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1. Introduction
The path towards the creation of a medical device requires many design iterations and testing. Going from
a concept to a final “Star Trek” device can require years of work. For this breadboard device,
microchannel technology is the baseline for developing an extracorporeal blood processing device.
Potential applications for this device were determined by making a rigorous disease database evaluating
how the capabilities of the microchannel device can treat or cure a disease. As potential applications are
developed, a testing device is required to be able to prototype the features of the final device.

Creating the breadboard device allows for a flexible testing platform that can be used alongside
conceptualization of the medical device. In addition to this, the breadboard device integrates subsystems
at a level that would not be possible when using separate components purely for data collection. The
integration of each subsystem allows new challenges that need to be addressed to be highlighted to define
new design objectives. The breadboard device contains the basic components that would be needed within
the final device. This includes pumping, temperature sensing and regulation, and pressure sensing. The
breadboard device must be compatible with the i-Blood device, which is a polypropylene microchannel
plate housed between aluminum and an acrylic window.

2. Background
As medical applications arise different levels of development must be achieved. For the i- Blood device, a
research device, emergency device, clinical device, and “Star Trek” device must be created using the
microscale-based platform technology. The breadboard device can be used in parallel to all of these
devices to help test and create different aspects of each device. Figure 1 shows how each device can build
off one another with the breadboard device developing in parallel.
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Figure 1 - The development of different versions of the device using i- Blood platform technology. The research device has been
developed alongside the breadboard device.

2.1 Wearable Medical Devices

Today, wearable devices (WD) are fairly widespread in both application and abundance. Many devices
such as smartwatches and fitness sensors can collect data on the user and contribute to a more healthy
lifestyle. Some connect to in-home appliances, some monitor fitness or posture, and some are used as a
communication tool. These devices all need means of communication, like Bluetooth or the Internet, have
been developed and are currently being improved on. In terms of health and medicine, more and more
treatments and diagnostics that are available at home are being sought out [1]. These devices focus on
diagnosing, monitoring, and treating different diseases or conditions.There are also many different
applications and components that go into making a wearable device. Some applications include providing
rehabilitation services to those in need [2], providing monitoring of substance abuse in the body [3] and
diagnosing different diseases like Alzheimer’s [4]. Creating these devices does not go without significant
challenges and parameters. Some common characteristics and challenges of compact, wearable devices
can be applied to the creation of the i-Blood device. The wide spectrum of applications covered in this
review may help determine a place where i-Blood devices apply to and can help in the design and creation
of the device itself.
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A wearable medical device is generally defined as an autonomous, non-invasive device that is worn for
medical purposes such as monitoring and support [1]. During development of a WD, several aspects need
to be considered. This includes functionality such as data handling and its ability to perform its medical
task. The WD should also be safe, reliable, and designed ergonomically, all especially important when
designing for patients or users that may be physically limited or do not have the training of a medical
professional. This definition corresponds to the various WD covered in the selected papers.

There are various medical applications for wearable medical devices, but they can be categorized into
three main functions: diagnosing, monitoring, and support. Diagnosing medical devices are used to collect
data from the user and detect early signs of diseases. Monitoring medical devices are used to monitor a
user with an existing condition or monitor the overall health of the user. This type of device is currently
the most common and can be seen integrated with smart devices such as smartwatches and fitness devices
like FitBits. Supporting devices are those that are actively treating the patient or user that is using the
device. This usually includes some sort of prescribed treatment. All three of these categories are not
mutually exclusive, many devices find a way to integrate and connect multiple aspects and characteristics
of the categories to create a more robust device.

There are a wide range of WD applications. Many of these applications are still in their early
developmental phases and are still heading towards final designs. Each application has been categorized
into one of the three categories defined earlier. This does not mean that each application is strictly within
that category, it just means that it is a part of their main functionality.
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Diagnostic uses for WDs can be difficult and time consuming. Diagnosing requires long-term monitoring
and, currently, would need to be very specific. Castillejo et al. describes an application where a device is
used to diagnose Alzheimer's in elderly patients [4]. The device uses Bluetooth and Wireless LAN
communications to monitor the movement patterns of in-home elderly patients. Erratic movements
indicate early signs for Alzheimer's [5]. This device is not necessarily a WD now, but it contains
components of a device that can later become a WD. This device uses monitoring and tracking of
behavioral patterns and while is being worn, potentially with the integration of a GPS device, this can
become a WD used to detect early signs of Alzheimer’s. Another application is using wireless
technologies and wearable sensors to diagnose heart problems [6]. This device is similar to that of the
Alzheimer’s device in that it uses Bluetooth and Wireless LAN communications. This device uses an
ECG sensor that can be applied directly to the patient’s skin. The sensors communicate to a hand-held
device which records and processes the data it is receiving. Despite being integrated communication-wise
this device requires a medical professional to interpret the data received from the sensors and give a
diagnosis. Therefore this device may require two interfaces, one for the user and one for the professional.
The user interface would need to be simple and easy to use. This means that the device cannot output raw
data or any information that requires special training to understand. On the professional side, the output
can be more analytical and require more special training to understand.

Devices focusing on support actively treat the patient using the device. In the paper by Mavroidis et al., a
brace is proposed as a WD that would help with rehabilitation from traumatic injuries. The device is worn
around the joint of interest (e.g. elbow or knee) and emits electrical signals to alter the electro-rheological
fluid (ERF) within the joints [2]. The brace contains two electrode sensors and communicates via a user
interface that is displayed on a computer. The device collects biofeedback data on the rheological
properties of the ERF within the joint. This device, although not very portable, is still in its early stages of
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development and may be very far from being easily accessible to the public as a commodity. As such, it is
effective and functional in terms of medical treatment but lacks the qualities of a true, portable device.
The device is large, heavy, and requires multiple connections to a computer and power source. This
makes the portability and ergonomics of this device lacking. The user interface is also not very
user-friendly which may make it difficult for patients to use without a professional’s support. Also, the
device is not very compact or aesthetically pleasing. As the device moves further in its developmental
phases, these categories are expected to be improved upon before it reaches a wide-scale market.

Monitoring of health through the use of analytics is probably the largest category for WDs. Any
application for a WD will require monitoring at least on the most basic scale. The very first WD was a
holter monitor used to monitor soldier movements and location [1]. Monitoring includes the collection of
data and interpreting it. In the cases for diagnosis, monitoring was required to see any trends and
abnormalities that would come up to indicate early detection signs for those diseases. For example, the
device that found heart problems would continuously monitor arrhythmia and used that data to diagnose
heart health [6]. Some researchers have strong opinions on the direction of WD development. Chai states
that the future of WDs lies in monitoring technology [3]. He states that applications like monitoring
substance abuse patients and ensuring that they are not undergoing relapse may be one useful application.
Another application includes recording general vital signs as Khan et al. did in their work. Khan et al.
used different flexible materials to better integrate subsystems used to measure one’s vitals [7]. This
technology is very useful due to its ease of integration. Any other WD can use this technology to create a
more comfortable, wearable design for diagnostics.

There are many challenges that go into the development and creation of a WD. These challenges can boil
down to how the device functions as a medical device and as a wearable device and how those parameters
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may sometimes conflict. Another challenge includes how safe and reliable the device is in order to gain
acceptance from those who will be dependent on the device. Finally, the design challenge of the device
covers how well it can be worn and how this can impact the functionality of the device. Fotiadis et al.
provides a very thorough and complete list of WD challenges [1].

The WD needs to have functionality parameters which can be defined by the creator and by the users
creating the demand or need for a function. The device should be able to diagnose, support, or monitor
whatever diseases they are supposed to. If a device needed to communicate to other components, like the
heart monitor sensors with its hand-held device [6], the device would need to have a communication
functionality. This would mean that the device can use Wi-Fi or Bluetooth in order to connect wirelessly
or it would need some sort of connection if a wire was needed.

As with all medical technologies, safety and reliability are crucial for the operations of the device. Any
device that is meant to help a user should not harm them [1]. With this in mind, any medical device needs
to undergo immense testing to ensure that it is safe to use for the duration of time the device is expected to
be in use. The device also needs to be reliable. Consistent false alarms may cause harm to the user and
would make it hard for the device to be accepted into society. Acceptability is a very important factor.
Potential users need to feel comfortable with using the device before it can be utilized. This is especially
true for devices that do not need a prescription.

The design is also an important factor of a WD. The design incorporates the wearability of the device and
how the device looks. The wearability is how much the device can cater towards human movement, how
big or heavy the device is, and where the device would be placed on the body. This challenge looks at
how much the device hinders movement. For example, the heart monitoring device [6] would be
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significantly more comfortable to wear than the rehab device [2]. The design also includes what the
device looks like. This is usually implemented near the end of development and can be important since a
WD is something that is worn very often, how discreet and how sleek the device may be a deciding factor
for adoption. The design also includes how well integrated the device is. If a device can be easily
integrated with a smartphone and other Internet of Things devices using Wi-Fi, Bluetooth, or radio
frequencies [8], it may make the device more appealing for users.

With the advancement of wearable medical devices the fundamental expectations of technology of this
nature is becoming more defined. WDs are defined as an autonomous, non-invasive device that is worn
for medical purposes such as monitoring and support. For the most part, the current plan for the i- Blood
device follows this definition, the only main difference is the “non-invasive” part since the current design
would need to access the bloodstream. This may be a part of the i-Blood device that can be re-evaluated
in the future to see how the device can minimize its invasiveness. The i- Blood device would encapsulate
mostly support and monitoring applications. Specific diseases such as sepsis or thalassemia would both
require monitoring of blood composition and treatment of the blood. In terms of challenges, I believe that
the i- B
 lood device still needs to clarify and address the three main challenges for a WD. The function of
the device needs to be clearly defined and the design and components of the device should cater to this
function. Later in the developmental process, the design of the actual i-Blood wearable can be created and
portability, size, and comfort and be evaluated.

2.2 Blood Processing

Blood processing devices can be used to treat various diseases or conditions. With the rise of infectious
diseases [9] the applications for blood processing devices are also increasing. Most existing applications
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of blood processing devices entail some kind of removal from the blood. Removal of a blood component
is one of the most straight-forward applications of blood processing devices. The main concept for this
application is to remove a component that is in excess or causing harm in the patient’s body. This is
performed usually through some filtration or dialysis.

In patients with renal failure, levels of urea in the blood are dangerously high. Current treatments for this
include the use of hemodialysis which involves the use of dialyzers which filter urea out of the blood [10].
Hemodialysis machines replace kidney functions and the use of hemodialyzers only require minor surgery
but they are very time consuming and invasive. Another potential approach is to use a parallel array of
microchannels on a flat plate fitted with an ultrafiltration membrane [11]. Clinical uses of this urea
separation method is not yet widely used as a therapy but it provides the groundwork for potential
commercial blood processing devices such as the i-B
 lood device.

Sepsis is a medical condition which is characterized by the body’s inflammatory response to an infection
that is usually bacterial. It is life threatening and can often lead to organ failure and even death [12]. The
current treatment for sepsis is to administer antibiotics to the patient. Oregon State University has been
developing a potential blood processing device which uses a sorbent hemoperfusion device which can
remove the bacteria and its fragments from the blood [13]. Hemoperfusion is done by filtering the toxins
out of the blood outside of the body. Other applications of hemoperfusion can be acute drug intoxication
[14] or poisoning [15]. Hemoperfusion is the basis for extracorporeal blood processing devices like the
i- Blood device.
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2.3 Blood Damage

Whole blood is made of over 4,000 components [16]. Red blood cells, white blood cells, platelets and
plasma are the most important of these components. There are many biochemical processes that cause
blood to be extremely sensitive to their environment. Whole blood is especially sensitive to temperature
changes, mechanical stresses, and concentration changes. Responses to these changes include lysis, which
refers to the rupturing of cells, or blood coagulation which occurs when platelets in the blood become
activated. Blood coagulation can also occur when red blood cells form aggregates [17]. Because of this,
blood damage needs to be considered when developing any type of blood-processing device.

When examining blood damage, it is important to be able to quantify the damage that has occurred.
Different types of cells in the blood can be quantified in different ways. Red blood cell damage is found
by measuring different levels of hemoglobin present within the plasma. White blood cell damage is
measured by counting white blood cells present. Platelets are measured in this way as well.

Hemoglobin is a molecule found in red blood cells. It is the main molecule used to transport and carry
oxygen throughout the body. One way to measure hemoglobin is to use spectrophotometry to quantify
oxyhemoglobin, which is the oxygen-bound form of hemoglobin, present in the blood [18].
Hemoglobinometers, which are tools measuring hemoglobin, are available to measure levels of free
hemoglobin present in the blood as well. White blood cells actively bind to foreign objects in the blood.
The main method to measure white blood cell damage is to perform a white blood cell count [19]. This is
not very ideal, which is why blood damage can be better quantified by observing red blood cells. Platelet
damage is quantified by observing conglomerations of activated platelets. This can be especially useful
for the creation of blood processing devices since platelet conglomerates can be easily visualized and

9

modeled [20]. By using Newtonian dynamics, locations where more platelet conglomerates occur can
indicate specific locations where damage is occurring. This is useful when creating geometries for a blood
processing device and seeing which surfaces are causing the most damage.

Blood damage can be caused by temperature changes, mechanical stresses, and chemical concentrations.
Each of these methods can cause hemolysis, or the destruction of erythrocytes (red blood cells) and/or
trigger thrombocyte (platelet) aggregation. In the human body, blood is maintained at normal body
temperature of 36.5℃. Outside of this range, membranes of blood cells have higher risks of damage and
thrombocytes become more active. At temperatures below 0℃, erythrocytes have high rates of cytolysis,
bursting of the cells, which is due to freezing or thawing [21]. During thawing, erythrocytes may also
exhibit low levels of salt before rupturing. Irreversible damage can occur on blood cells when they are
between -3℃ to -40℃, even for short periods of time. During this time, the cell walls are especially
susceptible to mechanical stresses. At temperatures above 45℃, the cell membranes of erythrocytes lose
its structural rigidity and become more liquid-like, which causes lysis [22].

One of the most prominent methods of blood damage is mechanical stresses. More specifically, shear
stresses are caused by the solid surface interaction between the surface of the container and the blood. To
observe this, Leverett et. al. used a viscometer to observe damage to the whole blood. Erythrocytes, or red
blood cells, were found to withstand about 1500 dynes/cm3 of shear stress before extensive cell damage
[23]. The viscosity of blood is dependent on its shear forces [17] indicating that blood is a
Non-Newtonian fluid. Shear stresses are also found among cell-cell interactions but when considering the
sample as a whole, solid surface interactions will dominate. Air-to-cell interactions may also occur but
they are, again, not as dominant as solid surface interactions. This conclusion was made because other
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interactions were found to express high levels of damage around the same shear force or greater [23],
which means that solid surface interactions would affect the shear stress sooner than the other methods.

Mechanical stresses due to collision forces can also damage blood. Since erythrocytes have a rounded
geometry and relatively elastic bodies [17] they have a fairly high degree of deformability. This means
that the cell can change shape under different forces rather than break. At temperatures below 0℃,
collision forces applied on erythrocytes can cause them to burst due to the brittle nature of the membrane
[21].

Concentrations are crucial for proper blood functions. Osmotic characteristics of red blood cells are
highly dependent on levels of salt concentrations within the cell. During the temperature analysis of red
blood cells below -15℃, the greatest impact on cell lysis was due to the high salt concentrations formed
when freezing and low concentrations when thawing [21]. It was found that these levels of salt
concentrations had more potential to damage the cell rather than the expansion or collision of ice crystals
formed when freezing. Another concentration change that may help with the preservation of blood is to
treat the blood with citrate. The citrate binds with the calcium present in the blood which prevents
coagulation [24]. Citrated blood also helps with the preservation of platelets [25] as a result of preventing
coagulation.

When creating a blood processing device, such as the i- B
 lood device, it is important to consider what
factors of the device may affect the blood that it is processing. Ideally, for devices that treat blood that
will be re-entering a patient’s body, blood damage is minimized and the integrity of all the major blood
cells are still there. Because of this, it is important to understand what factors may affect the blood being
processed. When analyzing damage, it is best to observe red blood cells and measure hemoglobin that has
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been freed into the plasma [18]. Platelets can also be a good way to analyze damages caused by the design
of the device [25]. Parameters such as temperature, stresses, and concentrations are important to consider
since they are the main ways blood can be damaged. As a result, aspects such as temperature control, flow
characteristics, and treatments of blood for the i- B
 lood device design needs to be carefully considered.

2.4 Microscale Technology

Microchannel devices are a type of microscale technology (MT) that involve device architecture between
10 to 500 micrometers [26]. The field of MT began approximately 30 years ago when a high-performance
heat sinking device was developed for large-scale integrated circuits. The enhanced mass and heat
transport is due to a higher control of fluid flow behavior and a minimization of distances required for
transport. In their paper, Tuckerman and Pease suggested that manipulating the inverse relationship
between channel width and the heat transfer coefficient for laminar flows can provide temperature control
to systems in a scalable manner [27]. This led to a field of research exploring how microscale devices can
be applied for process intensification and greater control over mass and heat transport in the fluid.
Currently, microchannel and microscale technology can serve a wide range of functions including
separation, mixing, fuel processing, and chemical reactions [28] due the ease of fabrication and scalability
of MT [29].

Specifically in bioengineering applications, MT has been utilized in companies like Bristol Myer Squibb
to increase yields in their pharmaceutical production while minimizing production costs [28]. Previous
work has also been done looking into how microchannel technology can be used for hemodialysis. In this
application, components in urine, such as urea and vitamin B-12, are shown to be removed when using
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microchannel technology [11]. The use of MT in this context shows the potential of finding more
applications in the biomedical field.

3. Device Development

3.1 Disease Determination

Microchannel plates can be used for thermal processing, separations, mixing, and chemical reactions [28].
The most applicable use for biomedical applications is the separations and chemical reactions aspect.
From this, diseases that could potentially be treated by the i- B
 lood device were categorized into
treatments that involved removing something from the body, adding something into the body, or reacting
something in the body. A database of diseases were created combining data from MalaCards, Institute for
Health Metrics and Evaluation, and PubMed. Additional information was collected through general
research. Information including the prevalence of the disease, the severity, and the types of existing
treatments were considered.

For the diseases that showed the most potential for this device, a new device concept was created which
analyzed the projected operating characteristics and the benefits of using the i- Blood device as a
therapeutic treatment. Potential pitfalls of the device and the extent of research and development were
also evaluated.
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Figure 2 - The i-Blood device. Source: Jovanovic Lab, Oregon State University

Currently thalassemia and hypouricemia, are two diseases that are being targeted by the PhD students, Jad
Touma and Jaturavit Pantakitcharoenkul, in the Jovanovic lab group. The breadboard device will be able
to test the potential device design that they will come up with.

3.2 Required Parameters

The required parameters of the breadboard device were based on the predetermined subsystems of the
overall i- B
 lood project. The subsystems include the power system of the device, the control system,
instrumentation, communication, and pumping and piping. A diagram of the subsystems are provided in
Figure 3.
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Figure 3 - i- B
 lood device subsystems. In orange are the primary subsystems of the device, in yellow are the secondary
subsystems. The i- B
 lood microscale-based reactor in the center and acts as a platform to the entire device.

For this iteration of the breadboard device, all parameters and components had to be integrated with each
other. These components needed to be connected by a flow system, shown in Figure 8, and by a circuit
which is shown in Appendix C. When choosing the components to integrate, the three most crucial
sensors out of the flow system were selected.

The most important parameters required were determined to be temperature, pressure, and flow rate.
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3.3 Technology Procurement

3.3.1 Arduino

Figure 4 - Arduino Nano. The processor of the breadboard device. Source: Seeed Studio

To act as the processor to all the components, an Arduino device was used. Arduino was selected due to
its user-friendly nature. Programming the Arduino was straightforward due to the abundance of
open-source material, including the Arduino Desktop Integrated Development Environment (IDE) which
did not require advanced computer science knowledge to program. Additionally, many parts and sensors
were available through the parent company, AdaFruit, which would guarantee device compatibility when
obtaining parts.
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3.3.2 Pump

Figure 5 - Peristaltic pump attached to Tygon tubing. Source: AdaFruit

When looking for a pump, the device needed to be small, compatible with Arduino, and ideally peristaltic.
The pump selected was obtained through AdaFruit and included a stepper motor connected to a rotor
which had a peristaltic tube weaved in it. The pump also comes with silicone tubing with a 4 mm outer
diameter and 2 mm inner diameter with two barred connectors. This pump takes in a maximum voltage of
12V and runs a current of about 200-300mA. It has a maximum flow rate of up to 100mL/min and works
between 0℃ to 40℃. This pump is not a medical grade device but it is sufficient quality for this iteration
of the device. This pump does not need to be primed and can self-prime with water a half meter with ease
unless there are any residues on the inside of the tubing which may cause bubbles and stagnation.
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3.3.3 Temperature Sensor

Figure 6 - Temperature sensor, resistor and quarter provided for scale. Source: AdaFruit

Since the system required measuring the temperature of fluids, a waterproof temperature sensor was
required. The sensor obtained was another AdaFruit device and it had a usable range of -55℃ to 125℃
and a 9 to 12 bit resolution. The sensor had a stainless steel tube with a 6mm diameter and a length of
30mm. Three wires are used to connect the sensor to the processor; red connects to 3-5V, black connects
to ground, and yellow is data. The temperature sensor connects to a 1-Wire interface which has a lot of
built-in instructions for applications. The sensor has a ±0.5℃ sensitivity and can use a power source
between 3-5V. The sensor is too large to fit into the current 2 mm tube but it can be submerged in a vessel
that holds the fluid.
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3.3.4 Pressure Sensor

Figure 6 - Pressure sensor without a 4-pin adapter. Source: Cole-Parmer

The final component is a medical-grade, Pendotech pressure sensor obtained from Cole-Parmer. This
sensor measures static and dynamic process pressure and is originally designed to be single-use for sterile
conditions for gases and liquids. This item is unique in that it does not have any fluid obstructions to
measure pressure. The sensor is made from polycarbonate and includes a custom molded, waterproof
4-pin connector. An adapter was also obtained to allow the pressure sensor to be connected to the
Arduino. The black wire connects to - excitation and the red is the + excitation. The green is the + signal
and the white is the - signal. The sensor functions best between -7 to 75 psi and operates within 2℃ to
50℃. With the adapter, it can be powered using the 3-5V power source coming from the Arduino.
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4. Device Assembly

This device includes three main components: peristaltic pump, temperature sensor, and a pressure sensor.
The circuitry includes an analog-to-digital converter (Hx711), Metal Oxide Semiconductor Field Effect
Transistor (MOSFET), and buttons to control the pump. Each component of the breadboard device is
controlled using an ArduinoNANO and can be used simultaneously with data outputted via computer
monitor. A schematic of the device is available in Appendix C.

4.1 Continuous Test Loop Design

The breadboard device was specifically designed to be used alongside a microchannel plate or other
microscale flow device. Currently, testing this device requires the use of syringe pumps and cannot be
continuous. Using the device, a continuous test loop can now be applied. The continuous loop flow sheet
is provided in Figure 8.

Figure 8 - Process flow diagram of a continuous experimental set up using the breadboard device.
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In the context of blood processing, the blood would start in a blood bag or fluid vessel. The current
temperature sensor (T) would be submerged in a water bath along with the blood bag. The blood would
then be flowed into the i- Blood device using the peristaltic pump integrated in the flow loop. The pressure
sensor (P) would be directly after the pump and before the plate to obtain pressure data. All the sensors
would be communicating to the Arduino Nano on the breadboard device. Sample valves are placed
around the loop to allow for sample collection if needed. An external heat exchanger is currently required
for thermal regulation.

4.2 Software Description

The device is programmed using Arduino Desktop IDE which is written in C/C++. The written program
relies on the OneWire and Dallas Temperature libraries to control the temperature sensor. The final code
is included in Appendix E.

Since the pressure sensor gives an analog output, the converter Hx711 is programmed to accept the initial
pressure sensor output and changes it print a digital output showing pressure in Pascals. To obtain the
conversion value, the pressure sensor was first calibrated using a meter of water.

Both the temperature sensor and the pump already gave digital outputs. A controller for the pump to
decrease or increase flow rate is included in the code. A button that is connected on the breadboard device
can change the flow rate from a high setting to a low setting.

The program continuously outputs data to a window on the computer monitor. If an output is not needed,
the code can be uploaded onto the ArduinoNANO and the system can run independent of a computer.
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5. Future Work

5.1 Continuous Testing Loop

Hemolysis, or blood damage, can occur within the microchannel plate due to shear stress. In order to
properly process blood, hemolysis through the device must be quantified and minimized. To quantify
damage, citrated bovine whole blood was used to flow through the i-Blood device. Damage was measured
using a MAK115 Hemoglobin Assay Kit from Sigma-Aldrich [30]. Experiments to quantify hemolysis
have been done using the current microchannel plate and a syringe pump [31].

Experiments were done to induce thermal damage in the blood by heating up a sample of blood to 45°C.
The damaged sample was compared to untouched blood to show the extent of damage blood can
potentially show. Additionally single pass and multipass experiments were done flowing blood through
the device using a syringe pump in one direction. The results of each experiment are shown in Figure 9
for single pass and multipass trials.

Figure 9 - (a) Results of plasma-free [Hb] trials for various set flow rates after a single pass. (b) Results of plasma-free [Hb]
trials for increasing number of passes at a flow rate of 10 mL/min. The results for each graph are compared to the fresh blood
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plasma-free [Hb] content. On the far left of each graph, the results from the thermally induced control is included for comparison.
Courtesy of Kyle Botermans.

Continuous flow experiments can be done to gain a more accurate hemolysis quantification through the
plate and would validate the breadboard device. The use of the breadboard device will allow for
continuous passes through the device over a long period of time which would represent a more accurate
depiction of how the i- Blood device would be used.

More details regarding hemolysis through the microchannel plate can be found in Kyle Botermans’
Honors College thesis.

5.2 Next Steps

5.2.1 Additions to the Device

While the most important components of the device are included in the current breadboard device,
additional sensors would be useful to add to create a more robust breadboard device.

The first addition is needed for temperature regulation. A heat exchanger that would maintain the
temperature of the fluid at all points in the loop would be beneficial. Additional thermocouples that can
measure temperature of the fluid in the tubes would also help provide a more complete picture of the test
loop. The heat exchanger and thermocouples should be able to communicate with each other to ensure
proper thermal regulation.
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When working with blood, often concentrations of a certain component within the blood is desired.
Adding additional sensors like an oxygen sensor or a glucose sensor would allow for the viability of the
blood to be monitored. In blood damage applications, a hematocrit sensor may be helpful in determining
the amount of damage induced in the system. The addition of these sensors allow for a wider range of
application for the breadboard device and provides more information about the system.

Since the device will be exposed to fluids in the system, it would be good to develop some sort of
waterproof housing for the device circuit. This would add a layer of safety to the design along with a
visual aspect especially when traveling and showing the device as a proof of concept for the final device

5.2.2 Instrumentation Integration

Currently, this iteration does not have process control programmed in. A suggestion to begin process
control is to integrate the pump with the pressure sensor. At high pressure, the sensor should
communicate with the pump to decrease power. Additionally, including temperature regulation would
also be beneficial.

5.2.3 Improve interface

Despite being functional, the program does not have a very nice user interface. The code must be
modified to adjust the high and low settings of the pump and does not allow for any live user input. It is
expected that the users of this program will not be computer science experts, therefore the implementation
of a more straightforward user interface would be beneficial.
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5.2.4 Device Validation

Validation of the device should occur after any new additions to the breadboard. Validation includes
hardware testing, ensuring that the sensors are calibrated properly and compatible with the other
components of the device. Also software validation is required to ensure that the code is working
properly. This should be done before using the device for any experiments.

6. Conclusion

The first iteration of the breadboard device is capable of running very basic components to collect the
most important parameters of the system. The device includes a peristaltic pump, temperature sensor, and
a pressure sensor all connected to an Arduino Nano. Components like an oxygen sensor and heat
exchanger should be added to future iterations of the breadboard device to expand its capabilities. Process
control should also be implemented into the device software along with an improved user interface.
Currently, the breadboard device is ready to be used in a continuous test loop potentially for hemolysis
quantification. Overall the device successfully provides a baseline for later iterations of testing platforms
and is the first step towards creating a future medical device.
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Appendices

Appendix A - Continuous Test Loop Process Flow Diagram
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Appendix B - Integrated Breadboard Device
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Appendix C - Device Schematic
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Appendix D - Device SOP
List of Components
1. Laptop
2. Breadboard Device
a. Peristaltic pump
b. Temperature sensor
c. Pressure sensor + 4-pin adapter
3. Micro USB cable
4. 12V outlet power adapter
5. Beaker
6. Extra tubing and barbed valves
Operation
1.) Lay out the breadboard next to the device and a computer
2.) Plug in the pump and the power pack or cord to the bread board
3.) Plug in the temperature sensor onto the breadboard
4.) Plug in the pressure sensor using the 4-pin adapter
5.) Hook up the pressure sensor to the fluid line of the pump
6.) Plug in the i-Blood device to the pump and create the fluid loop
7.) Plug in micro USB to the blue Arduino Nano on the breadboard device, attach the other end to the
computer
8.) Run Arduino IDE on the computer
9.) If file has not been uploaded into the computer, either copy paste the code or upload
‘breadboard_v2.cpp’
10.)Run ‘breadboard_v2’ and upload it onto the Arduino, the light on the arduino will blink twice
when upload is complete
11.)The pump may need to be primed if tubing is old, to do this, run only the pump and tubes with a
vessel filled with the liquid before connecting it to the plate device
12.)The data will be outputted on the screen of the computer and can be saved into a document
13.)When done, empty the pump of liquid and take apart the breadboard for storage
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Appendix E - Code
breadboard_v2.cpp
//Modified and written by Kaylene Lim 03-2019
//Modified and written by Bao Nguyen 02-2019
// First
#include
#include
#include

we include the libraries
<OneWire.h>
<DallasTemperature.h>
"HX711.h"

//NOTE: Digital pin 4 is for extra Sensor/Servo, anything with
+5v/GND/Digital
// Data wire is plugged into pin 5 on the Arduino
#define ONE_WIRE_BUS 5
// Clock and data line for the HX711, DOUT and CLK can go to any
digital pin
// Leave 2 and 3 for interrupt pin
#define DOUT 10
#define CLK 11
#define calibration_factor -73.0
//Motors
#define motor1 9
#define motor2 6
// Temperature sensor object
OneWire oneWire(ONE_WIRE_BUS);
DallasTemperature sensors(&oneWire);
//Create HX711 Object
HX711 scale(DOUT, CLK);
//Universal for interrupt
volatile boolean motor1On = false;
volatile boolean motor2On = false;
void setup(void)
{
Serial.begin(9600);
Serial.println("Dallas Temperature IC Control and HX711 Pressure
Sensor");
// Start up the library
sensors.begin();
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pinMode(motor1, OUTPUT);
pinMode(motor2, OUTPUT);
// Use Calibration for HX711
scale.set_scale(calibration_factor);
//Interrupt Button
pinMode(2,INPUT_PULLUP);
pinMode(3,INPUT_PULLUP);
attachInterrupt(0,buttonPressed1,RISING);
attachInterrupt(1,buttonPressed2,RISING);
}
void loop(void)
{
// call sensors.requestTemperatures() to issue a global
temperature
// request to all devices on the bus
//Serial.print(" Requesting temperatures... and pressure");
sensors.requestTemperatures(); // Send the command to get
temperature readings
//Serial.println("DONE");
Serial.print("Temperature:\t");
Serial.print(sensors.getTempCByIndex(0));
// You can have more than one DS18B20 on the same bus.
// 0 refers to the first IC on the wire
Serial.print("Pressure:\t");
Serial.print(scale.get_units(),1);
Serial.print(" Pascals\t");
Serial.print("Motor1:");
if(motor1On == true){
Serial.print("On");
}
else{
Serial.print("Off");
}
Serial.print("\tMotor2:");
if(motor2On == true){
Serial.print("On");
}
else{
Serial.print("Off");
}
Serial.println();
delay(1000);
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}
void buttonPressed1()
{
digitalWrite(motor1, motor1On ? HIGH : LOW);
motor1On = !motor1On;
//
//
//
//
//
//

if(motor1On == false){
digitalWrite(LED_BUILTIN, HIGH); //for testing interrupt
digitalWrite(motor1, HIGH);
motor1On = !motor1On;
}
else{
// digitalWrite(LED_BUILTIN, LOW); //for testing interrupt
// digitalWrite(motor1, LOW);
// motor1On = !motor1On;
// }

}
void buttonPressed2()
{
//digitalWrite(LED_BUILTIN, motor2On ? HIGH : LOW);
//fortesting interrupt
digitalWrite(motor2, motor2On ? HIGH : LOW);
motor2On = !motor2On;
//
//
//
//
//
//
//

Or you can use this more intuitive code
if(motor2On == false){
digitalWrite(LED_BUILTIN, HIGH); //fortesting interrupt
digitalWrite(motor2, HIGH);
motor2On = !motor2On;
}
else{
// digitalWrite(LED_BUILTIN, LOW); //fortesting interrupt
// digitalWrite(motor2, LOW);
// motor2On = !motor2On;
// }

}
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