGroup.FontSize = 16;

app.GmaxGcmButtonGroup.Position = [249 32 127 54];
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% Create gmax_3

app.gmax_3 = uiradiobutton(app.GmaxGcmButtonGroup);

app.gmax_3.Text = ’3’;

app.gmax_3.FontSize = 20;

app.gmax_3.Position = [1 0 58 23];

app.gmax_3.Value = true;

% Create gmax_5

app.gmax_5 = uiradiobutton(app.GmaxGcmButtonGroup);

app.gmax_5.Text = ’5’;

app.gmax_5.FontSize = 20;

app.gmax_5.Position = [83 1 36 23];

% Create gmax_4

app.gmax_4 = uiradiobutton(app.GmaxGcmButtonGroup);

app.gmax_4.Text = ’4’;

app.gmax_4.FontSize = 20;

app.gmax_4.Position = [40 1 31 23];

% Create ImsLabel

app.ImsLabel = uilabel(app.Panel_4);

app.ImsLabel.HorizontalAlignment = ’right’;

app.ImsLabel.FontSize = 16;

app.ImsLabel.FontColor = [0 0 1];

app.ImsLabel.Position = [184 63 45 22];

app.ImsLabel.Text = ’# Ims’;

% Create Number_of_Imagers

app.Number_of_Imagers = uieditfield(app.Panel_4, ’numeric’);

app.Number_of_Imagers.HorizontalAlignment = ’center’;
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app.Number_of_Imagers.FontSize = 20;

app.Number_of_Imagers.Position = [187 32 40 25];

app.Number_of_Imagers.Value = 2;

% Create Start_Imaging_4D

app.Start_Imaging_4D = uibutton(app.Panel_4, ’state’);

app.Start_Imaging_4D.ValueChangedFcn = createCallbackFcn(app,

@Run_Stop_Imaging, true);

app.Start_Imaging_4D.Text = ’ 4D’;

app.Start_Imaging_4D.FontSize = 16;

app.Start_Imaging_4D.Position = [498 25 43 26];

% Create NewImagingButton

app.NewImagingButton = uibutton(app.Panel_4, ’push’);

app.NewImagingButton.ButtonPushedFcn = createCallbackFcn(app,

@New_imaging, true);

app.NewImagingButton.BackgroundColor = [0.902 0.902 0.902];

app.NewImagingButton.FontSize = 16;

app.NewImagingButton.Position = [434 61 109 26];

app.NewImagingButton.Text = ’New Imaging’;

% Create CheckBox_Kinetics

app.CheckBox_Kinetics = uicheckbox(app.Panel_4);

app.CheckBox_Kinetics.Text = ’’;

app.CheckBox_Kinetics.Position = [143 29 25 22];

% Create Image

app.Image = uiimage(app.Panel_4);

app.Image.Position = [138 55 29 31];

app.Image.ImageSource = ’runner.JPG’;
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% Create Start_Imaging_3D

app.Start_Imaging_3D = uibutton(app.Panel_4, ’state’);

app.Start_Imaging_3D.ValueChangedFcn = createCallbackFcn(app,

@Run_3D_imaging, true);

app.Start_Imaging_3D.Text = ’ 3D’;

app.Start_Imaging_3D.FontSize = 16;

app.Start_Imaging_3D.Position = [443 23 43 26];

% Create NaverLabel

app.NaverLabel = uilabel(app.UsermodeTab);

app.NaverLabel.HorizontalAlignment = ’right’;

app.NaverLabel.FontSize = 16;

app.NaverLabel.Position = [1155 939 77 22];

app.NaverLabel.Text = ’# Average’;

% Create Naver_V

app.Naver_V = uieditfield(app.UsermodeTab, ’numeric’);

app.Naver_V.Limits = [1 Inf];

app.Naver_V.RoundFractionalValues = ’on’;

app.Naver_V.ValueChangedFcn = createCallbackFcn(app,

@Naver_VValueChanged, true);

app.Naver_V.HorizontalAlignment = ’center’;

app.Naver_V.FontSize = 20;

app.Naver_V.Position = [1241 936 57 25];

app.Naver_V.Value = 250;

% Create RunStopButton

app.RunStopButton = uibutton(app.UsermodeTab, ’state’);

app.RunStopButton.ValueChangedFcn = createCallbackFcn(app,
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@Run_Stop_Spectra, true);

app.RunStopButton.Text = ’Start Spectra’;

app.RunStopButton.BackgroundColor = [0 0 1];

app.RunStopButton.FontSize = 20;

app.RunStopButton.FontColor = [1 1 1];

app.RunStopButton.Position = [738 871 132 31];

% Create Number_of_spectra

app.Number_of_spectra = uieditfield(app.UsermodeTab, ’numeric’);

app.Number_of_spectra.HorizontalAlignment = ’center’;

app.Number_of_spectra.FontSize = 20;

app.Number_of_spectra.Position = [1248 974 50 25];

app.Number_of_spectra.Value = 20;

% Create Panel_8

app.Panel_8 = uipanel(app.UsermodeTab);

app.Panel_8.BackgroundColor = [1 1 1];

app.Panel_8.FontSize = 16;

app.Panel_8.Position = [839 930 306 72];

% Create PhRFLabel

app.PhRFLabel = uilabel(app.Panel_8);

app.PhRFLabel.HorizontalAlignment = ’right’;

app.PhRFLabel.FontSize = 16;

app.PhRFLabel.Position = [8 37 57 22];

app.PhRFLabel.Text = ’Ph(RF)’;

% Create Phase_RF

app.Phase_RF = uieditfield(app.Panel_8, ’numeric’);

app.Phase_RF.ValueChangedFcn = createCallbackFcn(app,
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@Phase_RFValueChanged, true);

app.Phase_RF.HorizontalAlignment = ’center’;

app.Phase_RF.FontSize = 20;

app.Phase_RF.Position = [9 3 56 25];

% Create Phase_RS

app.Phase_RS = uieditfield(app.Panel_8, ’numeric’);

app.Phase_RS.ValueDisplayFormat = ’%.1f’;

app.Phase_RS.ValueChangedFcn = createCallbackFcn(app,

@Phase_RSValueChanged, true);

app.Phase_RS.HorizontalAlignment = ’center’;

app.Phase_RS.FontSize = 20;

app.Phase_RS.Position = [75 4 90 25];

app.Phase_RS.Value = 200;

% Create PhRSLabel

app.PhRSLabel = uilabel(app.Panel_8);

app.PhRSLabel.HorizontalAlignment = ’right’;

app.PhRSLabel.FontSize = 16;

app.PhRSLabel.Position = [89 37 58 22];

app.PhRSLabel.Text = ’Ph(RS)’;

% Create AutpRS_CheckBox

app.AutpRS_CheckBox = uicheckbox(app.Panel_8);

app.AutpRS_CheckBox.Text = ’’;

app.AutpRS_CheckBox.FontSize = 24;

app.AutpRS_CheckBox.Position = [175 4 29 28];

% Create AutoLabel

app.AutoLabel = uilabel(app.Panel_8);
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app.AutoLabel.HorizontalAlignment = ’right’;

app.AutoLabel.FontSize = 16;

app.AutoLabel.Position = [164 36 43 22];

app.AutoLabel.Text = ’Auto ’;

% Create Scan_Frequency

app.Scan_Frequency = uidropdown(app.Panel_8);

app.Scan_Frequency.Items = {’9710’, ’11900’, ’15520’, ’8240’, ’16440’};

app.Scan_Frequency.ValueChangedFcn = createCallbackFcn(app,

@XHnage_RS_frequnecy, true);

app.Scan_Frequency.FontSize = 20;

app.Scan_Frequency.Position = [206 6 93 25];

app.Scan_Frequency.Value = ’9710’;

% Create RSFreqLabel

app.RSFreqLabel = uilabel(app.Panel_8);

app.RSFreqLabel.HorizontalAlignment = ’right’;

app.RSFreqLabel.FontSize = 16;

app.RSFreqLabel.Position = [214 37 70 22];

app.RSFreqLabel.Text = ’RS Freq.’;

% Create SpectraLabel

app.SpectraLabel = uilabel(app.UsermodeTab);

app.SpectraLabel.HorizontalAlignment = ’right’;

app.SpectraLabel.FontSize = 16;

app.SpectraLabel.Position = [1157 977 74 22];

app.SpectraLabel.Text = ’# Spectra’;

% Create Panel_9

app.Panel_9 = uipanel(app.UsermodeTab);

260



app.Panel_9.BackgroundColor = [1 1 1];

app.Panel_9.Position = [1029 865 269 40];

% Create RunStopButton_2

app.RunStopButton_2 = uibutton(app.Panel_9, ’state’);

app.RunStopButton_2.ValueChangedFcn = createCallbackFcn(app,

@CF_Guess, true);

app.RunStopButton_2.Text = ’Field ?’;

app.RunStopButton_2.BackgroundColor = [0 0 1];

app.RunStopButton_2.FontSize = 20;

app.RunStopButton_2.FontColor = [1 1 1];

app.RunStopButton_2.Position = [5 5 74 31];

% Create Current_Field

app.Current_Field = uieditfield(app.Panel_9, ’numeric’);

app.Current_Field.Limits = [0 36];

app.Current_Field.ValueDisplayFormat = ’%2.2f’;

app.Current_Field.ValueChangedFcn = createCallbackFcn(app,

@Current_FieldValueChanged, true);

app.Current_Field.HorizontalAlignment = ’center’;

app.Current_Field.FontSize = 20;

app.Current_Field.Position = [131 7 72 25];

app.Current_Field.Value = 10;

% Create ProbeDropDown

app.ProbeDropDown = uidropdown(app.UsermodeTab);

app.ProbeDropDown.Items = {’Lorentz’, ’Sox71’, ’Ox71’, ’Finland’, ’HOPE’};

app.ProbeDropDown.FontSize = 20;

app.ProbeDropDown.FontColor = [0.9412 0.9412 0.9412];

app.ProbeDropDown.BackgroundColor = [0.6353 0.0784 0.1843];
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app.ProbeDropDown.Position = [896 870 112 30];

app.ProbeDropDown.Value = ’Lorentz’;

% Create RSData_Show_CheckBox

app.RSData_Show_CheckBox = uicheckbox(app.UsermodeTab);

app.RSData_Show_CheckBox.Text = ’ RS Data’;

app.RSData_Show_CheckBox.FontSize = 16;

app.RSData_Show_CheckBox.Position = [1212 467 87 22];

% Create PlotLabel_2

app.PlotLabel_2 = uilabel(app.UsermodeTab);

app.PlotLabel_2.HorizontalAlignment = ’right’;

app.PlotLabel_2.FontSize = 16;

app.PlotLabel_2.Position = [1075 465 33 22];

app.PlotLabel_2.Text = ’Plot’;

% Create Plot_EPR_chk

app.Plot_EPR_chk = uicheckbox(app.UsermodeTab);

app.Plot_EPR_chk.Text = ’’;

app.Plot_EPR_chk.FontSize = 20;

app.Plot_EPR_chk.Position = [1120 467 28 23];

app.Plot_EPR_chk.Value = true;

% Create AverLabel

app.AverLabel = uilabel(app.UsermodeTab);

app.AverLabel.HorizontalAlignment = ’right’;

app.AverLabel.FontSize = 16;

app.AverLabel.Position = [968 465 42 22];

app.AverLabel.Text = ’Aver.’;
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% Create Average_Plots_chk

app.Average_Plots_chk = uicheckbox(app.UsermodeTab);

app.Average_Plots_chk.Text = ’’;

app.Average_Plots_chk.FontSize = 20;

app.Average_Plots_chk.Position = [1033 466 28 23];

% Create Label_6

app.Label_6 = uilabel(app.UsermodeTab);

app.Label_6.FontSize = 20;

app.Label_6.Position = [1013 464 25 24];

app.Label_6.Text = ’<’;

% Create Label_7

app.Label_7 = uilabel(app.UsermodeTab);

app.Label_7.FontSize = 20;

app.Label_7.Position = [1051 464 25 24];

app.Label_7.Text = ’>’;

% Create BackgroundsubtractionCheckBox

app.BackgroundsubtractionCheckBox = uicheckbox(app.UsermodeTab);

app.BackgroundsubtractionCheckBox.Text = ’Background subtraction’;

app.BackgroundsubtractionCheckBox.FontSize = 16;

app.BackgroundsubtractionCheckBox.Position = [57 471 191 22];

% Create TuningTab

app.TuningTab = uitab(app.TabGroup);

app.TuningTab.Title = ’Tuning’;

% Create MCbox

app.MCbox = uiaxes(app.TuningTab);
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title(app.MCbox, ’Title’)

xlabel(app.MCbox, ’X’)

ylabel(app.MCbox, ’Y’)

zlabel(app.MCbox, ’Z’)

app.MCbox.Position = [16 421 1286 601];

% Create ConnectMCButton

app.ConnectMCButton = uibutton(app.TuningTab, ’push’);

app.ConnectMCButton.ButtonPushedFcn = createCallbackFcn(app,

@ConnectMCButtonPushed, true);

app.ConnectMCButton.BackgroundColor = [0 1 0];

app.ConnectMCButton.FontSize = 16;

app.ConnectMCButton.Position = [58 341 104 52];

app.ConnectMCButton.Text = ’Connect MC’;

% Create DisconnectMCButton

app.DisconnectMCButton = uibutton(app.TuningTab, ’push’);

app.DisconnectMCButton.ButtonPushedFcn = createCallbackFcn(app,

@Stop_Teensy, true);

app.DisconnectMCButton.BackgroundColor = [0.6353 0.0784 0.1843];

app.DisconnectMCButton.FontSize = 16;

app.DisconnectMCButton.FontColor = [1 1 1];

app.DisconnectMCButton.Position = [184 341 124 52];

app.DisconnectMCButton.Text = ’Disconnect MC’;

% Create TestserialcommunicationButton

app.TestserialcommunicationButton = uibutton(app.TuningTab, ’push’);

app.TestserialcommunicationButton.ButtonPushedFcn =

createCallbackFcn(app, @Send2Teensy, true);

app.TestserialcommunicationButton.FontSize = 16;
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app.TestserialcommunicationButton.Position = [73 288 201 45];

app.TestserialcommunicationButton.Text = ’Test serial communication’;

% Create testserialcombox

app.testserialcombox = uieditfield(app.TuningTab, ’text’);

app.testserialcombox.FontSize = 16;

app.testserialcombox.Position = [66 244 223 23];

app.testserialcombox.Value = ’x x x x x x’;

% Create TunerangeButtonGroup

app.TunerangeButtonGroup = uibuttongroup(app.TuningTab);

app.TunerangeButtonGroup.SelectionChangedFcn =

createCallbackFcn(app, @TunerangeButtonGroupSelectionChanged, true);

app.TunerangeButtonGroup.Title = ’Tune range’;

app.TunerangeButtonGroup.BackgroundColor = [0.902 0.902 0.902];

app.TunerangeButtonGroup.FontSize = 16;

app.TunerangeButtonGroup.Position = [559 106 173 244];

% Create Button

app.Button = uiradiobutton(app.TunerangeButtonGroup);

app.Button.Text = ’790-810’;

app.Button.FontSize = 16;

app.Button.Position = [11 194 81 22];

app.Button.Value = true;

% Create Button_2

app.Button_2 = uiradiobutton(app.TunerangeButtonGroup);

app.Button_2.Text = ’800-820’;

app.Button_2.FontSize = 16;

app.Button_2.Position = [11 172 81 22];
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% Create Button_3

app.Button_3 = uiradiobutton(app.TunerangeButtonGroup);

app.Button_3.Text = ’810-830’;

app.Button_3.FontSize = 16;

app.Button_3.Position = [11 150 81 22];

% Create GapsButton

app.GapsButton = uiradiobutton(app.TunerangeButtonGroup);

app.GapsButton.Text = ’Gaps’;

app.GapsButton.FontSize = 16;

app.GapsButton.Position = [22 28 60 22];

% Create Button_770

app.Button_770 = uiradiobutton(app.TunerangeButtonGroup);

app.Button_770.Text = ’770-790’;

app.Button_770.FontSize = 16;

app.Button_770.Position = [11 115 81 22];

% Create Button_780

app.Button_780 = uiradiobutton(app.TunerangeButtonGroup);

app.Button_780.Text = ’780-800’;

app.Button_780.FontSize = 16;

app.Button_780.Position = [11 90 81 22];

% Create kHzButton

app.kHzButton = uibutton(app.TuningTab, ’push’);

app.kHzButton.ButtonPushedFcn = createCallbackFcn(app, @minus50kHz, true);

app.kHzButton.BackgroundColor = [0.651 0.651 0.651];

app.kHzButton.FontSize = 16;
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app.kHzButton.Position = [865 250 100 26];

app.kHzButton.Text = ’-50kHz’;

% Create kHzButton_2

app.kHzButton_2 = uibutton(app.TuningTab, ’push’);

app.kHzButton_2.ButtonPushedFcn = createCallbackFcn(app, @Plus50kHz, true);

app.kHzButton_2.BackgroundColor = [0.651 0.651 0.651];

app.kHzButton_2.FontSize = 16;

app.kHzButton_2.Position = [1000 250 100 26];

app.kHzButton_2.Text = ’+50kHz’;

% Create SetonceButton

app.SetonceButton = uibutton(app.TuningTab, ’push’);

app.SetonceButton.ButtonPushedFcn = createCallbackFcn(

app, @Set_Get_Reflection, true);

app.SetonceButton.BackgroundColor = [0 0.4471 0.7412];

app.SetonceButton.FontSize = 16;

app.SetonceButton.FontWeight = ’bold’;

app.SetonceButton.FontColor = [1 1 1];

app.SetonceButton.Position = [492 372 100 26];

app.SetonceButton.Text = ’Set once’;

% Create SmartTuneButton

app.SmartTuneButton = uibutton(app.TuningTab, ’push’);

app.SmartTuneButton.ButtonPushedFcn = createCallbackFcn(app,

@Smart_Tune, true);

app.SmartTuneButton.BackgroundColor = [0.4667 0.6745 0.1882];

app.SmartTuneButton.FontSize = 16;

app.SmartTuneButton.FontWeight = ’bold’;

app.SmartTuneButton.FontColor = [1 1 1];
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app.SmartTuneButton.Position = [644 372 102 26];

app.SmartTuneButton.Text = ’Smart Tune’;

% Create PlottunepatternCheckBox

app.PlottunepatternCheckBox = uicheckbox(app.TuningTab);

app.PlottunepatternCheckBox.Text = ’Plot tune pattern’;

app.PlottunepatternCheckBox.FontSize = 16;

app.PlottunepatternCheckBox.Position = [873 374 139 22];

% Create DTC1EditFieldLabel

app.DTC1EditFieldLabel = uilabel(app.TuningTab);

app.DTC1EditFieldLabel.HorizontalAlignment = ’right’;

app.DTC1EditFieldLabel.FontSize = 16;

app.DTC1EditFieldLabel.Position = [74 185 47 22];

app.DTC1EditFieldLabel.Text = ’DTC1’;

% Create DTC1

app.DTC1 = uieditfield(app.TuningTab, ’numeric’);

app.DTC1.Limits = [0 32];

app.DTC1.RoundFractionalValues = ’on’;

app.DTC1.FontSize = 16;

app.DTC1.Position = [136 185 31 22];

% Create DTC2EditFieldLabel

app.DTC2EditFieldLabel = uilabel(app.TuningTab);

app.DTC2EditFieldLabel.HorizontalAlignment = ’right’;

app.DTC2EditFieldLabel.FontSize = 16;

app.DTC2EditFieldLabel.Position = [227 184 47 22];

app.DTC2EditFieldLabel.Text = ’DTC2’;
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% Create DTC2

app.DTC2 = uieditfield(app.TuningTab, ’numeric’);

app.DTC2.Limits = [0 32];

app.DTC2.RoundFractionalValues = ’on’;

app.DTC2.FontSize = 16;

app.DTC2.Position = [289 184 31 22];

% Create RFMHzEditFieldLabel

app.RFMHzEditFieldLabel = uilabel(app.TuningTab);

app.RFMHzEditFieldLabel.HorizontalAlignment = ’right’;

app.RFMHzEditFieldLabel.FontSize = 16;

app.RFMHzEditFieldLabel.Position = [882 328 67 22];

app.RFMHzEditFieldLabel.Text = ’RF, MHz’;

% Create CW_Freq

app.CW_Freq = uieditfield(app.TuningTab, ’numeric’);

app.CW_Freq.FontSize = 16;

app.CW_Freq.Position = [964 328 100 22];

app.CW_Freq.Value = 800;

% Create FineCWControlLabel

app.FineCWControlLabel = uilabel(app.TuningTab);

app.FineCWControlLabel.FontSize = 16;

app.FineCWControlLabel.Position = [917 291 124 22];

app.FineCWControlLabel.Text = ’Fine CW Control’;

% Create ReflThershEditFieldLabel

app.ReflThershEditFieldLabel = uilabel(app.TuningTab);

app.ReflThershEditFieldLabel.HorizontalAlignment = ’right’;

app.ReflThershEditFieldLabel.FontSize = 18;
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app.ReflThershEditFieldLabel.Position = [1076 325 98 22];

app.ReflThershEditFieldLabel.Text = ’Refl Thersh’;

% Create ReflThershEditField

app.ReflThershEditField = uieditfield(app.TuningTab, ’numeric’);

app.ReflThershEditField.FontSize = 18;

app.ReflThershEditField.Position = [1180 327 100 23];

app.ReflThershEditField.Value = 130;

% Create CalibrationsTab

app.CalibrationsTab = uitab(app.TabGroup);

app.CalibrationsTab.Title = ’Calibrations’;

% Create PicoScopeTextAreaLabel

app.PicoScopeTextAreaLabel = uilabel(app.CalibrationsTab);

app.PicoScopeTextAreaLabel.HorizontalAlignment = ’right’;

app.PicoScopeTextAreaLabel.Position = [516 998 63 22];

app.PicoScopeTextAreaLabel.Text = ’PicoScope’;

% Create PicoScopeTextArea

app.PicoScopeTextArea = uitextarea(app.CalibrationsTab);

app.PicoScopeTextArea.FontSize = 18;

app.PicoScopeTextArea.Position = [594 962 474 60];

app.PicoScopeTextArea.Value = {’8130 Hz : PIco : 0.265’};

% Create AWG_calibration

app.AWG_calibration = uieditfield(app.CalibrationsTab, ’numeric’);

app.AWG_calibration.FontSize = 18;

app.AWG_calibration.Position = [239 701 100 23];

app.AWG_calibration.Value = 0.088;
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% Create AWGGppLabel

app.AWGGppLabel = uilabel(app.CalibrationsTab);

app.AWGGppLabel.FontSize = 20;

app.AWGGppLabel.Position = [40 700 136 24];

app.AWGGppLabel.Text = ’AWG <> Gpp ’;

% Create ExpertmodeTab

app.ExpertmodeTab = uitab(app.TabGroup);

app.ExpertmodeTab.Title = ’Expert mode’;

% Create ButtonGroup_2

app.ButtonGroup_2 = uibuttongroup(app.ExpertmodeTab);

app.ButtonGroup_2.FontSize = 20;

app.ButtonGroup_2.Position = [495 332 123 106];

% Create UpButton

app.UpButton = uiradiobutton(app.ButtonGroup_2);

app.UpButton.Text = ’Up’;

app.UpButton.FontSize = 20;

app.UpButton.Position = [11 78 48 23];

% Create DownButton

app.DownButton = uiradiobutton(app.ButtonGroup_2);

app.DownButton.Text = ’Down’;

app.DownButton.FontSize = 20;

app.DownButton.Position = [8 42 73 23];

% Create SumButton

app.SumButton = uiradiobutton(app.ButtonGroup_2);
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app.SumButton.Text = ’Sum’;

app.SumButton.FontSize = 20;

app.SumButton.Position = [12 11 65 23];

app.SumButton.Value = true;

% Create Scan_Frequency_old

app.Scan_Frequency_old = uidropdown(app.ExpertmodeTab);

app.Scan_Frequency_old.Items = {’9200’, ’8130’, ’9400’, ’5180’};

app.Scan_Frequency_old.FontSize = 20;

app.Scan_Frequency_old.Position = [215 980 77 25];

app.Scan_Frequency_old.Value = ’8130’;

% Create ScanFrequnecyHzLabel

app.ScanFrequnecyHzLabel = uilabel(app.ExpertmodeTab);

app.ScanFrequnecyHzLabel.FontSize = 20;

app.ScanFrequnecyHzLabel.Position = [18 982 185 24];

app.ScanFrequnecyHzLabel.Text = ’Scan Frequnecy, Hz’;

% Create LWminLabel

app.LWminLabel = uilabel(app.ExpertmodeTab);

app.LWminLabel.HorizontalAlignment = ’right’;

app.LWminLabel.FontSize = 20;

app.LWminLabel.Position = [44 938 34 24];

app.LWminLabel.Text = ’LW’;

% Create LWmin

app.LWmin = uieditfield(app.ExpertmodeTab, ’numeric’);

app.LWmin.HorizontalAlignment = ’center’;

app.LWmin.FontSize = 20;

app.LWmin.Position = [91 937 56 25];
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app.LWmin.Value = 0.01;

% Create MaxpointformagnetfieldcorrectioniffittingissporadicCheckBox

app.MaxpointformagnetfieldcorrectioniffittingissporadicCheckBox =

uicheckbox(app.ExpertmodeTab);

app.MaxpointformagnetfieldcorrectioniffittingissporadicCheckBox.Text =

’Max point for magnet field correction (if fitting is sporadic)’;

app.MaxpointformagnetfieldcorrectioniffittingissporadicCheckBox.Position =

[44 900 331 22];

% Create SettingsTab

app.SettingsTab = uitab(app.TabGroup);

app.SettingsTab.Title = ’Settings’;

% Create ScanParsPanel

app.ScanParsPanel = uipanel(app.SettingsTab);

app.ScanParsPanel.Title = ’Scan Pars’;

app.ScanParsPanel.Position = [1 870 260 166];

% Create UpdatePlot

app.UpdatePlot = uicheckbox(app.ScanParsPanel);

app.UpdatePlot.Text = {’Update plot’; ’’};

app.UpdatePlot.FontSize = 16;

app.UpdatePlot.Position = [17 113 126 26];

app.UpdatePlot.Value = true;

% Create FunGenReset

app.FunGenReset = uibutton(app.ScanParsPanel, ’push’);

app.FunGenReset.FontSize = 14;

app.FunGenReset.Position = [134 115 78 24];
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app.FunGenReset.Text = ’Reset’;

% Create FGPhaseDegrLabel

app.FGPhaseDegrLabel = uilabel(app.ScanParsPanel);

app.FGPhaseDegrLabel.HorizontalAlignment = ’right’;

app.FGPhaseDegrLabel.FontSize = 16;

app.FGPhaseDegrLabel.Position = [20 8 123 22];

app.FGPhaseDegrLabel.Text = ’FG Phase [Degr]’;

% Create FunGenPhase_box

app.FunGenPhase_box = uieditfield(app.ScanParsPanel, ’numeric’);

app.FunGenPhase_box.Limits = [0 360];

app.FunGenPhase_box.HorizontalAlignment = ’left’;

app.FunGenPhase_box.FontSize = 16;

app.FunGenPhase_box.Position = [163 8 45 22];

app.FunGenPhase_box.Value = 130;

% Create FunGenVLabel

app.FunGenVLabel = uilabel(app.ScanParsPanel);

app.FunGenVLabel.HorizontalAlignment = ’right’;

app.FunGenVLabel.FontSize = 16;

app.FunGenVLabel.Position = [43 48 94 22];

app.FunGenVLabel.Text = ’FunGen [V].’;

% Create FunGenVoltage_box

app.FunGenVoltage_box = uieditfield(app.ScanParsPanel, ’numeric’);

app.FunGenVoltage_box.Limits = [0 4];

app.FunGenVoltage_box.HorizontalAlignment = ’left’;

app.FunGenVoltage_box.FontSize = 16;

app.FunGenVoltage_box.Position = [149 46 35 22];
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app.FunGenVoltage_box.Value = 1;

% Create PicoscopeSettingsPanel

app.PicoscopeSettingsPanel = uipanel(app.SettingsTab);

app.PicoscopeSettingsPanel.Title = ’Picoscope Settings’;

app.PicoscopeSettingsPanel.Position = [865 10 446 444];

% Create TriggerPanel

app.TriggerPanel = uipanel(app.PicoscopeSettingsPanel);

app.TriggerPanel.Title = ’Trigger’;

app.TriggerPanel.BackgroundColor = [1 1 1];

app.TriggerPanel.Position = [210 328 230 93];

% Create Channel

app.Channel = uidropdown(app.TriggerPanel);

app.Channel.Items = {’A’, ’B’, ’C’, ’D’, ’Ex’};

app.Channel.Position = [9 43 41 22];

app.Channel.Value = ’D’;

% Create TresholdmVEditFieldLabel

app.TresholdmVEditFieldLabel = uilabel(app.TriggerPanel);

app.TresholdmVEditFieldLabel.HorizontalAlignment = ’right’;

app.TresholdmVEditFieldLabel.Position = [71 43 76 22];

app.TresholdmVEditFieldLabel.Text = ’Treshold, mV’;

% Create Treshold

app.Treshold = uieditfield(app.TriggerPanel, ’numeric’);

app.Treshold.Limits = [0 3000];

app.Treshold.RoundFractionalValues = ’on’;

app.Treshold.Position = [160 43 41 22];
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app.Treshold.Value = 1000;

% Create DelayLabel

app.DelayLabel = uilabel(app.TriggerPanel);

app.DelayLabel.HorizontalAlignment = ’right’;

app.DelayLabel.Position = [7 9 36 22];

app.DelayLabel.Text = ’Delay’;

% Create Delay

app.Delay = uieditfield(app.TriggerPanel, ’numeric’);

app.Delay.Position = [47 10 22 22];

% Create DirecLabel

app.DirecLabel = uilabel(app.TriggerPanel);

app.DirecLabel.HorizontalAlignment = ’right’;

app.DirecLabel.Position = [78 9 34 22];

app.DirecLabel.Text = ’Direc’;

% Create Direct

app.Direct = uieditfield(app.TriggerPanel, ’numeric’);

app.Direct.Position = [116 10 22 22];

app.Direct.Value = 2;

% Create AutoTrLabel

app.AutoTrLabel = uilabel(app.TriggerPanel);

app.AutoTrLabel.HorizontalAlignment = ’right’;

app.AutoTrLabel.Position = [143 9 41 22];

app.AutoTrLabel.Text = ’AutoTr’;

% Create AutoTr
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app.AutoTr = uieditfield(app.TriggerPanel, ’numeric’);

app.AutoTr.Position = [189 10 22 22];

app.AutoTr.Value = 1;

% Create RetrieveStart_iSeg_iRatioModeLabel

app.RetrieveStart_iSeg_iRatioModeLabel =

uilabel(app.PicoscopeSettingsPanel);

app.RetrieveStart_iSeg_iRatioModeLabel.HorizontalAlignment = ’right’;

app.RetrieveStart_iSeg_iRatioModeLabel.Position = [8 350 201 22];

app.RetrieveStart_iSeg_iRatioModeLabel.Text = ’Retrieve: Start_i,

Seg_i, Ratio, Mode’;

% Create RetrieveDataTX

app.RetrieveDataTX = uieditfield(app.PicoscopeSettingsPanel, ’text’);

app.RetrieveDataTX.Position = [16 326 162 22];

app.RetrieveDataTX.Value = ’0 0 1 0 ’;

% Create TextArea

app.TextArea = uitextarea(app.PicoscopeSettingsPanel);

app.TextArea.FontSize = 11;

app.TextArea.Position = [38 37 404 279];

app.TextArea.Value = {’%FROM: Set_Paths_Defaults_Calibration.m’;

’% Trigger’; ’ps5000a.TrigChannel = 3; % 0,1,2,3,4 [A, B C D ext] ’;

’ps5000a.Threshold=1000; % (mV);’; ’ps5000a.Direction=2; % Rising’;

’ps5000a.Delay=0; ’; ’ps5000a.AutoTrig=1; % (wait indefinitely)’;

’%’; ’% timebase : 65 (default) ; segment index: 0’;

’% timebaseIndex = get(DevObj.ps5000aDeviceObj, ’’timebase’’);’;

’% [status, timeIntervalNanoSeconds, maxSamples] =

invoke(DevObj.ps5000aDeviceObj, ’’ps5000aGetTimebase2’’,

timebaseIndex, 0);’; ’% sampling interval = (timebase - 2)/ 125000000’;
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’% sampleTimePicosecond = libpointer(’’int64Ptr’’,zeros(1000,1));’;

’ps5000a.time_base=14;’; ’ps5000a.post_samples=2*8*2048; % post Trigger’;

’ps5000a.segmentInx=0; % to Capture a block of data:’;

’% Retrieve data values: ’; ’ps5000a.start_index =0;’;

’ps5000a.segment_index=0;’; ’ps5000a.downsampling_ratio=1;’;

’ps5000a.downsampling_mode=0;’};

% Create RESETButton

app.RESETButton = uibutton(app.PicoscopeSettingsPanel, ’push’);

app.RESETButton.Position = [175 6 100 22];

app.RESETButton.Text = ’RESET ’;

% Create SamplingBasePostSamSegInxEditFieldLabel

app.SamplingBasePostSamSegInxEditFieldLabel = uilabel(app.SettingsTab);

app.SamplingBasePostSamSegInxEditFieldLabel.HorizontalAlignment = ’right’;

app.SamplingBasePostSamSegInxEditFieldLabel.Position = [985 987 190 22];

app.SamplingBasePostSamSegInxEditFieldLabel.Text = ’Sampling: Base,

PostSam, SegInx’;

% Create SamplingTX

app.SamplingTX = uieditfield(app.SettingsTab, ’text’);

app.SamplingTX.Position = [992 963 162 22];

app.SamplingTX.Value = ’14 32768 0’;

% Create CalibrationPanel

app.CalibrationPanel = uipanel(app.SettingsTab);

app.CalibrationPanel.Title = ’Calibration’;

app.CalibrationPanel.Position = [260 870 721 166];

% Create CoilTypeButtonGroup
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app.CoilTypeButtonGroup = uibuttongroup(app.CalibrationPanel);

app.CoilTypeButtonGroup.Title = ’Coil Type’;

app.CoilTypeButtonGroup.Position = [10 30 123 106];

% Create LargestButton

app.LargestButton = uiradiobutton(app.CoilTypeButtonGroup);

app.LargestButton.Text = ’Largest’;

app.LargestButton.Position = [11 60 62 22];

app.LargestButton.Value = true;

% Create MiddleButton

app.MiddleButton = uiradiobutton(app.CoilTypeButtonGroup);

app.MiddleButton.Text = ’Middle’;

app.MiddleButton.Position = [11 38 65 22];

% Create SmallButton

app.SmallButton = uiradiobutton(app.CoilTypeButtonGroup);

app.SmallButton.Text = {’Small’; ’’};

app.SmallButton.Position = [11 16 65 22];

% Create AWGPanel

app.AWGPanel = uipanel(app.CalibrationPanel);

app.AWGPanel.Title = ’AWG’;

app.AWGPanel.Position = [132 30 123 106];

% Create PhaseLabel

app.PhaseLabel = uilabel(app.AWGPanel);

app.PhaseLabel.HorizontalAlignment = ’right’;

app.PhaseLabel.Position = [7 59 40 22];

app.PhaseLabel.Text = ’Phase’;
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% Create AWG_phase

app.AWG_phase = uieditfield(app.AWGPanel, ’numeric’);

app.AWG_phase.Position = [55 59 46 22];

% Create AmplLabel

app.AmplLabel = uilabel(app.AWGPanel);

app.AmplLabel.HorizontalAlignment = ’right’;

app.AmplLabel.Position = [9 36 36 22];

app.AmplLabel.Text = ’Ampl.’;

% Create AWG_amplitude

app.AWG_amplitude = uieditfield(app.AWGPanel, ’numeric’);

app.AWG_amplitude.Position = [56 34 46 22];

% Create AWG_Set

app.AWG_Set = uibutton(app.AWGPanel, ’push’);

app.AWG_Set.Position = [8 5 100 22];

app.AWG_Set.Text = ’Set’;

% Create TextArea_2

app.TextArea_2 = uitextarea(app.CalibrationPanel);

app.TextArea_2.Position = [324 106 353 21];

app.TextArea_2.Value = {’LARGE: Freq_Hz Coil Const. Phase_Delay

Phase_AWG ’};

% Create LRG

app.LRG = uieditfield(app.CalibrationPanel, ’text’);

app.LRG.Position = [276 53 142 22];

app.LRG.Value = ’9400 1.26 96 135’;
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% Create LRG_2

app.LRG_2 = uieditfield(app.CalibrationPanel, ’text’);

app.LRG_2.Position = [427 53 142 22];

app.LRG_2.Value = ’5180 0.75 96 135’;

% Create AWGSettingsPanel

app.AWGSettingsPanel = uipanel(app.SettingsTab);

app.AWGSettingsPanel.Title = ’AWG Settings’;

app.AWGSettingsPanel.Position = [1 701 260 170];

% Create ResetAWGtoTuneCWstateButton

app.ResetAWGtoTuneCWstateButton = uibutton(app.AWGSettingsPanel, ’push’);

app.ResetAWGtoTuneCWstateButton.FontSize = 16;

app.ResetAWGtoTuneCWstateButton.FontColor = [0 0 1];

app.ResetAWGtoTuneCWstateButton.Position = [7 80 239 28];

app.ResetAWGtoTuneCWstateButton.Text = ’Reset AWG to Tune/CW state ’;

% Create PauseButton

app.PauseButton = uibutton(app.AWGSettingsPanel, ’state’);

app.PauseButton.Text = ’Pause’;

app.PauseButton.BackgroundColor = [1 0.702 0];

app.PauseButton.Position = [7 121 66 22];

% Create ResetAWGAutostateButton

app.ResetAWGAutostateButton = uibutton(app.AWGSettingsPanel, ’push’);

app.ResetAWGAutostateButton.FontSize = 16;

app.ResetAWGAutostateButton.FontColor = [0 0 1];

app.ResetAWGAutostateButton.Position = [7 45 242 28];

app.ResetAWGAutostateButton.Text = ’Reset AWG Auto state ’;
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% Create ResetArduinoButton

app.ResetArduinoButton = uibutton(app.AWGSettingsPanel, ’push’);

app.ResetArduinoButton.FontSize = 16;

app.ResetArduinoButton.FontColor = [0 0 1];

app.ResetArduinoButton.Position = [7 11 242 28];

app.ResetArduinoButton.Text = ’Reset Arduino’;

% Create DigitizerPanel

app.DigitizerPanel = uipanel(app.SettingsTab);

app.DigitizerPanel.Title = ’Digitizer’;

app.DigitizerPanel.Position = [1 0 260 702];

% Create DigitizerPanel_2

app.DigitizerPanel_2 = uipanel(app.DigitizerPanel);

app.DigitizerPanel_2.ForegroundColor = [1 1 0];

app.DigitizerPanel_2.Title = ’Digitizer’;

app.DigitizerPanel_2.BackgroundColor = [0.651 0.651 0.651];

app.DigitizerPanel_2.FontSize = 16;

app.DigitizerPanel_2.Position = [8 196 244 481];

% Create TBDLabel

app.TBDLabel = uilabel(app.DigitizerPanel_2);

app.TBDLabel.HorizontalAlignment = ’right’;

app.TBDLabel.FontSize = 14;

app.TBDLabel.Position = [12 44 52 22];

app.TBDLabel.Text = ’TBD’;

% Create Re_arm

app.Re_arm = uieditfield(app.DigitizerPanel_2, ’numeric’);
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app.Re_arm.HorizontalAlignment = ’center’;

app.Re_arm.FontSize = 14;

app.Re_arm.Position = [105 44 95 22];

app.Re_arm.Value = 5e-06;

% Create SamplinterLabel

app.SamplinterLabel = uilabel(app.DigitizerPanel_2);

app.SamplinterLabel.HorizontalAlignment = ’right’;

app.SamplinterLabel.FontSize = 14;

app.SamplinterLabel.Position = [17 416 83 22];

app.SamplinterLabel.Text = ’Sampl. inter.’;

% Create Saml_Interv

app.Saml_Interv = uieditfield(app.DigitizerPanel_2, ’numeric’);

app.Saml_Interv.HorizontalAlignment = ’center’;

app.Saml_Interv.FontSize = 14;

app.Saml_Interv.Position = [110 416 95 22];

app.Saml_Interv.Value = 1.6e-08;

% Create TBDLabel_2

app.TBDLabel_2 = uilabel(app.DigitizerPanel_2);

app.TBDLabel_2.HorizontalAlignment = ’right’;

app.TBDLabel_2.FontSize = 14;

app.TBDLabel_2.Position = [59 204 33 22];

app.TBDLabel_2.Text = ’TBD’;

% Create NumChan

app.NumChan = uieditfield(app.DigitizerPanel_2, ’numeric’);

app.NumChan.HorizontalAlignment = ’center’;

app.NumChan.FontSize = 14;
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app.NumChan.Position = [103 204 95 22];

app.NumChan.Value = 2;

% Create TBDLabel_3

app.TBDLabel_3 = uilabel(app.DigitizerPanel_2);

app.TBDLabel_3.HorizontalAlignment = ’right’;

app.TBDLabel_3.FontSize = 14;

app.TBDLabel_3.Position = [36 10 33 22];

app.TBDLabel_3.Text = ’TBD’;

% Create Timeout

app.Timeout = uieditfield(app.DigitizerPanel_2, ’numeric’);

app.Timeout.HorizontalAlignment = ’center’;

app.Timeout.FontSize = 14;

app.Timeout.Position = [105 10 95 22];

app.Timeout.Value = 9990;

% Create NumsamplesLabel

app.NumsamplesLabel = uilabel(app.DigitizerPanel_2);

app.NumsamplesLabel.HorizontalAlignment = ’right’;

app.NumsamplesLabel.FontSize = 14;

app.NumsamplesLabel.Position = [14 353 95 22];

app.NumsamplesLabel.Text = ’Num. samples’;

% Create NumSamples

app.NumSamples = uieditfield(app.DigitizerPanel_2, ’numeric’);

app.NumSamples.ValueDisplayFormat = ’%11.0d’;

app.NumSamples.HorizontalAlignment = ’center’;

app.NumSamples.FontSize = 14;

app.NumSamples.Position = [111 353 95 22];
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app.NumSamples.Value = 13056;

% Create NumsegmentsLabel

app.NumsegmentsLabel = uilabel(app.DigitizerPanel_2);

app.NumsegmentsLabel.HorizontalAlignment = ’right’;

app.NumsegmentsLabel.FontSize = 14;

app.NumsegmentsLabel.Position = [7 322 104 22];

app.NumsegmentsLabel.Text = ’Num. segments’;

% Create NumSegments

app.NumSegments = uieditfield(app.DigitizerPanel_2, ’numeric’);

app.NumSegments.HorizontalAlignment = ’center’;

app.NumSegments.FontSize = 14;

app.NumSegments.Position = [112 322 95 22];

app.NumSegments.Value = 1;

% Create NumaveragesLabel

app.NumaveragesLabel = uilabel(app.DigitizerPanel_2);

app.NumaveragesLabel.HorizontalAlignment = ’right’;

app.NumaveragesLabel.FontSize = 14;

app.NumaveragesLabel.Position = [7 292 100 22];

app.NumaveragesLabel.Text = ’Num. averages’;

% Create NumAverages

app.NumAverages = uieditfield(app.DigitizerPanel_2, ’numeric’);

app.NumAverages.HorizontalAlignment = ’center’;

app.NumAverages.FontSize = 14;

app.NumAverages.Position = [112 292 95 22];

app.NumAverages.Value = 100;
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% Create TBDLabel_4

app.TBDLabel_4 = uilabel(app.DigitizerPanel_2);

app.TBDLabel_4.HorizontalAlignment = ’right’;

app.TBDLabel_4.FontSize = 14;

app.TBDLabel_4.Position = [62 173 33 22];

app.TBDLabel_4.Text = ’TBD’;

% Create Mode

app.Mode = uieditfield(app.DigitizerPanel_2, ’numeric’);

app.Mode.HorizontalAlignment = ’center’;

app.Mode.FontSize = 14;

app.Mode.Position = [105 173 95 22];

app.Mode.Value = 2;

% Create VerticalVoltageLabel

app.VerticalVoltageLabel = uilabel(app.DigitizerPanel_2);

app.VerticalVoltageLabel.HorizontalAlignment = ’right’;

app.VerticalVoltageLabel.FontSize = 14;

app.VerticalVoltageLabel.Position = [7 384 98 22];

app.VerticalVoltageLabel.Text = ’VerticalVoltage’;

% Create VertVoltage

app.VertVoltage = uieditfield(app.DigitizerPanel_2, ’numeric’);

app.VertVoltage.HorizontalAlignment = ’center’;

app.VertVoltage.FontSize = 14;

app.VertVoltage.Position = [112 384 95 22];

app.VertVoltage.Value = 5;

% Create TBDLabel_5

app.TBDLabel_5 = uilabel(app.DigitizerPanel_2);
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app.TBDLabel_5.HorizontalAlignment = ’right’;

app.TBDLabel_5.FontSize = 14;

app.TBDLabel_5.Position = [64 137 33 22];

app.TBDLabel_5.Text = ’TBD’;

% Create Flags

app.Flags = uieditfield(app.DigitizerPanel_2, ’numeric’);

app.Flags.HorizontalAlignment = ’center’;

app.Flags.FontSize = 14;

app.Flags.Position = [107 137 95 22];

app.Flags.Value = 1;

% Create TBDLabel_6

app.TBDLabel_6 = uilabel(app.DigitizerPanel_2);

app.TBDLabel_6.HorizontalAlignment = ’right’;

app.TBDLabel_6.FontSize = 14;

app.TBDLabel_6.Position = [49 107 52 22];

app.TBDLabel_6.Text = ’TBD’;

% Create xxxx

app.xxxx = uieditfield(app.DigitizerPanel_2, ’numeric’);

app.xxxx.HorizontalAlignment = ’center’;

app.xxxx.FontSize = 14;

app.xxxx.Position = [107 107 95 22];

% Create TBDLabel_7

app.TBDLabel_7 = uilabel(app.DigitizerPanel_2);

app.TBDLabel_7.HorizontalAlignment = ’right’;

app.TBDLabel_7.FontSize = 14;

app.TBDLabel_7.Position = [68 76 33 22];
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app.TBDLabel_7.Text = ’TBD’;

% Create yyyy

app.yyyy = uieditfield(app.DigitizerPanel_2, ’numeric’);

app.yyyy.HorizontalAlignment = ’center’;

app.yyyy.FontSize = 14;

app.yyyy.Position = [108 76 95 22];

% Create TextArea_3

app.TextArea_3 = uitextarea(app.DigitizerPanel);

app.TextArea_3.FontSize = 10;

app.TextArea_3.Position = [65 31 137 154];

app.TextArea_3.Value = {’ Digitizer Defaults: ’; ’ rearm: 5.0000e-06’; ’

sampl_interval: 1.6000e-08’; ’ number_of_ch: 2’; ’ timeout: 9990’; ’

nbrSamples: 26624’; ’ nbrSegments: 1’; ’ nbrAvg: 1000’; ’ mode: 2’; ’

channelVert: [2 2]’; ’ flags: 1’; ’’};

% Create DCMagneticFieldGPanel

app.DCMagneticFieldGPanel = uipanel(app.SettingsTab);

app.DCMagneticFieldGPanel.ForegroundColor = [1 1 0.0667];

app.DCMagneticFieldGPanel.TitlePosition = ’centertop’;

app.DCMagneticFieldGPanel.Title = ’DC Magnetic Field [G]’;

app.DCMagneticFieldGPanel.BackgroundColor = [0.502 0.502 0.502];

app.DCMagneticFieldGPanel.FontSize = 16;

app.DCMagneticFieldGPanel.Position = [676 755 220 94];

% Create CoilCalibrationVGEditFieldLabel

app.CoilCalibrationVGEditFieldLabel = uilabel(app.DCMagneticFieldGPanel);

app.CoilCalibrationVGEditFieldLabel.HorizontalAlignment = ’right’;

app.CoilCalibrationVGEditFieldLabel.FontSize = 14;
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app.CoilCalibrationVGEditFieldLabel.FontColor = [1 1 0];

app.CoilCalibrationVGEditFieldLabel.Position = [-1 41 136 22];

app.CoilCalibrationVGEditFieldLabel.Text = ’Coil Calibration [V/G]’;

% Create DC_Coil_Calibration_V

app.DC_Coil_Calibration_V = uieditfield(app.DCMagneticFieldGPanel,

’numeric’);

app.DC_Coil_Calibration_V.FontSize = 14;

app.DC_Coil_Calibration_V.FontWeight = ’bold’;

app.DC_Coil_Calibration_V.Position = [142 41 63 22];

app.DC_Coil_Calibration_V.Value = 0.0951;

% Create ATTVoltageabslimitVLabel

app.ATTVoltageabslimitVLabel = uilabel(app.DCMagneticFieldGPanel);

app.ATTVoltageabslimitVLabel.HorizontalAlignment = ’right’;

app.ATTVoltageabslimitVLabel.FontSize = 14;

app.ATTVoltageabslimitVLabel.FontColor = [1 1 0];

app.ATTVoltageabslimitVLabel.Position = [11 8 169 22];

app.ATTVoltageabslimitVLabel.Text = ’ATT Voltage abs limit [V] ’;

% Create DC_Max_Volt_V

app.DC_Max_Volt_V = uieditfield(app.DCMagneticFieldGPanel, ’numeric’);

app.DC_Max_Volt_V.FontWeight = ’bold’;

app.DC_Max_Volt_V.Position = [175 8 30 22];

app.DC_Max_Volt_V.Value = 9.95;

% Create HalfPeriodEditFieldLabel

app.HalfPeriodEditFieldLabel = uilabel(app.SettingsTab);

app.HalfPeriodEditFieldLabel.HorizontalAlignment = ’right’;

app.HalfPeriodEditFieldLabel.Position = [260 832 65 22];
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app.HalfPeriodEditFieldLabel.Text = ’Half Period’;

% Create HalfPeriodEditField

app.HalfPeriodEditField = uieditfield(app.SettingsTab, ’numeric’);

app.HalfPeriodEditField.ValueChangedFcn = createCallbackFcn(app,

@HalfPeriodEditFieldValueChanged, true);

app.HalfPeriodEditField.Position = [340 832 100 22];

app.HalfPeriodEditField.Value = 95300;

% Create SpectraaveragingEditFieldLabel

app.SpectraaveragingEditFieldLabel = uilabel(app.SettingsTab);

app.SpectraaveragingEditFieldLabel.HorizontalAlignment = ’right’;

app.SpectraaveragingEditFieldLabel.Position = [270 803 103 22];

app.SpectraaveragingEditFieldLabel.Text = ’Spectra averaging’;

% Create SpectraaveragingEditField

app.SpectraaveragingEditField = uieditfield(app.SettingsTab, ’numeric’);

app.SpectraaveragingEditField.Limits = [0 Inf];

app.SpectraaveragingEditField.RoundFractionalValues = ’on’;

app.SpectraaveragingEditField.Position = [388 803 100 22];

app.SpectraaveragingEditField.Value = 1;

% Create GxcalibrationEditFieldLabel

app.GxcalibrationEditFieldLabel = uilabel(app.SettingsTab);

app.GxcalibrationEditFieldLabel.HorizontalAlignment = ’right’;

app.GxcalibrationEditFieldLabel.Position = [270 771 79 22];

app.GxcalibrationEditFieldLabel.Text = ’Gx calibration’;

% Create GxcalibrationEditField

app.GxcalibrationEditField = uieditfield(app.SettingsTab, ’numeric’);
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app.GxcalibrationEditField.Position = [364 771 100 22];

app.GxcalibrationEditField.Value = 0.3378;

% Create GycalibrationEditFieldLabel

app.GycalibrationEditFieldLabel = uilabel(app.SettingsTab);

app.GycalibrationEditFieldLabel.HorizontalAlignment = ’right’;

app.GycalibrationEditFieldLabel.Position = [270 739 79 22];

app.GycalibrationEditFieldLabel.Text = ’Gy calibration’;

% Create GycalibrationEditField

app.GycalibrationEditField = uieditfield(app.SettingsTab, ’numeric’);

app.GycalibrationEditField.Position = [364 739 100 22];

app.GycalibrationEditField.Value = 0.375;

% Create GzcalibrationEditFieldLabel

app.GzcalibrationEditFieldLabel = uilabel(app.SettingsTab);

app.GzcalibrationEditFieldLabel.HorizontalAlignment = ’right’;

app.GzcalibrationEditFieldLabel.Position = [270 711 79 22];

app.GzcalibrationEditFieldLabel.Text = ’Gz calibration’;

% Create GzcalibrationEditField

app.GzcalibrationEditField = uieditfield(app.SettingsTab, ’numeric’);

app.GzcalibrationEditField.Position = [364 711 100 22];

app.GzcalibrationEditField.Value = 0.319;

% Create EPRsamplesEditFieldLabel

app.EPRsamplesEditFieldLabel = uilabel(app.SettingsTab);

app.EPRsamplesEditFieldLabel.HorizontalAlignment = ’right’;

app.EPRsamplesEditFieldLabel.Position = [273 615 78 22];

app.EPRsamplesEditFieldLabel.Text = ’EPR samples’;
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% Create EPRsamplesEditField

app.EPRsamplesEditField = uieditfield(app.SettingsTab, ’numeric’);

app.EPRsamplesEditField.Position = [366 615 100 22];

app.EPRsamplesEditField.Value = 10000;

% Create BGRemovalPanel

app.BGRemovalPanel = uipanel(app.SettingsTab);

app.BGRemovalPanel.Title = ’BG Removal’;

app.BGRemovalPanel.BackgroundColor = [0.8 0.8 0.8];

app.BGRemovalPanel.FontSize = 16;

app.BGRemovalPanel.Position = [271 471 144 134];

% Create BGR_percent

app.BGR_percent = uieditfield(app.BGRemovalPanel, ’numeric’);

app.BGR_percent.FontSize = 16;

app.BGR_percent.Position = [2 82 44 22];

app.BGR_percent.Value = 15;

% Create OrderLabel

app.OrderLabel = uilabel(app.BGRemovalPanel);

app.OrderLabel.Position = [50 82 36 22];

app.OrderLabel.Text = ’Order’;

% Create BGR_order

app.BGR_order = uidropdown(app.BGRemovalPanel);

app.BGR_order.Items = {’0’, ’1’, ’2’, ’3’, ’4’};

app.BGR_order.FontSize = 16;

app.BGR_order.Position = [91 81 40 25];

app.BGR_order.Value = ’1’;
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% Create BGR_Harm

app.BGR_Harm = uidropdown(app.BGRemovalPanel);

app.BGR_Harm.Items = {’0’, ’1’, ’2’, ’3’, ’4’};

app.BGR_Harm.FontSize = 16;

app.BGR_Harm.Position = [7 47 40 25];

app.BGR_Harm.Value = ’1’;

% Create BGR_Harm_2

app.BGR_Harm_2 = uidropdown(app.BGRemovalPanel);

app.BGR_Harm_2.Items = {’0’, ’1’, ’2’, ’3’, ’4’};

app.BGR_Harm_2.FontSize = 16;

app.BGR_Harm_2.Position = [89 47 40 25];

app.BGR_Harm_2.Value = ’1’;

% Create HarmLabel

app.HarmLabel = uilabel(app.BGRemovalPanel);

app.HarmLabel.Position = [54 48 35 22];

app.HarmLabel.Text = ’Harm’;

% Create HPFCorrectCheckBox

app.HPFCorrectCheckBox = uicheckbox(app.BGRemovalPanel);

app.HPFCorrectCheckBox.Text = ’ HPF Correct’;

app.HPFCorrectCheckBox.FontSize = 18;

app.HPFCorrectCheckBox.Position = [9 16 127 22];

% Create ButtonGroup_3

app.ButtonGroup_3 = uibuttongroup(app.SettingsTab);

app.ButtonGroup_3.BackgroundColor = [0.902 0.902 0.902];

app.ButtonGroup_3.FontSize = 18;
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app.ButtonGroup_3.Position = [274 388 152 71];

% Create Data_but

app.Data_but = uiradiobutton(app.ButtonGroup_3);

app.Data_but.Text = ’Data’;

app.Data_but.FontSize = 16;

app.Data_but.Position = [6 44 60 22];

% Create FT_but

app.FT_but = uiradiobutton(app.ButtonGroup_3);

app.FT_but.Text = ’FT’;

app.FT_but.FontSize = 16;

app.FT_but.Position = [68 16 37 22];

% Create Spec_but

app.Spec_but = uiradiobutton(app.ButtonGroup_3);

app.Spec_but.Text = ’Spec’;

app.Spec_but.FontSize = 16;

app.Spec_but.Position = [6 14 60 27];

app.Spec_but.Value = true;

% Create Quad_but

app.Quad_but = uiradiobutton(app.ButtonGroup_3);

app.Quad_but.Text = ’Quad’;

app.Quad_but.FontSize = 16;

app.Quad_but.Position = [63 44 61 22];

% Create Panel_7

app.Panel_7 = uipanel(app.SettingsTab);

app.Panel_7.BackgroundColor = [1 1 1];
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app.Panel_7.Position = [271 244 167 129];

% Create GmaxEditFieldLabel

app.GmaxEditFieldLabel = uilabel(app.Panel_7);

app.GmaxEditFieldLabel.HorizontalAlignment = ’right’;

app.GmaxEditFieldLabel.FontSize = 16;

app.GmaxEditFieldLabel.Position = [6 97 48 22];

app.GmaxEditFieldLabel.Text = ’Gmax’;

% Create GmaxEditField

app.GmaxEditField = uieditfield(app.Panel_7, ’numeric’);

app.GmaxEditField.FontSize = 16;

app.GmaxEditField.Position = [63 97 31 22];

% Create StartScanEditFieldLabel

app.StartScanEditFieldLabel = uilabel(app.Panel_7);

app.StartScanEditFieldLabel.HorizontalAlignment = ’right’;

app.StartScanEditFieldLabel.FontSize = 16;

app.StartScanEditFieldLabel.Position = [4 36 80 22];

app.StartScanEditFieldLabel.Text = ’Start Scan’;

% Create StartScanEditField

app.StartScanEditField = uieditfield(app.Panel_7, ’numeric’);

app.StartScanEditField.FontSize = 16;

app.StartScanEditField.Position = [103 36 35 22];

% Create MaxScanEditFieldLabel

app.MaxScanEditFieldLabel = uilabel(app.Panel_7);

app.MaxScanEditFieldLabel.HorizontalAlignment = ’right’;

app.MaxScanEditFieldLabel.FontSize = 16;
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app.MaxScanEditFieldLabel.Position = [4 8 77 22];

app.MaxScanEditFieldLabel.Text = ’Max Scan’;

% Create MaxScanEditField

app.MaxScanEditField = uieditfield(app.Panel_7, ’numeric’);

app.MaxScanEditField.FontSize = 16;

app.MaxScanEditField.Position = [87 8 48 22];

% Create FindButton

app.FindButton = uibutton(app.Panel_7, ’push’);

app.FindButton.BackgroundColor = [0 1 0];

app.FindButton.Position = [104 97 44 22];

app.FindButton.Text = ’Find’;

% Create FOVEditFieldLabel

app.FOVEditFieldLabel = uilabel(app.Panel_7);

app.FOVEditFieldLabel.HorizontalAlignment = ’right’;

app.FOVEditFieldLabel.FontSize = 16;

app.FOVEditFieldLabel.Position = [6 68 38 22];

app.FOVEditFieldLabel.Text = ’FOV’;

% Create FOVEditField

app.FOVEditField = uieditfield(app.Panel_7, ’numeric’);

app.FOVEditField.FontSize = 16;

app.FOVEditField.Position = [50 68 48 22];

app.FOVEditField.Value = 1.5;

% Create ShimminggradientEditFieldLabel

app.ShimminggradientEditFieldLabel = uilabel(app.SettingsTab);

app.ShimminggradientEditFieldLabel.HorizontalAlignment = ’right’;
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app.ShimminggradientEditFieldLabel.Position = [273 681 106 22];

app.ShimminggradientEditFieldLabel.Text = ’Shimming gradient’;

% Create ShimminggradientEditField

app.ShimminggradientEditField = uieditfield(app.SettingsTab, ’numeric’);

app.ShimminggradientEditField.Position = [394 681 100 22];

app.ShimminggradientEditField.Value = 0.1;

% Create Pico_calibration

app.Pico_calibration = uieditfield(app.UIFigure, ’numeric’);

app.Pico_calibration.FontSize = 18;

app.Pico_calibration.Position = [197 20 100 23];

app.Pico_calibration.Value = 0.265;

% Create PicoScopeGppLabel

app.PicoScopeGppLabel = uilabel(app.UIFigure);

app.PicoScopeGppLabel.FontSize = 20;

app.PicoScopeGppLabel.Position = [14 19 179 24];

app.PicoScopeGppLabel.Text = ’PicoScope <> Gpp ’;

% Create CorrEditFieldLabel

app.CorrEditFieldLabel = uilabel(app.UIFigure);

app.CorrEditFieldLabel.HorizontalAlignment = ’right’;

app.CorrEditFieldLabel.Position = [343 20 29 22];

app.CorrEditFieldLabel.Text = ’Corr’;

% Create CorrEditField

app.CorrEditField = uieditfield(app.UIFigure, ’numeric’);

app.CorrEditField.Position = [387 20 100 22];

app.CorrEditField.Value = 1;

297



% Create BG_ReNew_Button

app.BG_ReNew_Button = uibutton(app.UIFigure, ’push’);

app.BG_ReNew_Button.ButtonPushedFcn = createCallbackFcn(app,

@Collect_Background, true);

app.BG_ReNew_Button.FontSize = 20;

app.BG_ReNew_Button.Position = [516 16 59 31];

app.BG_ReNew_Button.Text = ’- BG’;

% Create BG_Zero_Button

app.BG_Zero_Button = uibutton(app.UIFigure, ’push’);

app.BG_Zero_Button.ButtonPushedFcn = createCallbackFcn(app, @Zero_BG,

true);

app.BG_Zero_Button.FontSize = 20;

app.BG_Zero_Button.Position = [581 16 59 31];

app.BG_Zero_Button.Text = ’0’;

% Create AutoTuningCheckBox

app.AutoTuningCheckBox = uicheckbox(app.UIFigure);

app.AutoTuningCheckBox.Text = ’Auto Tuning’;

app.AutoTuningCheckBox.FontSize = 20;

app.AutoTuningCheckBox.FontColor = [1 1 0.0667];

app.AutoTuningCheckBox.Position = [674 19 129 23];

app.AutoTuningCheckBox.Value = true;

% Create AutocenterOffButton

app.AutocenterOffButton = uibutton(app.UIFigure, ’push’);

app.AutocenterOffButton.ButtonPushedFcn = createCallbackFcn(app,

@AutocenterOffButtonPushed, true);

app.AutocenterOffButton.BackgroundColor = [1 0 0];
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app.AutocenterOffButton.FontSize = 18;

app.AutocenterOffButton.Position = [820 17 137 29];

app.AutocenterOffButton.Text = ’Auto-center Off’;

% Create ButtonGroup_4

app.ButtonGroup_4 = uibuttongroup(app.UIFigure);

app.ButtonGroup_4.SelectionChangedFcn = createCallbackFcn(app, @User_,

true);

app.ButtonGroup_4.Position = [1044 16 215 30];

% Create MButton

app.MButton = uiradiobutton(app.ButtonGroup_4);

app.MButton.Text = ’M’;

app.MButton.Position = [11 3 58 22];

app.MButton.Value = true;

% Create RButton

app.RButton = uiradiobutton(app.ButtonGroup_4);

app.RButton.Text = ’R’;

app.RButton.Position = [46 3 28 22];

% Create SButton

app.SButton = uiradiobutton(app.ButtonGroup_4);

app.SButton.Text = ’S’;

app.SButton.Position = [82 2 40 22];

% Create OButton

app.OButton = uiradiobutton(app.ButtonGroup_4);

app.OButton.Text = ’O’;

app.OButton.Position = [116 3 40 22];
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% Create DButton

app.DButton = uiradiobutton(app.ButtonGroup_4);

app.DButton.Text = ’D’;

app.DButton.Position = [153 3 40 22];

% Show the figure after all components are created

app.UIFigure.Visible = ’on’;

end

end

% App creation and deletion

methods (Access = public)

% Construct app

function app = August_EPRI_2023

% Create UIFigure and components

createComponents(app)

% Register the app with App Designer

registerApp(app, app.UIFigure)

% Execute the startup function

runStartupFcn(app, @startupFcn)

if nargout == 0

clear app

end

end
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% Code that executes before app deletion

function delete(app)

% Delete UIFigure when app is deleted

delete(app.UIFigure)

end

end

end

6.2 ADiC Arduino program

#include <SPI.h> //spi library

#include <sc5511a.h> //digital oscillator library

sc5511a sc5511a(30, 29);

int led = 13;

int blinks = 0, k , m;

int read_points_num; // number of points to read from A10

byte analog_read_buffer[310];

byte Matlab_data[10];

byte freqarray[5]; // array of 5 bytes to be sent to sc5511

byte mode, range, RF_A, RF_B, DTC1 , DTC2, DTC1_i, DTC2_i; // vars to read from MATLAB

int RFplus,RFminus,current_CW,plus_CW,minus_CW; //pars to select +- CW frequency

int RF; // CW frequnecy

int rf2_frequency = 1500; // 1600/2 = 800 MHz => IF frequnecy

const byte DTC_pin_1 = 28, DTC_pin_2 = 32, switch_pin = 25, trigger_AWG_pin = 41,

reflection_pin = A10,digitizer_trig = 20;

SPISettings dtcSettings(912500, MSBFIRST, SPI_MODE0); //spi settings
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// New from version 5

byte patt1[94] = {0, 0, 1, 1, 1, 2, 2, 2, 3, 3, 3, 4, 4, 4, 5, 5, 5, 6, 6, 6, 7, 7, 7,

8, 8, 8, 9, 9, 9, 10, 10, 10, 11, 11, 11, 12, 12, 12, 13, 13, 13, 14, 14, 14, 15, 15, 15,

16, 16, 16, 17, 17, 17, 18, 18, 18, 19, 19, 19, 20, 20, 20, 21, 21, 21, 22, 22, 22, 23,

23, 23, 24, 24, 24, 25, 25, 25, 26, 26, 26, 27, 27, 27, 28, 28, 28, 29, 29, 29, 30, 30,

30, 31, 31};

byte patt2[94] = {0, 1, 0, 1, 2, 1, 2, 3, 2, 3, 4, 3, 4, 5, 4, 5, 6, 5, 6, 7, 6, 7, 8, 7,

8, 9, 8, 9, 10, 9, 10, 11, 10, 11, 12, 11, 12, 13, 12, 13, 14, 13, 14, 15, 14, 15, 16,

15, 16, 17, 16, 17, 18, 17, 18, 19, 18, 19, 20, 19, 20, 21, 20, 21, 22, 21, 22, 23, 22,

23, 24, 23, 24, 25, 24, 25, 26, 25, 26, 27, 26, 27, 28, 27, 28, 29, 28, 29, 30, 29, 30,

31, 30, 31};

byte inx_total = 94, search_order[95];

byte Current_reflection, Current_position, Best_Reflection, Best_Position, Best_segment,

R_threshold = 130; // R_threshold : reflection treshold

byte inx_current = 3; // current index in the search pattern of 94 values

boolean test_search;

void setup() {

// put your setup code here, to run once:

Serial.begin(9600);

pinMode(DTC_pin_1, OUTPUT); // DTC #1

pinMode(DTC_pin_2, OUTPUT); // DTC #2

pinMode(switch_pin, OUTPUT);

pinMode(trigger_AWG_pin, OUTPUT);

pinMode(led, OUTPUT);

pinMode(digitizer_trig,OUTPUT);

digitalWrite(digitizer_trig,LOW);

pinMode(reflection_pin, INPUT);
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analogReadResolution(8);

analogReadAveraging(1);

sc5511a.INITIALIZE(1);

delayMicroseconds(750);

sc5511a.RF_MODE_CW();

delayMicroseconds(750);

sc5511a.RF_LEVEL(1300);

delayMicroseconds(750);

sc5511a.RF_OUT_ENABLE(1);

delayMicroseconds(750);

sc5511a.LED_ON();

delay(1000);

sc5511a.LED_OFF();

delay(1000);

sc5511a.LED_ON();

delayMicroseconds(750);

sc5511a.RF_LEVEL(1300);

sc5511a.RF2_FREQUENCY(rf2_frequency);

delay(1);

sc5511a.RF2_STANDBY(0);

delay(1);

sc5511a.RF2_FREQUENCY(rf2_frequency);

delay(1);

sc5511a.RF2_STANDBY(0);

delay(1);

SPI1.begin(); //begin spi for dtc on separate spi line from digital oscillator

}
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void loop() { }

void serialEvent() {

Tune();

}

void Tune () {

//void serialEvent() {

int k = 0;

while (Serial.available() > 0) {

Matlab_data[k] = byte( Serial.read() );

k++;

}

if (k>=2){

mode = Matlab_data[0];

range = Matlab_data[1];

RF_A = Matlab_data[2];

RF_B = Matlab_data[3];

DTC1_i = Matlab_data[4];

DTC2_i = Matlab_data[5];

R_threshold = Matlab_data[6];

Serial.write(0);

}

else{

Serial.write(255);

return;

}
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RF = int( ( float(RF_A) * 256 + float(RF_B) ) * 1e3 + range * 10e6); // [Hz]

// RF * 10e3 + 790e6 => RF freq. in MHz

// RF = RF * 1e4 + 790e6; // in [Hz]

// mode = 2;

// RF = 800e6;

//mode = 1;

switch (mode) {

case 0: // Write back to MATLAB to test delivery

// blink_test();

for (k = 0; k < 6; k++) {

Serial.write(Matlab_data[k]);

}

break;

case 1: // Set DTCs and receive reflecton >> MATLAB

// blink_test();

// noInterrupts();

DTC_write(byte( DTC1_i ), DTC_pin_1);

DTC_write(byte( DTC2_i ), DTC_pin_2);

digitalWrite(switch_pin, 0); // 0 : tuning mode & 1 : CW mode

read_points_num = 301;

tuning_trigger(); // Sends trigger to AWG to start freq. sweep

readanalog(read_points_num); // read A10 & returns "byte analog_read_buffer"

// interrupts();
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for (k = 0; k < read_points_num; k++) {

Serial.write(analog_read_buffer[k]);

// Serial.write(byte(k));

}

make_sc5511a_CW_array(RF); // outputs freq arrray

setdfs();

break;

case 2: // smart search

digitalWrite(switch_pin, 0); // 0 = tuning mode && 1 = CW mode

inx_current = Best_segment;

make_search_order(); // outputs search_order[94]

Best_Reflection = 0;

Best_Position = 0;

// R_threshold = 135;

read_points_num = 301;

// Serial.println(" New cycle >>> ");

for (k = 1; k <= 94; k++) {

DTC1_i = patt1[search_order[k]]; DTC_write(byte( DTC1_i ), DTC_pin_1);

DTC2_i = patt2[search_order[k]]; DTC_write(byte( DTC2_i ), DTC_pin_2);

tuning_trigger(); // Sends trigger to AWG to start freq. sweep

readanalog(read_points_num); // read A10 & returns "byte analog_read_buffer"

max_in_array(); // outputs Current_reflection, Current_position
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// delay(200);

if (Current_reflection > Best_Reflection ) {

Best_Reflection = Current_reflection;

Best_Position = Current_position;

Best_segment = search_order[k];

DTC1 = DTC1_i;

DTC2 = DTC2_i;

} // end if

// Serial.print(k);

// Serial.print(" ");

// Serial.print(DTC1_i);

// Serial.print(" ");

// Serial.print(DTC2_i);

// Serial.print(" ");

// Serial.print(Best_Reflection);

// Serial.print(" ");

// Serial.println(Current_reflection);

blinks = k;

if (Best_Reflection > R_threshold ) {

break;

}

// digitalWrite(switch_pin, 0); // 0 : tuning mode & 1 : CW mode

} // end for

DTC_write(byte( DTC1 ), DTC_pin_1);

DTC_write(byte( DTC2 ), DTC_pin_2);
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// to test

test_search = 1;

if (test_search) {

read_points_num = 301;

tuning_trigger(); // Sends trigger to AWG to start freq. sweep

readanalog(read_points_num); // read A10 & returns "byte analog_read_buffer"

// analog_read_buffer[0] = 10; // test

analog_read_buffer[301] = Best_Reflection;

analog_read_buffer[302] = Best_Position;

analog_read_buffer[303] = DTC1;

analog_read_buffer[304] = DTC2;

analog_read_buffer[305] = Best_segment;

analog_read_buffer[306] = blinks;

read_points_num = 307;

for (m = 0; m < read_points_num; m++) {

Serial.write(analog_read_buffer[m]);

// Serial.write(byte(k));

}

}

RF = find_RF (Best_Position);

make_sc5511a_CW_array (RF); // outputs freq arrray

setdfs();

// read reflction

for (byte i;i<10;i++){

current_CW = analogRead(reflection_pin);

}
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// + 35 k

RFplus = RF + 35e3;

make_sc5511a_CW_array(RFplus);

setdfs();

for (byte i;i<10;i++){

plus_CW = analogRead(reflection_pin);

}

// - 35 k

RFminus = RF - 35e3;

make_sc5511a_CW_array(RFminus);

setdfs();

for(byte i; i<10;i++){

minus_CW = analogRead(reflection_pin);

}

// find best

if(plus_CW>=current_CW){

if (plus_CW >= minus_CW){

RF = RFplus;

}else{

RF = RFminus;

}

}else if(minus_CW>current_CW){

RF = RFminus;

}

make_sc5511a_CW_array(RF);

setdfs();

break;

case 3: //smart tune no data back

digitalWrite(switch_pin, 0); // 0 = tuning mode && 1 = CW mode
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digitalWrite(digitizer_trig,HIGH);

inx_current = Best_segment;

make_search_order(); // outputs search_order[94]

Best_Reflection = 0;

Best_Position = 0;

R_threshold = 135;

read_points_num = 301;

for (k = 1; k <= 94; k++) {

DTC1_i = patt1[search_order[k]]; DTC_write(byte( DTC1_i ), DTC_pin_1);

DTC2_i = patt2[search_order[k]]; DTC_write(byte( DTC2_i ), DTC_pin_2);

tuning_trigger(); // Sends trigger to AWG to start freq. sweep

readanalog(read_points_num); // read A10 & returns "byte analog_read_buffer"

max_in_array(); // outputs Current_reflection, Current_position

if (Current_reflection > Best_Reflection ) {

Best_Reflection = Current_reflection;

Best_Position = Current_position;

Best_segment = search_order[k];

DTC1 = DTC1_i;

DTC2 = DTC2_i;

} // end if

if (Best_Reflection > R_threshold ) {

break;

}

} // end for

DTC_write(byte( DTC1 ), DTC_pin_1);

DTC_write(byte( DTC2 ), DTC_pin_2);

RF = find_RF (Best_Position);

make_sc5511a_CW_array (RF); // outputs freq arrray

setdfs();
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// read reflction

for (byte i;i<10;i++){

current_CW = analogRead(reflection_pin);

}

// + 35 k

RFplus = RF + 35e3;

make_sc5511a_CW_array(RFplus);

setdfs();

for (byte i;i<10;i++){

plus_CW = analogRead(reflection_pin);

}

// - 35 k

RFminus = RF - 35e3;

make_sc5511a_CW_array(RFminus);

setdfs();

for(byte i; i<10;i++){

minus_CW = analogRead(reflection_pin);

}

// find best

if(plus_CW>=current_CW){

if (plus_CW >= minus_CW){

RF = RFplus;

}else{

RF = RFminus;

}

}else if(minus_CW>current_CW){

RF = RFminus;

}

make_sc5511a_CW_array(RF);
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setdfs();

digitalWrite(digitizer_trig,LOW);

break;

} // end switch

digitalWrite(switch_pin, 1); // 0 : tuning mode & 1 : CW mode

} // end Event

// ******* Functions ************************* >>

void DTC_write(byte x, int capacitor_pin) {

digitalWrite(capacitor_pin, HIGH);

SPI1.beginTransaction(dtcSettings);

SPI1.transfer(byte(x));

SPI1.endTransaction();

digitalWrite(capacitor_pin, LOW);

delayMicroseconds(100);

}

void tuning_trigger() {

digitalWrite(trigger_AWG_pin, 0); //

digitalWrite(trigger_AWG_pin, 1);

digitalWrite(trigger_AWG_pin, 0); //

delayMicroseconds(5);

}

void readanalog(int Npoints) {

for (int p = 0; p < Npoints; p++) {
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analog_read_buffer[p] = analogRead(reflection_pin);

}

}

void blink_test() {

int b;

for (b = 0; b < 2; b++) {

digitalWrite(led, HIGH); // turn the LED on (HIGH is the voltage level)

delay(220); // wait for a second

digitalWrite(led, LOW); // turn the LED off by making the voltage LOW

delay(220); // wait for a second

}

}

void make_sc5511a_CW_array (int CW_in_Hz) {

byte s;

for (s = 1; s < 6; s++) {

freqarray[5 - s] = floor((CW_in_Hz % int(pow(256, float(s)))) /

pow(256, float((s - 1))));

//Serial.println(freqarray[5-k]); //for arduino monitor

}

}

void setdfs() {

sc5511a.RF_OUT_ENABLE(1);

delay(5);

sc5511a.RF_FREQUENCY_BY_BYTE(freqarray[0], freqarray[1], freqarray[2], freqarray[3],

freqarray[4]);

delay(5);
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sc5511a.RF_LEVEL(1300);

delay(5);

//usingenable();

digitalWrite(switch_pin, 1);// 2 CW

}

void make_search_order() {

byte R, L, N;

int n;

byte dtc;

dtc = inx_current;

N = dtc + 1; // i = 0 => N = 1

R = 94 - N ; // inx_total = 94

L = N - 1;

search_order[1] = dtc ; // order starts from index 1 to be as in MATLAB

if (R > L) {

//

for (n = 1; n <= L; n++) {

search_order[2 * n ] = N - n - 1;

search_order[2 * n + 1] = N + n - 1;

}

//

for (n = N + L + 1; n <= 94 ; n++) { // inx_total = 94

search_order[n] = n - 1;

}

//
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} // if

else {

//

for (n = 1; n <= R; n++) {

search_order[2 * n] = N - n - 1;

search_order[2 * n + 1 ] = N + n - 1;

}

//

for (n = (2 * R + 2 ); n <= 94; n++) { // inx_total = 94

search_order[n ] = 94 - n;

}

//

} // end else

}// end function

void max_in_array () {

float a, b, R , max_ = 0;

int n;

byte pos = 0;

byte sh = 10; //shift to exclude bad data ??? why : not sure yet

for (n = sh; n < read_points_num - sh; n++) {

a = float( analog_read_buffer[n - 1] ) ;

b = float( analog_read_buffer[n + 1] ) ;

R = 0.2 * (a + b) + 0.6 * float(analog_read_buffer[n]);
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if (R > max_) {

max_ = R;

pos = n;

}

}

Current_reflection = int(max_);

Current_position = pos;

}

int find_RF (int position_) {

float CF, offset_ = 11922, slope = 14.901;

int result;

CF = int( 1e6 * (position_ + offset_) / slope); // RF frequnecy in [Hz]

result = CF + (range-80) * 10e6;

return result;

}

// for (m = 0; m < read_points_num; m++) {

// Serial.println(analog_read_buffer[m]);

// }

6.3 Arduino digital frequency source sc5511a library h file

/*

sc5511a.h library for the sc5511a SPI controlled oscillator.

Created by Ryan Curtis O’Connell, August 25th, 2021.

Released into the public domain.

*/
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#ifndef sc5511a_h

#define sc5511a_h

#include "Arduino.h"

#include "SPI.h"

class sc5511a

{

public:

sc5511a(int cs_B, int Serial_ready);

void INITIALIZE(int initialize_option);

void LED_ON();

void LED_OFF();

void SYNTH_MODE(int synth_mode_select);

void RF_MODE_CW();

void RF_MODE_SWEEP();

void LIST_MODE_CONFIG(int list_mode_config_select);

void LIST_START_FREQ(unsigned long start_frequency_1, unsigned long

start_frequency_2);

void LIST_STOP_FREQ(unsigned long stop_frequency_1,unsigned long stop_frequency_2);

void LIST_STEP_FREQ(unsigned long step_frequency_1, unsigned long step_frequency_2);

void LIST_DWELL_TIME(unsigned long dwell_time);

void LIST_CYCLE_COUNT(unsigned long cycle_count);

void LIST_BUFFER_POINTS(int buffer_points);

void LIST_BUFFER_WRITE(unsigned long buffer_write_1, unsigned long buffer_write_2);

void LIST_BUF_MEM_XFER(int xfer_select);

void LIST_SOFT_TRIGGER();

void RF_FREQUENCY(unsigned long frequency_1, unsigned long frequency_2);

void RF_FREQUENCY_BY_BYTE(byte rf_byte_4, byte rf_byte_3,
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byte rf_byte_2, byte rf_byte_1, byte rf_byte_0);

void RF_LEVEL(word level);

void RF_OUT_ENABLE(byte enable_select);

void RF_PHASE(int phase_select);

void AUTO_LEVEL_DISABLE(int level_disable_select);

void RF_ALC_MODE(int alc_mode_select);

void RF_STANDBY(int rf_standby_select);

void REFERENCE_MODE(int reference_mode_select);

void REFERENCE_DAC_SETTING(word dac_setting);

void ALC_DAC_VALUE(word dac_value);

void STORE_DEFAULT_STATE();

void RF2_STANDBY(int rf2_standby_select);

void RF2_FREQUENCY(word rf2_frequency_select);

void SYNTH_SELF_CAL();

private:

int _cs_B;

int _Serial_ready;

byte _byte1;

byte _byte2;

byte _byte3;

byte _byte4;

byte _byte5;

int _bit_hold;

};

#endif

6.4 Arduino digital frequency source sc5511a library cpp file

/* sc5511a.cpp library for the sc5511a SPI controlled oscillator.
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Created by Ryan Curtis O’Connell, August 25th, 2021.

*/

#include "Arduino.h"

#include "sc5511a.h"

#include "SPI.h"

SPISettings _mySettings(2000000,MSBFIRST,SPI_MODE0);

sc5511a::sc5511a(int cs_B, int Serial_ready)

{

pinMode(cs_B,OUTPUT);

pinMode(Serial_ready,INPUT);

_cs_B = cs_B;

_Serial_ready = Serial_ready;

}

/*

this function sets up SPI and tells SC5511a to run through initialization.

initialize_option: 0 = load saved settings, 1 = initialize only

*/

void sc5511a::INITIALIZE(int initialize_option)

{

SPI.begin();

digitalWrite(_cs_B,1);

_byte1 = 0;

_byte2 = 0;

_byte3 = 0;

_byte4 = 0;

_byte5 = 0;
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SPI.beginTransaction(_mySettings);

digitalWrite(_cs_B,0);

delayMicroseconds(1);

SPI.transfer(0x01);

delayMicroseconds(1);

SPI.transfer(initialize_option);

digitalWrite(_cs_B,1);

SPI.endTransaction();

}

//this function turns on LED on front panel

void sc5511a::LED_ON()

{

SPI.beginTransaction(_mySettings);

digitalWrite(_cs_B,0);

delayMicroseconds(1);

SPI.transfer(0x02);

delayMicroseconds(1);

SPI.transfer(1);

digitalWrite(_cs_B,1);

SPI.endTransaction();

}

//this function turns off LED on front panel

void sc5511a::LED_OFF()

{

SPI.beginTransaction(_mySettings);

digitalWrite(_cs_B,0);

delayMicroseconds(1);
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SPI.transfer(0x02);

delayMicroseconds(1);

SPI.transfer(0);

digitalWrite(_cs_B,1);

SPI.endTransaction();

}

/*bit 0: 0- harmonic offset mode

1- fracN PLL offset mode

bit 1: 0- normal loop gain for better close in phase noise

1- low loop gain for better far out phase noise and spur suppression

bit 2: only applies in harmonic offset mode

0- automatically switches to fracN offset mode to avoid potentially

large spurs due to intermodulation between the carrier and the

harmonics of the reference clock.

1- this disables the function, may speed up tuning speed

*/

void sc5511a::SYNTH_MODE(int synth_mode_select)

{

SPI.beginTransaction(_mySettings);

digitalWrite(_cs_B,0);

delayMicroseconds(1);

SPI.transfer(0x03);

delayMicroseconds(1);

SPI.transfer(synth_mode_select);

digitalWrite(_cs_B,1);

SPI.endTransaction();

}

//this function switches rf mode to cw

void sc5511a::RF_MODE_CW()
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{

SPI.beginTransaction(_mySettings);

digitalWrite(_cs_B,0);

delayMicroseconds(1);

SPI.transfer(0x04);

delayMicroseconds(1);

SPI.transfer(0);

digitalWrite(_cs_B,1);

SPI.endTransaction();

}

//this function switches rf mode to sweep

void sc5511a::RF_MODE_SWEEP()

{

SPI.beginTransaction(_mySettings);

digitalWrite(_cs_B,0);

delayMicroseconds(1);

SPI.transfer(0x04);

delayMicroseconds(1);

SPI.transfer(1);

digitalWrite(_cs_B,1);

SPI.endTransaction();

}

/*

bit 0: 0- list mode. 1-sweep mode.

bit 1: 0-forward sweep 1-reverse sweep.

bit 2: 0-sawtooth waveform 1-triangular waveform

bit 3: 0-software trigger 1-hardware trigger

bit 4: 0-start/stop behavior 1-step-on-trigger
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bit 5: 0-stop at end of sweep/list

1- return to start.

bit 6: 0- no trigger out 1- trigger out

bit 7: 0- trigger out at each frequency change

1- trigger out at end of each sweep/list cycle

*/

void sc5511a::LIST_MODE_CONFIG(int list_mode_config_select)

{

SPI.beginTransaction(_mySettings);

digitalWrite(_cs_B,0);

delayMicroseconds(1);

SPI.transfer(0x05);

delayMicroseconds(1);

SPI.transfer(list_mode_config_select);

digitalWrite(_cs_B,1);

SPI.endTransaction();

}

//has to be lower than the stop frequency

void sc5511a::LIST_START_FREQ(unsigned long start_frequency_1,

unsigned long start_frequency_2)

{

for (int i=0; i<8; i++)

{

_bit_hold = bitRead(start_frequency_1,(i));

bitWrite(_byte1,i,_bit_hold);

_bit_hold = bitRead(start_frequency_2,(i));

bitWrite(_byte5,i,_bit_hold);
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_bit_hold = bitRead(start_frequency_1,(i+8));

bitWrite(_byte2,i,_bit_hold);

_bit_hold = bitRead(start_frequency_1,(i+16));

bitWrite(_byte3,i,_bit_hold);

_bit_hold = bitRead(start_frequency_1,(i+24));

bitWrite(_byte4,i,_bit_hold);

}

SPI.beginTransaction(_mySettings);

digitalWrite(_cs_B,0);

delayMicroseconds(1);

SPI.transfer(0x06);

delayMicroseconds(1);

SPI.transfer(_byte5);

delayMicroseconds(1);

SPI.transfer(_byte4);

delayMicroseconds(1);

SPI.transfer(_byte3);

delayMicroseconds(1);

SPI.transfer(_byte2);

delayMicroseconds(1);

SPI.transfer(_byte1);

delayMicroseconds(1);

digitalWrite(_cs_B,1);

SPI.endTransaction();

_byte1 = 0;

_byte2 = 0;
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_byte3 = 0;

_byte4 = 0;

_byte5 = 0;

}

//should be higher than start frequency

void sc5511a::LIST_STOP_FREQ(unsigned long stop_frequency_1,

unsigned long stop_frequency_2){

for (int i=0; i<8; i++)

{

_bit_hold = bitRead(stop_frequency_1,(i));

bitWrite(_byte1,i,_bit_hold);

_bit_hold = bitRead(stop_frequency_2,(i));

bitWrite(_byte5,i,_bit_hold);

_bit_hold = bitRead(stop_frequency_1,(i+8));

bitWrite(_byte2,i,_bit_hold);

_bit_hold = bitRead(stop_frequency_1,(i+16));

bitWrite(_byte3,i,_bit_hold);

_bit_hold = bitRead(stop_frequency_1,(i+24));

bitWrite(_byte4,i,_bit_hold);

}

SPI.beginTransaction(_mySettings);

digitalWrite(_cs_B,0);

delayMicroseconds(1);

SPI.transfer(0x07);
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delayMicroseconds(1);

SPI.transfer(_byte5);

delayMicroseconds(1);

SPI.transfer(_byte4);

delayMicroseconds(1);

SPI.transfer(_byte3);

delayMicroseconds(1);

SPI.transfer(_byte2);

delayMicroseconds(1);

SPI.transfer(_byte1);

delayMicroseconds(1);

digitalWrite(_cs_B,1);

SPI.endTransaction();

_byte1 = 0;

_byte2 = 0;

_byte3 = 0;

_byte4 = 0;

_byte5 = 0;

}

//do not exceed difference between start and stop frequencies

void sc5511a::LIST_STEP_FREQ(unsigned long step_frequency_1, unsigned long

step_frequency_2)

{

for (int i=0; i<8; i++)

{

_bit_hold = bitRead(step_frequency_1,(i));

bitWrite(_byte1,i,_bit_hold);
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_bit_hold = bitRead(step_frequency_2,(i));

bitWrite(_byte5,i,_bit_hold);

_bit_hold = bitRead(step_frequency_1,(i+8));

bitWrite(_byte2,i,_bit_hold);

_bit_hold = bitRead(step_frequency_1,(i+16));

bitWrite(_byte3,i,_bit_hold);

_bit_hold = bitRead(step_frequency_1,(i+24));

bitWrite(_byte4,i,_bit_hold);

}

SPI.beginTransaction(_mySettings);

digitalWrite(_cs_B,0);

delayMicroseconds(1);

SPI.transfer(0x08);

delayMicroseconds(1);

SPI.transfer(_byte5);

delayMicroseconds(1);

SPI.transfer(_byte4);

delayMicroseconds(1);

SPI.transfer(_byte3);

delayMicroseconds(1);

SPI.transfer(_byte2);

delayMicroseconds(1);

SPI.transfer(_byte1);

delayMicroseconds(1);

digitalWrite(_cs_B,1);

SPI.endTransaction();
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_byte1 = 0;

_byte2 = 0;

_byte3 = 0;

_byte4 = 0;

_byte5 = 0;

}

/*

Set the dwell time at each step frequency. The dwell time is

incremented in 500us increments. for example, to produce a 10ms

dwell time the value written to this register is 20d.

*/

void sc5511a::LIST_DWELL_TIME(unsigned long dwell_time)

{

for (int i=0; i<8; i++)

{

_bit_hold = bitRead(dwell_time,(i));

bitWrite(_byte1,i,_bit_hold);

_bit_hold = bitRead(dwell_time,(i+8));

bitWrite(_byte2,i,_bit_hold);

_bit_hold = bitRead(dwell_time,(i+16));

bitWrite(_byte3,i,_bit_hold);

_bit_hold = bitRead(dwell_time,(i+24));

bitWrite(_byte4,i,_bit_hold);

}

SPI.beginTransaction(_mySettings);
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digitalWrite(_cs_B,0);

delayMicroseconds(1);

SPI.transfer(0x09);

delayMicroseconds(1);

SPI.transfer(_byte4);

delayMicroseconds(1);

SPI.transfer(_byte3);

delayMicroseconds(1);

SPI.transfer(_byte2);

delayMicroseconds(1);

SPI.transfer(_byte1);

delayMicroseconds(1);

digitalWrite(_cs_B,1);

SPI.endTransaction();

_byte1 = 0;

_byte2 = 0;

_byte3 = 0;

_byte4 = 0;

_byte5 = 0;

}

/*

0= cycle forever. not 0 will set the number of cycles the

device will sweep or step through the list then stop.

This applies for both start/stop and step trigger modes.

*/

void sc5511a::LIST_CYCLE_COUNT(unsigned long cycle_count)

{

for (int i=0; i<8; i++)
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{

_bit_hold = bitRead(cycle_count,(i));

bitWrite(_byte1,i,_bit_hold);

_bit_hold = bitRead(cycle_count,(i+8));

bitWrite(_byte2,i,_bit_hold);

_bit_hold = bitRead(cycle_count,(i+16));

bitWrite(_byte3,i,_bit_hold);

_bit_hold = bitRead(cycle_count,(i+24));

bitWrite(_byte4,i,_bit_hold);

}

SPI.beginTransaction(_mySettings);

digitalWrite(_cs_B,0);

delayMicroseconds(1);

SPI.transfer(0x0A);

delayMicroseconds(1);

SPI.transfer(_byte4);

delayMicroseconds(1);

SPI.transfer(_byte3);

delayMicroseconds(1);

SPI.transfer(_byte2);

delayMicroseconds(1);

SPI.transfer(_byte1);

delayMicroseconds(1);

digitalWrite(_cs_B,1);

SPI.endTransaction();
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_byte1 = 0;

_byte2 = 0;

_byte3 = 0;

_byte4 = 0;

_byte5 = 0;

}

/*

sets the number of frequency points to step through

in the buffer list. the number must be equal to or less

than the buffer length. This number will overwrite the

count determined from the list_buffer_write register.

*/

void sc5511a::LIST_BUFFER_POINTS(int buffer_points)

{

for (int i=0; i<8; i++)

{

_bit_hold = bitRead(buffer_points,(i));

bitWrite(_byte1,i,_bit_hold);

_bit_hold = bitRead(buffer_points,(i+8));

bitWrite(_byte2,i,_bit_hold);

_bit_hold = bitRead(buffer_points,(i+16));

bitWrite(_byte3,i,_bit_hold);

_bit_hold = bitRead(buffer_points,(i+24));

bitWrite(_byte4,i,_bit_hold);

}
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SPI.beginTransaction(_mySettings);

digitalWrite(_cs_B,0);

delayMicroseconds(1);

SPI.transfer(0x0C);

delayMicroseconds(1);

SPI.transfer(_byte4);

delayMicroseconds(1);

SPI.transfer(_byte3);

delayMicroseconds(1);

SPI.transfer(_byte2);

delayMicroseconds(1);

SPI.transfer(_byte1);

delayMicroseconds(1);

digitalWrite(_cs_B,1);

SPI.endTransaction();

_byte1 = 0;

_byte2 = 0;

_byte3 = 0;

_byte4 = 0;

_byte5 = 0;

}

/*

Writing this register stores the frequency point into the list

buffer held in RAM. Writing 0x0000000000 to this buffer resets

the pointer to buffer location 0 and flags the device to store

data written to this register. Consecutive non-zero writes

to this register will increase the buffer counter up to 2047.

further writes beyond this point are not recognized. Writing
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0xFFFFFFFFFF to this register at any time will terminate

the write process and stops the pointer increment.

The value at which the pointer stops is the new count

of list frequency points unless it is overwritten by

register list_buffer_points.

*/

void sc5511a::LIST_BUFFER_WRITE(unsigned long buffer_write_1, unsigned long

buffer_write_2)

{

for (int i=0; i<8; i++)

{

_bit_hold = bitRead(buffer_write_1,(i));

bitWrite(_byte1,i,_bit_hold);

_bit_hold = bitRead(buffer_write_2,(i));

bitWrite(_byte5,i,_bit_hold);

_bit_hold = bitRead(buffer_write_1,(i+8));

bitWrite(_byte2,i,_bit_hold);

_bit_hold = bitRead(buffer_write_1,(i+16));

bitWrite(_byte3,i,_bit_hold);

_bit_hold = bitRead(buffer_write_1,(i+24));

bitWrite(_byte4,i,_bit_hold);

}

SPI.beginTransaction(_mySettings);

digitalWrite(_cs_B,0);

delayMicroseconds(1);
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SPI.transfer(0x0D);

delayMicroseconds(1);

SPI.transfer(_byte5);

delayMicroseconds(1);

SPI.transfer(_byte4);

delayMicroseconds(1);

SPI.transfer(_byte3);

delayMicroseconds(1);

SPI.transfer(_byte2);

delayMicroseconds(1);

SPI.transfer(_byte1);

delayMicroseconds(1);

digitalWrite(_cs_B,1);

SPI.endTransaction();

_byte1 = 0;

_byte2 = 0;

_byte3 = 0;

_byte4 = 0;

_byte5 = 0;

}

/*bit 0: 0- transfers the content of the list buffer into EEPROM

1- transfers the contents from EEPROM into list buffer

*/

void sc5511a::LIST_BUF_MEM_XFER(int xfer_select)

{

SPI.beginTransaction(_mySettings);

digitalWrite(_cs_B,0);

delayMicroseconds(1);
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SPI.transfer(0x0E);

delayMicroseconds(1);

SPI.transfer(xfer_select);

digitalWrite(_cs_B,1);

SPI.endTransaction();

}

//calling this register provides a soft trigger to device

void sc5511a::LIST_SOFT_TRIGGER()

{

SPI.beginTransaction(_mySettings);

digitalWrite(_cs_B,0);

delayMicroseconds(1);

SPI.transfer(0x0F);

delayMicroseconds(1);

SPI.transfer(0);

digitalWrite(_cs_B,1);

SPI.endTransaction();

}

/*

this function sets the RF frequency of channel 1 in Hz

example: rf frequency = 800MHz RF_FREQUENCY(800000000,0)

example: rf frequency = 20GHz RF_FREQUENCY(4000000000,16)

*/

void sc5511a::RF_FREQUENCY(unsigned long frequency_1,unsigned long frequency_2)

{

for (int i=0; i<8; i++)

{

_bit_hold = bitRead(frequency_1,(i));
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bitWrite(_byte1,i,_bit_hold);

_bit_hold = bitRead(frequency_2,(i));

bitWrite(_byte5,i,_bit_hold);

_bit_hold = bitRead(frequency_1,(i+8));

bitWrite(_byte2,i,_bit_hold);

_bit_hold = bitRead(frequency_1,(i+16));

bitWrite(_byte3,i,_bit_hold);

_bit_hold = bitRead(frequency_1,(i+24));

bitWrite(_byte4,i,_bit_hold);

}

SPI.beginTransaction(_mySettings);

digitalWrite(_cs_B,0);

delayMicroseconds(1);

SPI.transfer(0x10);

delayMicroseconds(1);

SPI.transfer(_byte5);

delayMicroseconds(1);

SPI.transfer(_byte4);

delayMicroseconds(1);

SPI.transfer(_byte3);

delayMicroseconds(1);

SPI.transfer(_byte2);

delayMicroseconds(1);

SPI.transfer(_byte1);

delayMicroseconds(1);
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digitalWrite(_cs_B,1);

SPI.endTransaction();

_byte1 = 0;

_byte2 = 0;

_byte3 = 0;

_byte4 = 0;

_byte5 = 0;

}

void sc5511a::RF_FREQUENCY_BY_BYTE(byte rf_byte_1, byte rf_byte_2,

byte rf_byte_3, byte rf_byte_4, byte rf_byte_5)

{

SPI.beginTransaction(_mySettings);

digitalWrite(_cs_B,0);

delayMicroseconds(3);

SPI.transfer(0x10);

delayMicroseconds(3);

SPI.transfer(rf_byte_1);

delayMicroseconds(3);

SPI.transfer(rf_byte_2);

delayMicroseconds(3);

SPI.transfer(rf_byte_3);

delayMicroseconds(3);

SPI.transfer(rf_byte_4);

delayMicroseconds(3);

SPI.transfer(rf_byte_5);

delayMicroseconds(3);

digitalWrite(_cs_B,1);

SPI.endTransaction();
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delayMicroseconds(500);

}

/* sets the RF power level in hundredths (13db = 1300).

to set negative power level bitWrite() the first bit of

the word to 1.

*/

void sc5511a::RF_LEVEL(word level)

{

SPI.beginTransaction(_mySettings);

digitalWrite(_cs_B,0);

delayMicroseconds(3);

SPI.transfer(0x11);

delayMicroseconds(3);

SPI.transfer(highByte(level));

delayMicroseconds(3);

SPI.transfer(lowByte(level));

delayMicroseconds(3);

digitalWrite(_cs_B,1);

SPI.endTransaction();

delayMicroseconds(500);

}

//enable/disable RF channel 1

void sc5511a::RF_OUT_ENABLE(byte enable_select)

{

SPI.beginTransaction(_mySettings);

digitalWrite(_cs_B,0);

delayMicroseconds(3);

SPI.transfer(0x12);
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delayMicroseconds(3);

SPI.transfer(byte(enable_select));

delayMicroseconds(3);

digitalWrite(_cs_B,1);

SPI.endTransaction();

delayMicroseconds(500);

}

/*This function sets the phase of the oscillator.

In tenths of a degree. Use first bit as negative

phase.

*/

void sc5511a::RF_PHASE(int phase_select)

{

SPI.beginTransaction(_mySettings);

digitalWrite(_cs_B,0);

delayMicroseconds(1);

SPI.transfer(0x13);

delayMicroseconds(1);

SPI.transfer(phase_select);

delayMicroseconds(1);

digitalWrite(_cs_B,1);

SPI.endTransaction();

}

/*0=power is leveled on frequency change

1=power is not leveled on frequency change but by

explicitly calling 0x11

*/

void sc5511a::AUTO_LEVEL_DISABLE(int level_disable_select)

{

SPI.beginTransaction(_mySettings);
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digitalWrite(_cs_B,0);

delayMicroseconds(1);

SPI.transfer(0x14);

delayMicroseconds(1);

SPI.transfer(level_disable_select);

delayMicroseconds(1);

digitalWrite(_cs_B,1);

SPI.endTransaction();

}

/* 0=amplitude is corrected using ALC closed loop

1=amplitude is corrected w/ open loop

*/

void sc5511a::RF_ALC_MODE(int alc_mode_select)

{

SPI.beginTransaction(_mySettings);

digitalWrite(_cs_B,0);

delayMicroseconds(1);

SPI.transfer(0x15);

delayMicroseconds(1);

SPI.transfer(alc_mode_select);

delayMicroseconds(1);

digitalWrite(_cs_B,1);

SPI.endTransaction();

}

//sets channel 1 to standby (low power mode)

void sc5511a::RF_STANDBY(int rf_standby_select)

{

SPI.beginTransaction(_mySettings);

digitalWrite(_cs_B,0);
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delayMicroseconds(1);

SPI.transfer(0x16);

delayMicroseconds(1);

SPI.transfer(rf_standby_select);

delayMicroseconds(1);

digitalWrite(_cs_B,1);

SPI.endTransaction();

}

/* first bit: 1=instructs the device to lock to external source

second bit: 0=outputs 10MHz, 1=outputs 100MHz

*/

void sc5511a::REFERENCE_MODE(int reference_mode_select)

{

SPI.beginTransaction(_mySettings);

digitalWrite(_cs_B,0);

delayMicroseconds(1);

SPI.transfer(0x17);

delayMicroseconds(1);

SPI.transfer(reference_mode_select);

delayMicroseconds(1);

digitalWrite(_cs_B,1);

SPI.endTransaction();

}

//14 bit word to set/adjust the internal 10MHz TCXO frequency

void sc5511a::REFERENCE_DAC_SETTING(word dac_setting)

{

SPI.beginTransaction(_mySettings);

digitalWrite(_cs_B,0);

delayMicroseconds(1);

SPI.transfer(0x18);
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delayMicroseconds(1);

SPI.transfer(highByte(dac_setting));

delayMicroseconds(1);

SPI.transfer(lowByte(dac_setting));

delayMicroseconds(1);

digitalWrite(_cs_B,1);

SPI.endTransaction();

}

/* 14 bit word to set/adjust the ALC DAC value. This is

useful to make output adjustment. The current ALC DAC

value can be read back via register 0x25.

*/

void sc5511a::ALC_DAC_VALUE(word dac_value)

{

SPI.beginTransaction(_mySettings);

digitalWrite(_cs_B,0);

delayMicroseconds(1);

SPI.transfer(0x19);

delayMicroseconds(1);

SPI.transfer(highByte(dac_value));

delayMicroseconds(1);

SPI.transfer(lowByte(dac_value));

delayMicroseconds(1);

digitalWrite(_cs_B,1);

SPI.endTransaction();

}

/*calling this register will store the current configuration

into memory. On reset or power-up these values are read

from memory (intialize value 1) and set as the default

values. Some of these values are: RF1 parameters,
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list mode configuration, RF mode, List mode parameters,

RF2 parameters.

*/

void sc5511a::STORE_DEFAULT_STATE()

{

SPI.beginTransaction(_mySettings);

digitalWrite(_cs_B,0);

delayMicroseconds(1);

SPI.transfer(0x1B);

delayMicroseconds(1);

SPI.transfer(0);

delayMicroseconds(1);

digitalWrite(_cs_B,1);

SPI.endTransaction();

}

//sets channel 2 to standby (low power mode). 1 standby 0 off

void sc5511a::RF2_STANDBY(int rf2_standby_select)

{

SPI.beginTransaction(_mySettings);

digitalWrite(_cs_B,0);

delayMicroseconds(3);

SPI.transfer(0x1E);

delayMicroseconds(3);

SPI.transfer(rf2_standby_select);

delayMicroseconds(3);

digitalWrite(_cs_B,1);

SPI.endTransaction();

delayMicroseconds(500);

}
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void sc5511a::RF2_FREQUENCY(word rf2_frequency_select)

{

SPI.beginTransaction(_mySettings);

digitalWrite(_cs_B,0);

delayMicroseconds(3);

SPI.transfer(0x1F);

delayMicroseconds(3);

SPI.transfer(highByte(rf2_frequency_select));

delayMicroseconds(3);

SPI.transfer(lowByte(rf2_frequency_select));

delayMicroseconds(3);

digitalWrite(_cs_B,1);

SPI.endTransaction();

delayMicroseconds(500);

}

//no description

void sc5511a::SYNTH_SELF_CAL()

{

SPI.beginTransaction(_mySettings);

digitalWrite(_cs_B,0);

delayMicroseconds(1);

SPI.transfer(0x47);

delayMicroseconds(1);

SPI.transfer(0);

delayMicroseconds(1);

digitalWrite(_cs_B,1);

SPI.endTransaction();

}
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6.5 Bioprint Supplemental Figures

Trial Cell concentration (cells/mL)

1% Pyruvate trial 1 31,800,000
1% Pyruvate trial 2 29,200,000
1% Pyruvate trial 3 51,400,000
1% Pyruvate trial 4 33,600,000
0.4% Pyruvate trial 1 22,400,000
0.4% Pyruvate trial 2 42,800,000
0.4% Pyruvate trial 3 57,600,000
0.4% Pyruvate trial 4 22,000,000
0.2% Pyruvate trial 1 16,200,000
0.2% Pyruvate trial 2 54,000,000
0.2% Pyruvate trial 3 54,200,000
0.2% Pyruvate trial 4 49,000,000
0.04% Pyruvate trial 1 36,800,000
0.04% Pyruvate trial 2 54,000,000
0.04% Pyruvate trial 3 52,500,000
0.04% Pyruvate trial 4 56,100,000

Table 6.1: Cell concentrations (cells/mL) for stirring experiment (see figure 4.7). Cells were counted
using a hemocytometer.
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Figure 6.1: Yeast oxygen measurement with 1% pyruvate

Figure 6.2: Yeast oxygen measurement with 0.4% pyruvate
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Figure 6.3: Yeast oxygen measurement with 0.2% pyruvate

Figure 6.4: Yeast oxygen measurement with 0.04% pyruvate
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6.6 Simulation code

clc;

clear all;

%%

NN = 400;

C = 1 *1e6;

F = 1;

Rates = [ 5, 0.5, 0.02] *1e-4;

[r, n, f] = meshgrid(Rates, NN, F);

r = r(:);

n = n(:);

f = f(:);

%%

for k = 1 : length(r)

tic

% N=10000; % > 1e6

C = 1e6;

[t, Yy] = Diffus(k,n(k), f(k), r(k));

Res(k).Y = Yy;

Res(k).t = t;

Res(k).N = n(k);

Res(k).C = C;

Res(k).rate = r(k);

toc
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end

save ’Results_run_1’

%%

function [t, Yy] = Diffus(num,N, F, rate)

% constants

% C = 1e6; % cells per ml

C = 1e6;

K = 3*60;

r = 4; % cell diameter [um]

D=2e-5; %Diffusion

Y0 = 0.2e-3; %concentration O2 in water

rate0 = rate; %

Cl = C^(1/3); % cells per cm, linear

Clu = Cl*1e-4; %cells per um

% C3u = Clu^3; %cells in um^3

d = 1/Clu; %inter-cell distamce in um

cm = 1e4;

D_um = D*cm^2;

%Yy = zeros(K,N);

x=linspace(r,d/2,N);

dx = x(2)-x(1); %layer thickness

dt = dx.^2/D_um;

M = round( 1/dt );
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Yy = zeros(K,N);

Y=x*0+Y0; %initial O2 distribution

Dx = x*0 + D_um;

Dx(1) = F*2.9e-6*cm^2;

Dx(2) = Dx(1);

Dx(3) = Dx(1);

%

x_ = x;

dx_ = gradient(x_);

t = linspace(0, M*K*dt, K);

for j= 1 : K

tic

for k= 1 : M

Y1 = (x_.^2).*gradient(Y)./dx_;

dY_ = gradient(Y1)./(x_.^2)./dx_;

dY = dY_.*Dx ; %% > D = vector

Y = Y + dY *dt;

Y(1) = Y(2) - rate0 *dt; % inside cells

if Y(1) < 0; Y(1) = 0; end

Y(N) = Y(N-1);

end

toc

Yy(j,:) = Y;

%plot(Y);

% imagesc(x,t,Y); colorbar

350



try

fn = [’run_1’ num2str(j)];

save( fn );

disp(’saved’)

disp(num);

catch

disp(’ ?’)

disp(’saved ??’)

end

pause(.1);

end

end

6.7 Gcode-generating MATLAB code

clear all;

clc

fname = ’smallcylinder_Z20.gcode’;

%% Parameters

% x is recommend to make the longest

x0y0z0 = [100, 100, 20] ; % starting coordinates

dz = 0.1; % inter-layer distances

Ex_rate = 0.01; % Extrusion rate

speed = 800; % Print Speed

dr = 0.25; % distance between spiral lines in xy plane

H = 8; % Verticle height
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R = 7.5; % outer radius

r = 3; % inner radius

%% 1

% x0y0z0 = [100, 100, 3] ; % starting coordinates original z 1.5

% H = 8;

%r = 3.5;

% R = 7;

[Gcode1,time1,extr1] = Function_Make_cylinder (x0y0z0, H, R, r, dr, dz, Ex_rate, speed);

%% 2

%x0y0z0 = [112, 100, 1.5] ; % starting coordinates

%H = 13;

%r = 1.5;

%R = 3.5;

%[Gcode2,time2,extr2] = Function_Make_cylinder (x0y0z0, H, R, r, dr, dz, Ex_rate, speed);

% %% 3

% x0y0z0 = [100, 110, 1] ; % starting coordinates

% H = 14;

% r = 1.5;

% R = 3;

% [Gcode3,time3,extr3] = Function_Make_cylinder (x0y0z0, H, R, r, dr, dz, Ex_rate, speed);

%

% %% 4

% x0y0z0 = [90, 100, 1] ; % starting coordinates

% H = 14;

% r = 1.5;
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% R = 3;

% [Gcode4,time4,extr4] = Function_Make_cylinder (x0y0z0, H, R, r, dr, dz, Ex_rate, speed);

%

% %% 5

% x0y0z0 = [100, 90, 1] ; % starting coordinates

% H = 14;

% r = 1.5;

% R = 3;

% [Gcode5,time5,extr5] = Function_Make_cylinder (x0y0z0, H, R, r, dr, dz, Ex_rate, speed);

%% all together

Gcode = [Gcode1]; % Gcode3 Gcode4 Gcode5];

%Gcode = Gcode1;

writeGcode(Gcode,fname)

time = time1;% + time3 + time4 + time5;

%%fprintf(’\nPart 1 Print Time Estimate(Seconds) is : %f’,time1)

fprintf(’\nTotal Print Time Estimate(Seconds) is : %f’,time)

fprintf(’\nPrint Time Estimate(Minutes) is : %.2f’,time/60)

extr = extr1;% + extr2; % + extr3 + extr4 + extr5;

%%fprintf(’\nPart 1 Bioink Usage Estimate(mL) is : %f’,extr1)

fprintf(’\nTotal Bioink Usage Estimate(mL) is : %f’,extr)

function [Gcode,est_time,est_extr] = Function_Make_cylinder

(x0y0z0, H, R, r, dr, dz, Ex_rate, speed)

%% Pars

% x is recommend to make the longest

% x0y0z0 = [100, 100, 1] ; % starting coordinates

% dz = 0.1; % inter-layer distances
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% Ex_rate = 0.01; % Extrusion rate

% dr = 0.25; % distance between spiral lines in xy plane

% dz = 0.1;

% H = 10; % Verticle height

x0 = x0y0z0(1);

y0 = x0y0z0(2);

z0 = x0y0z0(3);

%%

%R = 8; % outer radius

%r = 3; % inner radius

d_ang = 5; % [degrees] in angle increments

%

z = 0 : dz : H; % verticle

N_rings = (R-r)/dr; % Number of rings in xy plane

phi = 0: d_ang : 360 * N_rings;

ro = r + phi/360*dr;

x = ro.* cos(phi/180*pi);

y = ro.* sin(phi/180*pi);

%plot(x,y)

%%

X = [];

Y = [];

Z = [];

for k = 1 : length(z)

s = (-1)^k; % sign
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if s > 0

X = [X x];

Y = [Y y];

else

X = [X fliplr(x)];

Y = [Y fliplr(y)];

end

Z = [Z y*0 + z(k)];

% if k < 4

% plot3(X,Y,Z);

% end

end

whos X Y x y

%%

EXTR = 0;

est_time = 0;

est_extr = 0;

Gcode(1).tx = ’G92 E0’ ;

cnt = 2;
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Gcode(cnt).tx = G0_(x0 + X(2),y0 + Y(2),z0); % starting position

cnt = cnt + 1;

Gcode(cnt).tx = G0_(-1,-1,z0); % starting position

cnt = cnt + 1;

N = length(X);

xi = x0;

yi = y0;

zi = z0;

for i = 2:N

dx = x0 + X(i) - xi;

dy = y0 + Y(i) - yi;

dz = z0 + Z(i) - zi;

xi = x0 + X(i);

yi = y0 + Y(i);

zi = z0 + Z(i);

if dz == 0

Ex = Ex_rate * sqrt(dx^2 + dy^2);

EXTR = EXTR + Ex;

Gcode(cnt).tx = G1_(xi,yi,-1,EXTR,speed);

cnt = cnt + 1;

est_time = est_time + sqrt(dx^2 + dy^2)/(speed/60);

else

Gcode(cnt).tx = G1_(-1, -1 ,zi,-1,speed); % moving up position
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cnt = cnt + 1;

est_time = est_time + dz*3/(speed/60);

end

end

%%

clc

for k = 1 : length(Gcode)

disp(Gcode(k).tx);

end

est_extr = (EXTR/320)*5.5/1.32;

fprintf(’Estimated print time is: %f’,est_time)

fprintf(’\nEstimated bioink needed is: %f’,est_extr)

function writeGcode(Gcode,fname)

load Before_and_After Before After

%% Write header

fid = fopen(fname,’w’);

for k = 1 : length(Before)

%disp(Before(k).tx);

fprintf(fid,’%s\n’,Before(k).tx);

end
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for k = 1 : length(Gcode)

%disp(Gcode(k).tx);

fprintf(fid,’%s\n’,Gcode(k).tx);

end

for k = 1 : length(After)

%disp(After(k).tx);

fprintf(fid,’%s\n’,After(k).tx);

end

fclose(fid);
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