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Abstract

It is has been proven that infection in the body cause a local temperature increase
due to localized inflammation. Therefore, a method to provide early diagnostic or long-
term tracking of this infection will provide great benefits to patients with diabetic foot
ulcers or sickle cell disease, and those receiving hemodialysis where they suffer from a
weakened immune system. The goal of this project is to develop an implantable wireless
temperature sensor based on a wireless sensor network system for monitoring infections in
situ. The analog signals from the thermistors are digitized and wirelessly transmitted to a
computer with an ez430-rf2500 wireless sensor network (Texas Instruments). The sensor
device is designed to monitor temperature at a fixation plate of a rodent under an infection
model. Two prototypes of the system, T1 and T2, were designed and fabricated during this
work. The sensors displayed good sensitivity, stability and reliability during the testing.
The system was optimized for better timing accuracy to allow power management. Such a
sensor could be used for long term monitoring of infections associated with orthopedic

implants.
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1. Introduction

1.1. Orthopedic Infections

Osteomyelitis, or infection of the bone, occurs due to the invasion of bacteria or
fungi into the bone [1]. The infections can happen immediately post-surgery or during the
course of a long-term treatment. If left untreated, these infections can permanently impair
the structure and function of the bone. Typically, the path of infections are through the
bloodstream or along the surrounding tissues [2]. In other cases, the infections can start at
the bone itself, which is more often when the injured bone is exposed due to fracture. A
bone fracture can happen due to a high force impact (trauma), osteoporosis or some types
of cancer such as osteosarcoma and chondrosarcoma [3]. Between 2001 and 2016, the
prevalence of musculoskeletal procedures had drastically increased in the US from 16.9%
to 24.2% of all the operating room procedures in hospitals. Osteoporosis affects an
estimated 75 million people in the US, Europe and Japan, and is recognized as the leading
cause of bone defects [4]. The bone needs to recover to its full strength, sensitivity and
movement. Depending upon the degree of damage, various invasive and noninvasive
treatment methods have been proposed. A common complication that has been observed
during any mode of treatment is osteomyelitis, where bacteria resistant to localized immune
responses infect the exposed site. Organisms invade the area of injury, wound or cut which
can lead to infections in the bones. Typically, the infections persist until the implants are
removed from the body. The current treatment for orthopedic infections involves
hospitalization, the use of long-term course of antibiotics and surgical interventions.
Therefore, there is a need for early detection and diagnosis for such infections [5]. The

most common cause of such infections are Staphylococcus aureus bacteria [6]. Modern
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methods of orthopedic surgery and musculoskeletal research are aimed at making surgery
less invasive and focusing more on improving the properties of implants.

The annual cost of treating knee and hip replacements has gone from $320 million
to $566 million between 2001 and 2009. This number is projected to go up as high as $1.62
billion by 2020. In this period alone, the infection rates for hip and knee replacements
ranged from 2.0% to 2.4% and have been on the rise ever since [7, 8]. Implant infections
have continued to grow in numbers in the last decade or so thus causing a huge economic
burden in terms of rates and cost involved. These infections are proven to having an adverse
effect on the patient health and the quality of life. They are a massive challenge to
overcome in the field of medicine in order to provide a better post-surgical care to the
patient. The morbidity, mortality and the cost of treatment associated with them has been
huge. On this context, there is need for a new treatment modality for early detection and
diagnosis of implant related infections through an effective collaboration between
surgeons, infection specialists and microbiologists by keeping emphasis on retaining the

device inside the body.

1.2. Infection Complications

Orthopedic implants are an essential component in regenerative medicine. Surgical
site infections are reported to be the third most frequently reported cause of nosocomial
infections, accounting for 14%-16% of all nosocomial infections [9]. Risk of Orthopedic
Device Related Infections (ORDI) is greater than 1-2% even though many sophisticated
treatment strategies are being adopted to prevent them from happening. Bacteria find their
way into the host despite the sterile conditions and standard operating procedures, leading
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to the contamination at the site [10]. Typically, the host immune defenses try to fight and
eliminate such bacterial contaminations or colonization, but when a threshold is reached
wherein, the immune defenses are impaired and tissue surfaces are traumatized [11, 12].
The treatment of such orthopedic device related infections is usually long term and may be
involved in the removal of the device itself. The exposure to invasive medical devices
have been a major risk factor in these cases. These medical devices are predisposed to
infections in the body by damaging the epithelial tissues and supporting the growth of
microorganisms. Infections associated with implantable devices, account for around 45%
of all nosocomial infections [5], are highly resistant to antibiotics, immune defenses, and
usually persist until the implant has been removed from the body. The symptoms include
pain at the site, followed by fever and chillness, redness at the infection site, irritation,
swelling, drainage from the area and stiffness of the limb. Infections that arise from surgical
implants can lead to local tissue destruction, which is mediated via various inflammatory
mediators and tissue destructive enzymes. In the case of a prolonged inflammatory
response, a sub-optimal bone formation may occur. To predictably produce a sterile wound
can be practically impossible to implement even under laminar airflow conditions. Thus,
monitoring surgical site infection (SSI) is critical for the treatment of orthopedic conditions
since infections can result in prolonged hospitalization periods, revised surgical

procedures, increased use of antibiotics and rehabilitation periods for patients [9, 13, 14].

1.3. Infection Pathogenesis

Orthopedic device related infection pathogenesis is correlated with biofilm
formation [15]. The host proteins inside the body fluids, such as laminin, fibrinogen,
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fibronectin, collagen and a host of various other proteins, will promote the adherence of

bacteria such as Staphylococcus aureus to bio-prosthetic surfaces [16]. When prosthetic

joints are infected, the bacteria tend to grow in the form of a film via aggregation and this

shields them from the immune defenses inside the body. Some other microorganisms such

as Pseudomonas aeruginosa and Streptococcus mutants will produce a slime layer on the

surface of the prosthetic. The bone skeleton is divided into two sections, the axial skeleton

and the appendicular skeleton. Axial skeleton comprises of the skull, the vertebrae and the

ribs thus acting as a core unit in the system whereas, the appendicular skeleton comprises

of bones in the extremities. The different nomenclature for osteomyelitis are described

below [1]:

1.

Hematogenous osteomyelitis: It is associated with the vertebral region wherein the
infection occurs in the metaphysis of pelvis, clavicle and other long bones. It is
more common in infants and children and occurs during the long bone metaphysis.
When these infections extend to the soft tissue region sinus tracts are formed [1].
Vertebral osteomyelitis: It affects the lumbar spine and the cervical and thoracic
regions. The main sources of infection are skin, soft tissue, respiratory tract,
genitourinary tracts and other dental infections. They are common in patients aged
50 or above and are rarely fatal. Patients may suffer from pain, fever, tenderness
and abscess formation in the case of long-term infections [1].

Posttraumatic osteomyelitis: It is typically found in the tibia but it begins outside
the bony cortex. It is common in adults and typically affects the tibia of the bone.
It can lead to complications such as vascular disorders, which can interfere with the

healing process. This type of infection tends to begin outside the body makes its
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1.4.

way into the medullary canal. Some of the symptoms associated with posttraumatic
osteomyelitis are pain, fever, soft tissue damage and necrosis [1].

Contiguous-focus osteomyelitis: It is the type of infection that starts at the feet of
the patient with vascular disorders and diabetes. The common factors are due to
direct inoculation of bacteria following a trauma, surgery, internal fixation process,
prosthetic devices, spread from soft-tissue infection or other nosocomial

contaminations [1].

Risk of Infection

Osteomyelitis can be described as a disease in transition that is, the predisposed

factors, causative organisms and the mode of treatment evolves with time [17]. The

conditions and circumstances that can increase the chance of osteomyelitis are descried

below:

il.

1il.

Postoperative infection: Post-surgical infections can take place immediately after a
surgery leading to pain, fever and chills. The surgical region is vulnerable to
bacteria for entry into the bone. Use of antimicrobial treatment may lead to chronic
infections even though it may provide short term relief to the patient [18].

Late Chronic Infections: Approximately 50% of the infections are late chronic
infections with 35% accompanied by subtle signs and symptoms. These can lead to
loosening of the implant. These arise within 1-2 years from surgery and can lead to
function loss and pain. They respond poorly to antimicrobial treatment and mostly
result in the removal of the device from the body [18].

Intravenous Drug Usage: The medical tubing can open a pathway for the germs to
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1v.

1.5.

enter the body and increase the general risk of infection and osteomyelitis. Some of
the common examples are urinary catheters, dialysis tubing and other long-term
tubing [19].

Prosthetic Replacement: It can occur at any time after the prosthetic replacement
and shows signs of infection like fever, chills and pain when compared to late
chronic infections. It is found almost exclusive to joint prosthesis and leads to a
sudden abnormality in the implant functioning.

Finally, conditions that tend to impair the proper functioning of the immune system
such as chemotherapy, intake of corticosteroids, smoking and poorly maintained
diabetes [20]. Some other factors are injury to surrounding tissues, sickle cell

disease, cancer and high blood cholesterol.

Current Treatment Modalities

The joint replacement surgery, especially the hips and knees, has been very

common over the past few decades as it helps in restoring the function of an arthritic

individual. However, these surgeries tend to have their own complications, mainly aseptic

loosening and infections. Infections are treated through surgical interventions or through

anti-microbial treatment methods [21]. In patients above 55 years of age, arthroplasty has

been the best choice of treatment for knee arthritis. In the case of prosthetic implants, a

two-stage re-implantation process is used in treating septic prosthetic joints and involves

implant removal and resection of infected tissues [22]. The antimicrobial therapy is usually

done along with the surgery and is rarely successful if done alone. The most important

factor involved in the selection of treatment method depends on the duration of infection.
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For example, in the case of fracture fixation devices, the infections depend on the nature
of the device, state of union of the bones and the patient’s condition. Since the rates of
infections is very low when compared to the whole statistics, the need for a standardized
treatment method have not been presented or implemented.

The essential factor that regulates infection development is the formation of
biofilms around the implanted devices. The most important clinical objective in the
treatment of such infections would be infection cure, preventing recurrence, retaining the
function and death prevention. Staphylococcus aureus or coagulase-negative
Staphylococci is responsible for two thirds of all infections associated with prosthetics and
are variably susceptible to antibiotics [15]. Most of the implants infected by
Staphylococcus aureus or Staphylococcus candida requires surgical removal of infected
implants as a therapeutic treatment. The less virulent strains of bacteria may be treated
using antimicrobial therapy in conditions where the medical treatment gives an established
response. In the case of early postoperative infections, immediate debridement is preferred
on the onset of symptoms so that biofilm formation is disabled. On the other hand,
diagnosis in a person with chronic microbial infection may be very difficult as they are
unlikely to respond well to antimicrobial treatment methods and do not produce any general
symptoms. In the case of surgical removal, complete extraction of all the components of
implant is required and is associated with producing a better outcome when compared to
retaining the implant inside the body. We can conclude that the adoption of treatment
method requires a clear understanding of the pathogenesis, unambiguous diagnosis and
clear understanding of the susceptibility pattern [10, 23]. In this way, the patient can be

given a stable implant, diagnosis and rapid treatment of infection, which helps to reduce
7



patient morbidity and mortality [16].

1.6. Consequence of Current Treatment Modalities

During the first two years of a surgical interventions, infections are a major cause
of revision process and instability [24]. Diagnosis solely based upon patient history and
physical findings may not be accurate. These treatment modalities are not only expensive,
but can cause patient trauma and long-term hospitalization. The average cost of each
episode in the case of infected arthroplasty is more than $50,000. It would be appropriate
to say that the best treatment demands the best surgical strategy along with optimal
antibiotic therapy tailored for specific individual patient [24]. The development of
conservative methods such as stage revision, debridement without implant removal [25]
and improved antimicrobial therapy with optimal pharmacokinetics for prolonged periods
have helped reduce the risks to some extent. In spite of the developments in recent years,
there is still a need for understanding all the variables associated with infection formation
and keeping a track of them by maintaining an extensive database. The erythrocyte
sedimentation rate (ESR), hematological testing data, CRP results, X-rays and bone scan
results are usually not specific and may not be sufficient for accurate diagnosis. On the
other hand, the sensitivity of microbiological cultures typically do not exceed 70% [16].

In an effort to improve the patient condition and state of recovery, much effort has
been taken towards preventing surgical site infections over the past 15 years. Most patients
prefer to have a non-invasive treatment and through appropriate treatment, the rates of cure
can go up as high as 80% even while retaining the device. Further attention has been given
to improving the operating standards, reducing the possibility of surgical contaminations
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and reduce the occurrence of infection through perioperative antibiotics prophylaxis and
patient isolation but very little improvements have been made in terms of decreased rates
of infection. Therefore, many recent studies have aimed at understanding the epidemiology
and pathogenesis of the infections in order to gain knowledge and have better
understanding of the phenomenon [26]. Most of the study are aimed at understanding
colonization of the implant, pathogenic mechanism, evasion of immune responses, nature
and properties of biofilms and the formation of antibiotic resistant strains. The statistics are
often lacking due to limited patient follow up procedures, change in patient location, and
mortality. Given the steady growth in patient morbidity caused by post-surgical infections,

the need for a control has become mandatory and equally important to biocompatibility.

1.7. Need for an Implantable Sensor

Implant associated bone infections have been posing a serious challenge in the field
of orthopedic surgery due to the economic burden associated with the post-surgical
procedures and their effect on the patient health and quality of life. Majority of the
operating rooms are contaminated even though strict standards are followed to maintain a
clean operating environment. According to the latest figures, about 2.5% of primary hip
and knee arthroplasties and up to 20% of revision arthroplasties suffer from Peri-Prosthetic
Joint Infection (PJI) [27]. It is emphasized that, not only knee and hip joints but also
artificial joints like the orthopedic screws, rods, plates, bolts all are vulnerable to biofilm
formation [28]. In recent years, the number of people who are dependent on implants for
life support has substantially increased. Autonomous biofilm formation on the surface of
the implant has been associated with the initiation of infection, due to the suppression of

9



immune response at the site. The most important knowledge about a biofilm is that its
defense is impervious to elimination and resistant to elimination by long-term antimicrobial
treatment methods. Minimizing bacterial adhesion and biofilm formation inhibition have
been in practice for the past few years however the current treatment modalities in place
have not been very responsive to the pathogenic infections. A discrepancy exists in the
methods and the current techniques to fight these infections. Therefore, there is a need to
develop a noninvasive, cost effective method for detection and long-term monitoring of the
infections associated with orthopedic implants. The post rehabilitation period is as
important to the healing process as much as the surgery. In the case of an infection, the
biggest challenge is the lack of a standard methodology to assess the rate of healing and
infection development. It is very important to maintain a list of variables that needs to be
monitored continuously at the site so that any deviation in these normal conditions can help
in early detection of infection. Temperature rise at the site of infection can be considered a
parameter of interest for infection diagnosis. It is demonstrated that infection causes
localized inflammation of the surrounding tissues, leading to a slight increase in the local
body temperature [29]. Hence, monitoring the temperature may be a valid approach in early
detection of local infections.

A variety of techniques such as fluorescence, radiochemistry, metabolic active dyes
and direct enumeration using a microscope have been practiced for monitoring the biofilm
formation, but none of these can be considered as an ideal technique for monitoring the
biofilm development inside an animal model. The current methods in place are laborious,
time consuming and would usually need the extraction of bacteria from the surface of the

implant [30]. Therefore, for controlling the biofilm formation and for the better
10



understanding of the characteristics, we need to have a rapid, non-destructive, real time
monitoring system that is reliable under clinical conditions. We need to develop a system
that is capable of tackling the biofilm formation thereby ensuring diagnosis and earl
detection. Although other methods such as X-Rays, bone scans, and Erythrocyte
sedimentation rate (ESR) are available, the effective treatment of implant related infections
should rely on swiftly addressing a diagnostic parameter. In the case of implant related
infections, a fast, noninvasive, cost effective technique is needed for quantitative detection
and diagnosis of infection to reduce the treatment cost in patients and improve their overall

wellbeing [31].

1.8. Temperature Characteristic of the Body

The human body is capable to thermally regulating itself, that is, the body is capable
of maintaining a constant temperature even under varying surrounding conditions. The
temperature measurement inside the body will depend on the region of measurement but
the pulmonary artery temperature is considered as the gold standard in such measurements.
In the human body, the hypothalamic thermoregulatory center monitors the temperature
changes inside the body with the help of core thermo-receptors and similarly, at the surface
through the skin thermos-receptors. The production of heat inside the body may be due to
conversion of chemical energy to heat, muscular contractions and cellular oxidative
metabolism. The dissipation of such heat is through vasomotor changes that regulate the
blood flow. Among the individuals, the mean body temperature can differ by 0.5 °C and
the daily variation would be around 0.25 °C to 0.5 °C [32] but the normal body temperature
would be around 37 °C. In the human body, many receptors work together in accordance

11



with the various system parameters to maintain a thermally regulated state. Various
methods of testing the temperature involve invasive and non-invasive methods. During the
onset of an infection the body temperature may rise, causing it to produce more heat than
what it is capable of dissipating. During this time, stress factors are released that will cause
the central nervous system to trigger an increase in the body temperature. Glass
thermometers are typically used for temperature measurements inside the body, delivered
through the mouth of the patient, and for children, rectal thermometers are preferred. For
continuous measurements, the thermometers and thermocouples are connected to a
recording device that display the temperature [32]. Electrical thermometers are more
convenient when compared to glass thermometers as they have disposable probe covers
and gives a quick response [32]. Very limited research have been done to see whether, the
thermometer correctly measures the hyperthermia and hypothermia in critically ill patients.
A critical factor that needs to be addressed is if whether the factors that control accuracy
and precision are addressed. Therefore, there is a need for new innovative methods of

sensing temperature changes inside or on the surface of the body.

1.9. Electrical Temperature Sensors

1.9.1.LM35 Temperature Sensor

The LM35 is a precision integrated circuit device used to measure the temperature
and generates an output voltage that is linearly proportional to the temperature. It operates
over a temperature range of -55 °C to 150 °C and has low output impedance, no self-
heating, produces linear response and requires no calibration, which makes it easily

interfaceable with a control or readout circuitry. The LM35 temperature sensor can be
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operated over a voltage range of 4 V to 30 V, which makes it ideal for various applications.
For our application, a board mount 3- pin LM35 is used for calibrating the sensor data. The
LM35 sensor is plotted against the sensor to test the accuracy and linear response of our

temperature sensor.

1.9.2. Thermistor

Thermistors are a type of resistor, in which the electrical resistance changes with
temperature. Some of the common applications for thermistors are temperature sensing in
self-regulating heating elements, over-current protectors, and current limiting circuits.
Thermistors are broadly classified into two different types: NTC thermistors and PTC
thermistors. Negative Temperature Coefficient (NTC) thermistors are those in which the
resistance decrease with the increase in the temperature and Positive Temperature
Coefficient (PTC) thermistors are those that increase the resistance with temperature.
Thermistors for different applications are selected based on their size, types and values.
They are usually made out of ceramic or polymers and they achieve a greater precision in
comparison to resistance temperature detectors [24]. For our application, a 47 kQ NTC
thermistor acts as the sensing element, embedded inside a 4mm long plastic screw for
sensing the temperature inside the body. Some of the advantages of using thermistor-based
sensors are:

e They have a greater resistance change with temperature and very good
resolution.
e They provide very good stability and repeatability.

e They have fast responses and good interchangeability.
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Figure 1.1 A 47 kQ NTC chip thermistor Imm in length.

The relationship between the resistance and the temperature of thermistors can be
expressed using the equation:

AR = kAT (1.1)

Where k is the proportionality constant of the thermistor and is negative for NTC
thermistors, AR is the change in resistance and AT is the change in temperature measured

in degree Celsius.

1.10. Design Parameters

When selecting the materials for implanting inside an animal, different parameters

have to be considered such as:
i.  Size: The sensor system discussed here is designed for use inside a rat model. The
entire sensor electronic system should be small enough to be surgically implanted

inside the rat’s abdominal cavity. The sensor should also be small enough so that
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they can be embedded inside the bone screw and placed at the site of infection
(critical size defect at a femur).

ii.  Mechanical Strength: The whole circuit and sensor are packaged inside a 3D
printed box made from PLA (Poly-lactic acid). The box is screwed on top, and then
conformal sealed with a biocompatible epoxy so that there is no leakage of body
fluids into the box. The box should have good mechanical strength so it does not
break and damage the circuit inside whenever the animal is in motion.

iii.  Senmsitivity: The resistance of a thermistor will vary with temperature. The
thermistor value should be selected such that they give optimum sensitivity when
placed inside a bone screw. Therefore, a 47 kQ NTC thermistor was used since it
provided a very good sensitivity, resolution, and reliability.

iv.  Data Transmission: The implant was embedded inside the peritoneal cavity of the
animal (rat). Texas Instrument’s ez430rf2500, which consists of a microcontroller
MSP430F2274 and a wireless communication chip CC2500, was used for
continuous data transmission from inside the body to a PC.

v.  Battery life: The animal tests are designed to be carried out over a period of 3-5
days. Battery characteristic and the drain values should be analyzed to ensure that
the battery remains functional during the test. The circuit runs on 3.6 V non-

rechargeable Li-lon cell and was selected for its size and power rating.

1.11. Focus and goals of this research project

The focus of this project is to design an implantable wireless temperature sensor to

quantitatively monitor the shift in local temperature during an infection development. The
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main objectives of our work are listed below:

1. To fabricate a sensor system to analyze the temperature characteristics at
the implant site during an infection using a thermistor based sensing system
consisting of both an internal and an external sensor. The external sensor
will need to measure the temperature at the infection site and the internal
sensor will measure the temperature at the control site.

ii.  To evaluate the sensor performance, stability of the sensor and reliability of

the sensor.

1.12. Temperature Monitoring at the Infection Site

In this system, a wireless implantable temperature sensor system is designed to
monitor the temperature variations inside an animal model directly exposed to an infectious
state. The sensor system comprises of two thermistors, a wireless communication module,
a voltage divider network that supplied a regulated voltage to the circuit, and a power
supply. Two 47 kQ NTC thermistors whose electrical resistance changes with change in
the temperature were used. The thermistor displays a very good response for the target
temperature range (30 °C— 40 °C) with good sensitivity and stability. Each of them was 1
mm long which makes it possible to be embedded inside a bone screw 4mm in length. The
accuracy of the thermistors was characterized, by measuring the slope of the temperature
versus voltage. The external sensor was connected to the end of wire leads extending from
the circuit board, and the internal sensor was attached to the rear end of the 3D printed box.
The wires were coated with a biocompatible coating membrane which acts as an insulation

and prevents them from shorting. The internal sensor was position at a distance from the
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circuit to prevent any interference due to circuit heating. The voltage regulator circuit
comprises of two voltage regulators TLV-711 and MCP1700T forming a voltage divider
network. TLV-711 is a series of dual, low dropout voltage regulators providing regulated
voltages output of 1.25 V and 2.5 V. The 1.25 V provides a virtual ground voltage to all
the components in the circuit. Similarly, the MCP1770T regulators are a family of CMOS
low dropout (LDO) voltage regulators that can deliver a constant output voltage of 2.5 V
to the microprocessor. The circuit comes with an over-current protection and thermal surge
protection feature that shuts off the device whenever there is a surge current and restarts it
when the normal conditions are restored. The 1 pf capacitors in the circuit ensure regulator
stability and improves the transient response, noise rejection and ripple response of the
system. An unregulated power supply of 3.6 V through a non-rechargeable Li-ion battery
cell was used to drive the system. The sensor also comprises of a wireless development
tool MSP430F2274 with an ultra-low power MCU, 2.4 GHz wireless target boards and
CC2500 RF transceiver for low power mode application. The prototype was tested in the
lab under room temperature and followed by further tests inside an incubator at 37 °C. The
values were calibrated using an LM35 temperature sensor that was placed adjacent to the

thermistor.
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Figure 1.2 Image of the thermistor based sensor embedded inside the bone screw and

attached to wire leads which connect it with the circuit board (screw is 4mm in length)

Figure 1.3 The circuit is packaged in 3D printed boxes and the circuit is completely

enclosed inside the structure (4cm x 2.5cm x 1.5¢m in dimension).

1.13. Animal Test Protocol

Working with small animal models on bone implants/trauma with infection can
provide a deeper understanding of the bone infection, providing better information for
surgeons in clinical practice. This may lead to improvement in osteomyelitis treatment

strategies. In this project, two osteomyelitis rat models based on femur fracture or femur
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segmental bone defects were used. We selected rat models as they offer physiologically
shorter bone healing periods than larger animals. The rats in this study underwent surgical
procedures under anesthesia and was monitored daily for the duration of the study. The rat
was subjected to indolent infections which slowly lead to bone infections that gradually

impaired the efficiency of the regenerative therapies similar to what is observed clinically.

1.13.1 Infection Model

In the model, we simulated a model of direct invasion similar to contaminated
hardware that may be implanted. A single osteotomy was made in the femur to simulate a
bone fracture, followed by injection of saline (no infection or control) or Staphylococcus
aureus (Xen29 strain), which was a prominent bacterial pathogen and most frequent causal
agent of infection promoted osteomyelitis into the femoral medullary canal.

The rat was a well-established model that has been used for many studies involving
the implantation of tissue engineering and biomaterial scaffolds. SD (Sprague Dawley) rats
approximately 13 weeks were used for the study and all the procedures were performed
under aseptic conditions. The animals underwent surgery to create bone fracture and/or
sensor implantation. The temperature sensor was a wireless system therefore, the animal

was not aware of any data being acquired.

1.14. Conclusion

The risk of chronic infection due to a surgical procedure has substantially increased
in the past decade despite improvements in surgical practices. The risk factors for

infections include procedures, pre-existing infections, colonization by Staphylococcus
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aureus, diabetes and old age. The risk of getting an infection can last up to 30 days after
the surgery and can go up to one year in the case of patients that have been treated with an
implant [33] and most of them are detected after they are out of the hospitals. For delayed
infections, it is still unclear whether the symptoms are caused by the reaction of the implant
and the soft tissue or whether it is due to the bacterial infections [7]. Chronic bacterial
infections have been the major cause of late surgical infection in recent years, posing a
great burden of mortality and morbidity to the patients. Due to this, the re-admission and
long-term hospitalization after surgery have been increased, creating a huge economic
burden to the patients and loss of productivity of the patients and their families. Therefore,
the emerging technologies are required to address the issue and come up with new and
innovative technologies that can aid in the diagnosis of infection at the earliest stage. The
proposed sensor-based system discussed in this chapter provides a step forward in
developing a miniaturized low power, wireless monitoring system that can be used to

monitor the development of infection at its earliest stage.
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2. Design and Fabrication

2.1. Power Supply

The components of the circuit must be connected to a stable and constant power
supply [34]. Based on the wide range of components used in the electronic circuits, the
power requirements of each component may differ. For our application, we use a 3.6 V
non-rechargeable Li-ion battery cell for powering the circuit. The battery has a rated
voltage of 3.6 V with a nominal capacity of 220 mAh, displays stable operation and
provides excellent durability, which makes them ideal for long-term applications. Some
other advantages of using a coin cell battery supply are, high energy density, long shelf
life, stable operation, high rate discharge and a strong leakage resistance. For ensuring the
safety of the components used in the circuit, the supply voltage should be monitored to
ensure a constant regulated supply. Therefore, we used linear dropout (LDO) voltage
regulators to condition the battery power. The linear dropout voltage regulators are a part
of most of the electronic circuits and are a reliable source of stable voltage supply [35].
The LDO regulators have high energy efficiency which makes them the most popular class
of linear regulators [34, 35]. The regulators act as variable resistors, which continuously
adjust the voltage divider network to maintain a constant regulated voltage. The voltage
difference between the applied voltage and the regulated voltage is dissipated in the form
of heat. For the voltage regulators to function efficiently, their input voltage should be
sufficiently high compared to the output and this minimum voltage is known as low drop
out voltage (LDO). In our design, we use a series regulator [36] in which the power
dissipated by the device is equal to the power supply output current multiplied by the

voltage drop in the device. Specifically, we used two low dropout voltage regulators TLV-
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711 (Texas Instruments) and MCP1700T (Texas Instruments) to carry out voltage

regulation function.

2.2. Design Criteria
The TLV711 regulators are low dropout voltage regulators (LDO) with low

quiescent current and provides an excellent line and load transient performance. It has an
active pulldown circuit that quickly discharges the output and disables the device by pulling
the enable pin down to 0 V. Also, the TLV711 has a thermal protection system which will
disable its output when the junction temperature reaches around 165°C allowing the device
to cool down to 145 °C before it is turned on again. This is a necessary feature to protect
the implant from causing a potential harm due to thermal or power surges. Similarly, the
MCP1700T chips are low dropout (LDO) voltage regulators ideal for battery powered
application and consumes quiescent current as low as 1.6 pA. It also monitors the current
flowing through the pass transistor and turns the p-channel device off in case of a short
circuit or during excessive output current. It also has a shutdown threshold of 140 °C. Thus,
both the regulators comprise of an internal protection circuit that protects them during

power or thermal surges.

2.2.1 MCP1700T Linear Voltage Regulator
The MCP1700T is under the family of CMOS low voltage dropout (LDO) voltage

regulators. It can deliver up to 250 mA of current and requires an input voltage from 2.3 V
to 6 V for its operation, making them ideal for battery powered applications. The input of

the MCP1700T is connected to the p-channel of a p-MOS transistor. It has an operating
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junction temperature between -40 °C and 125 °C with a threshold at 130 °C. The output
ranges from 1.2 V to 5 V. In the circuit, we use the 3-pin chip regulator with an input,
ground and output. A part of the output voltage will be supplied to the internal error
amplifier, which will compare it with the reference. This will in turn adjust the amount of
current that flows through the pass transistor thus, regulating the output voltage to the
desired value. The LDO also comes with overcurrent and thermal protection. In the case of
any excess current flowing through the circuit the p-channel device will be turned off and
will automatically restart itself after the excess current is dissipated. Similarly, if the power
dissipation is high the LDO is turned off to prevent the circuit from failing. The power
dissipation of the regulator IC will depend on the load current and the differential voltage
between the input and the output.

The 1 pF capacitors in the circuit ensures circuit stability and small signal stability.
The value of the capacitor depends on the input source type and larger values can be used
to improve the AC performance. In the circuit, the 3.6 V unregulated supply from the
battery is supplied to the input pin (PIN 3) of the voltage regulator IC and 1 pf capacitors
are connected across the input and the ground to ensure stable functioning of the regulator.
The output of the regulator (PIN 2) supplies a voltage of 2.5 V to the input port for the end
device microcontroller. This will power up the end device for data transmission on to a
nearby computer that receives the data. The 1 puF attached to the ground will ensure a stable

output.
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Figure 2.1 Schematic of MCP1700 voltage regulator

2.2.2TLV-711 Linear Voltage Regulator

The TLV711 IC regulators are a series of dual, low dropout linear voltage
regulators that provides an excellent line and load transient performance. TLV711 is
preferred for power sensitive applications providing 2% accuracy over temperature and can
regulate the input voltage even when the supply voltage is close to the input voltage. They
come with an active pull down resistor that disable the EN pin in the presence of a weak
or intermediate signal. TLV-711 are ideal for RF portable devices and operates at a
temperature range between -40 °C to 125 °C. They are used in one, two and three battery

cell applications and have a specified input voltage in the range 2.3 Vto 6 V.
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Figure 2.2 Schematic of TLV-711 Linear Voltage Regulator

For the TLV-711 regulator, the input capacitor is not necessary for stability but the
1 puF capacitor is connected across the input and the ground to improve the transient
response, noise rejection and ripple regulation. The TLV711 internal current will protect
them from fault conditions. The input of the MCPP1700T is connected to the source of a
p-channel p-MOS pass transistor. The PMOS pass transistor are activated in the wake of a
thermal surge and they trigger a thermal shutdown before the device is turned off. When it
is cooled down to operating temperatures they are again turned on by the internal thermal
shutdown circuit. The TLV-711 also has an under-voltage lockout mechanism which
shutoff the output when the internal circuitry is not functioning properly. The power
dissipation in the circuit will depend on the input voltage supplied to the IC regulator and
the existing load conditions. It can be defined as the product of the output current and the
voltage drop across the output pass element. The package consists of two different voltage

regulators that can provide two different output voltages at the same time. The error
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amplifiers in the circuit has a voltage reference that is compared with the output from the
pass transistors. During the process, a portion of the output voltage from both regulators
are passed on the internal error amplifier and compared with the reference voltage.
Whenever there is a change in the input voltage, the output of the error amplifier will adjust
the current flowing through the pass transistor thereby getting the output voltage to the
desired level. The TLV-711 uses a p-MOS pass transistor to provide the dropout voltage
and it acts as a resistor in the dropout state. The error amplifiers also prevent any cross-
talk interference. To turn on the device the enable pins are supplied with a minimum
voltage of 0.9 V and is shutoff when the voltage goes below 0.4 V. The thermal protection
system will disable the circuit output when the temperature goes above 165 °C and does
not turn on until it cools to 145 °C. The power dissipation in the circuit will depend on the
load current and the differential voltage between the input and the output. Thus, depending
on the thermal resistance and power dissipation the circuit undergoes an ON and OFF cycle
thus, protecting the circuit from damage.

Anunregulated 3.6 V battery source supplies the input voltage across PIN 2, which
is connected through a 1 pF capacitor. The enable pins are shorted before connecting with
the end device microcontroller. Here, the 1.25 V-regulated output from OUT]1 is used to

provide a virtual ground voltage for the different components in the circuit.

2.3. Voltage Divider Circuit

The voltage divider is a circuit that can turn a high voltage to a low voltage and the
input is supplied across two series resistors. For a voltage divider network, the output

voltage will be a fraction of the input voltage. The input voltage applied across the two
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series resistors will produce a voltage drop across the second resistor, which gives the
output voltage. The output voltage will be proportional to the input voltage and
proportional to the ratio of the two resistors. In our design, a 3.6 V input is supplied to the
input pins of the two voltage regulators MCP1700T (PIN 3) and TLV-711 (PIN 2). The 2.5
V output from the MCP1700T low dropout regulator is supplied to the input port of the
microprocessor and the 1.25 V output from OUT]1 of the TLV-711 is supplied to the input
of the voltage divider network. The 47 kQ thermistor and a 47 kQ resistor are connected
in series to form the voltage divider network. The output voltage is proportional to the input
voltage and is supplied to the input port of the microprocessor on the end device. The
current across the two series resistors will be same. The output voltage will depend on the
measuring temperature, that is, when the temperature increases, the resistance in the circuit

decreases which will increase the output voltage.

2.4. Wireless Transmission

The data collected from these sensor systems are wirelessly transmitted for
continuous health monitoring [37]. Development of wearable health monitoring systems to
access the vital signs for a patient is necessary for providing a feedback on the health status
of the patient. With recent advancements in integration and miniaturization of sensors,
radio interfaces and single chip embedded microcontrollers, a new generation of wireless
sensor networks are being developed for various applications [37]. The sensed data can be
transmitted in real-time or through a wide network [38] for collecting data sets for analysis
and intervention. Several factors need to be considered before selection of a wireless
transmission tool.

31



11.

iil.

1v.

Range: The range of a transmitter can be defined as the maximum distance
between the sensor and the receiver node so that the data sent from one end
reaches the receiver and is ready for extraction. The wireless transmission
distance is determined by the sensitivity of the receiver and power of the
transmitter.

Mode of operation: There are three different modes of transmission,
basically the simplex mode, full duplex mode and the half-duplex mode.
They define the flow of signals and the direction of flow. Simplex mode is
unidirectional, full duplex mode is bidirectional where both the devices use
channel simultaneously and half duplex is also bidirectional but the channel
is used alternatively by both the devices.

Number of nodes: The nodes are used for transmitting and receiving data at
both ends of the device. Some of them may be two nodes or some other can
be multimode systems where there are more than two nodes. The
transmission between different nodes are passed through channels and their
mode of interaction needs to be defined.

Data rate: It refers to the speed at which the data is transmitted from one
device to the other. It is often slow due to heat and energy consumption but
they are usually low to enhance noise cancellation. This can be controlled
for route-through traffic to propagate [39].

Power source: Before the implantation of the device, the power drainage
from the battery should be calculated. Using a wireless transceiver will

consume more power from the circuit. Therefore, the selection of battery
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should be in par with the test needs.

vi.  Size: For most medical healthcare applications, the wireless sensor
networks are used to transmit data from wearable sensor modules attached
to the body of the patient. Therefore, the transmission module has size
limitation that suits its application.

vil.  Signal Interferences: Wireless interferences is inevitable even though the
level can be minimized. The interferences may be physical objects, radio
frequency interferences, electrical interferences or due to any other
environmental factors.

Thus, before selecting a method for transmission, a clear idea of all the above-

mentioned parameters need to be in place for selecting a suitable application for our device.

2.4.1 ez430-rf2500 Development Tool
The ez430-£2500 is USB based that comprises of both software and hardware for

evaluating the MSP430F2274 microcontroller and a 2.5 GHz wireless transceiver. When
using the ez430-RF2500, a TI’s custom Integrated Development Environment (IDE), the
IAR Embedded Workbench, is used to write, download and debug the application. The
target board can be used as a stand-alone system or with sensors and the USB debugger
interface helps in the remote data transfer from a PC. The features of the ez430-RF2500
development tool are:

i. It has an ultra-low power microprocessor unit with 16-MHz performance.

ii.  Two digital /O pins connected to the green and red LED’s for visual

feedback.
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iii.  Interruptible push button switch for user feedback.

iv. 21 pins for development applications.

v.  Driverless installation and application backchannel through a USB
interface.

vi.  200-ksps 10-bit SAR ADC.

vii.  Two built-in operational amplifiers and five low power modes that draws

very small currents in low-power mode.

The target boards in the package can be integrated in to another design. The
CC2500 comes with a 2.4 GHz RF transceiver, low power mode and data rates up to 500
kbps. The SimpliciTi protocol, which is a low power radio frequency protocol for small
RF networks, is used to run on ultra-low power microcontrollers like the MSP430 and for

multiple RF transceivers.

Figure 2.3 ez430-RF2500 wireless development tool
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Based on the measurements, with the receiver on the PC and the transmitter on the
sensor system, the indoor line of site range for the wireless transmission was measured to
be more than 50 m. This range can vary with the environment and the orientation of the

boards.

2.5. Sensor Fabrication

For sensor fabrication, we used a chip NTC thermistor, whose resistance will
decrease with the increase in temperature. The temperature coefficient of a thermistor is
defined as the fractional change in the resistance per degree Celsius change in temperature.
For validating the data, sensitivity of the sensor was measured in relation to an LM35
temperature sensor, which measures the surrounding temperature and is connected to the
thermistor circuit. The sensitivity with different thermistors were analyzed by collecting
the response from different thermistors. The thermistor voltages were plotted against the
temperature, to measure the sensor response and the relation was characterized by the B-
constant (or B value). The greater the B constant, the greater the sensitivity. Thus, by
analyzing the response of different thermistors, we chose a 47 k€ thermistor for our sensor
since it gave a better response compared to lower values such as the 10 kQ thermistors.
The thermistors were then connected to the circuit with the help of wire leads that attach
to the ends of the thermistor. The thermistors were also connected in series with a 47 kQ
resistor together forming a voltage divider network. The size of the thermistor is critical
for as they are designed to be embedded inside plastic screws before they can be implanted
inside the rat model. The thermistors are 1 mm x 0.5 mm in dimension and the screw was

designed to be 4 mm in length. A polycarbonate rod was used to cut out small cylinder
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shaped screws and holes will be drilled in them. The wires attached to the ends of the
thermistors were insulated with a biocompatible membrane to prevent them from shorting.
The thermistor attached to the leads was embedded inside the screw such that the entire
thermistor was inside the screw. Also, make sure that the connection at the ends of the
thermistor were not broken during the process, the bottom was glued. The internal and
the external thermistors were connected to the circuit such that the external sensor collects
data at the site of infection and the internal sensor collects the data in a controlled
environment. The end-device connected with the board will transmit the data from both the

internal and external sensors on to a computer screen. The program was run under a

MATLAB

Figure 2.4 Thermistor connected by wire leads and the sensor embedded in a screw.

2.6. Packaging

The circuit that was attached to the two sensors, wireless transmission module and
the power supply needed to be packed for safe handling. The circuit was protected against

exposure from body fluids and mechanical strain that arose during the movement of the
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animal. For this reason, we designed rectangular boxes 4 cm x 2.5 cm x 1.5 cm in
dimension for holding the sensor circuit. The boxes were designed using SOLIDWORKS
designing platform and printed using a 3D printer (Lulzbot Mini). The boxes were made
of PLA (Poly-lactic acid) and the bottom portion of the box was designed to hold a switch
for the user to turn the circuit on and off. The internal sensor was adhered to the side of the
box. The top cover was then screwed. The print showed good resolution and drop tests

were done to check for strength.
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2.7. Sensor Implantation

The circuit board implantation and sensor wiring were placed by bone fracture
surgery. Two separate skin incisions were made, one incision along the quadriceps to
expose the femur, and a second to expose the abdominal cavity, the implantable circuit
board was then placed inside the rat. The circuit board was approximately 25 mm in length
and 15 mm thick. It was coated in silicone with the wire protruding from the silicone/board
to pass from the peritoneal cavity through the incision in the abdominal musculature and
runs subcutaneously to the femur. To maintain the biocompatibility of the system inside
the animal, the whole system was coated with a biocompatible adhesive 1072-M (DYMAX
Corporation). The 1072-M adhesive was tested in accordance to the ISO 10993 and USP
Class VI. They are medical device adhesives which shows rapid bonding and are cured
upon exposure to light. Compatible sterilization methods include gamma sterilization and
ethylene oxide sterilization. The peritoneal cavity was then sutured closed using resorbable
vicryl suture. An inoculation of 50 - 100 pul of S. aureus suspension was slowly injected
through a catheter in to the medullary canals of the femur. The wire connecting the sensor
and circuit were assembled after the fracture. The rats were then placed on a blanket
immediately after the surgery, but they remain recumbent for no more than 10 minutes.
This method of anesthesia allows the animal to fully recover very quickly. The surgical
wounds were observed daily to assure healing. The animals were euthanized 5 days after
the initial surgery due to the effect of infection on the animal wellbeing. The end-point
decision was based on the recommendation of the veterinarian in charge of the animal care

facility.
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3. Sensor Performance

3.1. Thermistor Sensitivity

The thermistor should have a good sensitivity of at least 0.1 °C so that it can
measure any abnormal variation in the temperature during the time of infection. For the 47
kQ NTC thermistor used here, the resistance of the system will decrease with the increase
in the temperature and the magnitude of the change in resistance will depend on the
material used. Thermistors usually have a high sensitivity (~200 /°C) and are ideal for
operation in the temperature range -55 °C to 114 °C. To test the sensor performance, the
sensor was exposed to surrounding temperatures from 35 °C to 40 °C and the response of
the sensor for the specified temperature range was recorded. To check the accuracy of the
sensor, we used an LM35 temperature sensor connected to a 3.6 V battery source. The
LM35 sensor recorded the real-time temperature which was measured with a digital multi-
meter as voltage. The circuit was powered by a 3.6 V (Xeno XL-050F/T2 1/2 AA 3.6 V)
and the circuit was switched to ON and OFF states using a toggle switch. The thermistor
and LM35 were placed close to each other over a wooden base and a rectangular piece of
metal on the top over which the LM35 and thermistor were taped. This metal strip was
exposed to the heat using a heat lamp held at a fixed distance away from the sensor. The
output of the thermistor was connected to a multi-meter via input probes and the output of
the LM35 sensor was connected to a second multi-meter placed next to the other. The
voltage variations of the thermistor relative to the temperature was measured with first
multi-meter (Keithley 2000) and the temperature readings from the output of LM35 sensor
was captured with the second multi-meter (Keithley 2001). Both multi-meters were

connected to a PC for recording and analyzing the data. From the results shown below, the
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thermistor produces an output DC voltage of 0.745 V at 35 °C and 0.787 V at 40 °C. The

thermistor produced output voltages that were proportional to the temperature.

Thermistor Voltage vs Temperature

Temperature (°C)

0.74 0.745 0.75 0.755 0.76 0.765 0.77 0.775 0.78 0.785

Thermistor Voltage (V)

Figure 3.1 Thermistor voltage vs temperature plot.

In Figure 3.1, the thermistor voltages are plotted against the temperature. The
temperature range from 35 °C — 40 °C is chosen since it resembles the temperature
conditions inside the body under normal state and under an infectious state. From the plot,
we can see that the thermistor produces a voltage that is proportional to the temperature
and it increases linearly with the increase in the temperature. It shows a voltage reading of

0.745 V at 35 °C and goes up to 0.787 V at 40 °C.

3.2. Cyclic Testing

The cyclic tests were conducted to verify its stability and reliability of the sensor
system in the long run. The sensor responses over five different cycles were analyzed and

produced a stable response demonstrating good repeatability. The cyclic tests were
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conducted over temperature range 35 °C to 40 °C. Also, several rigorous trials were
conducted on the sensors and over higher temperature ranges from 25 °C to 40 °C for which

it was able a produce a stable response.

Temperature (LM35) l [
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Figure 3.2 (a) The change in thermistor voltage when temperature was cycled between 35
°C to 40 °C. The actual temperature was also measured with a temperature sensor

(LM35) and superimposed in the plot for comparison purposes.

3.3. Sensor Characteristics

The sensor was characterized for its sensitivity, stability and repeatability. Based
on the results obtained. The end-device (ez430-rf2500) was attached to a custom board,
which sent the data collected by the system to a receiver node connected to a computer.
Two prototypes were fabricated to demonstrate the ability of this system to capture
responses from multiple sensors simultaneously. The two prototypes were named T1 and
T2 and each were connected to an end-device microcontroller wirelessly. The sensor

systems were given a unique sensor ID for identification.
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3.3.1. Bench Tests

The tests were conducted to determine the reliability of the sensor before animal
implantation. These tests were also instrumental in determining the speed of the
microcontroller for accurate timing during the ON (active) and OFF (low power mode)
cycles. The microcontroller used an internal timer counter to control the ON and OFF
durations. When the microcontroller was reset, the counter started counting until a pre-
determined threshold (we called the threshold as the ON or OFF Timer Constants). Due to
variability in the microcontroller and the temperature-dependency of the counter speed, the
Timer Constants needed to be determined empirically. The Timer Constants were
initialized for the different ON/OFF cycles and the program was let to run. The circuit was
turned ON at room temperature (24.6 °C) and was placed inside an incubator maintained
at 37 °C for characterizing the voltage variation with the change in temperature. All Timer
Constants (ON/OFF) were set to 10000. The actual period for which the sensor was turned
ON or OFF functional was calculated by finding the real time start/stop time and compared
with the actual time to determine the calibrated ON-OFF constants.

Table 3.1 Timing from the sensors.

Sensor Actual Sensor Sensor Time/Real Sensor Time-
ID Time(s) Time(s) Time (s) Real Time (s)
T1 2865.03 3600 1.25653 734.97
T2 3100.81 3600 1.16098 499.20

Table 3.2 Updated-timing constants.

New Timing Constants (S)

T1 ON T2 ON
12450 11570
T1 OFF T2 OFF
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12565 11610

The calibrated timing constants were then used to perform further testing on the

sensor. A twenty-three-hour test was performed.

Table 3.3. Timing from the sensors

Sensor .

Actual Sensor . . Sensor Time-

Sensor 1D Time(s) Time(s) Tlme/R(E;l 1 Time Real Time (s)
T1 ON 7146.05 7200 1.00754 53.95
T2 ON 7187.93 7200 1.00167 12.06
T1 OFF 53894.74 54000 1.00195 105.25
T2 OFF 53919.90 54000 1.00148 80.10

The sensor turns ON for two hours and then turns OFF after 15 hours followed by repeated

one hour cycles. The Timer Constants are listed in Table 3.4.

Table 3.4 Updated timing constants.

New Timing Constants (s)

T1 ON T2 ON
12550 11590
T1 OFF T2 OFF
12588 11628

3.3.2. Sensor Test Data

The data from the tests were analyzed by plotting the response of both the external
and the internal sensors for both the systems T1 and T2. The voltage values for both internal
and external sensors coincide at 37 °C.

During the bench tests, the ez430-RF2500 was used for wirelessly transmitting the
sensor data from inside the incubator. The signal strength (RSSI) was closely monitored

and maintained without any interferences. The program was downloaded on to the end-
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device connected to both the sensors T1 and T2 and data is sent to the access point. The
circuit for both the sensors T1 and T2 were turned ON using a switch and was run using a
MATLAB GUIL. The sensors T1 and T2 were turned ON initially at room temperature (24.6
°C) and then moved into an incubator, which was maintained at a controlled temperature
of 37 °C. From the sensor data, the sensor shows a rise in the voltage response with gradual
increase in the temperature. The two sensors in both T1 and T2 will reach a stable

equilibrium at a 37 °C were the voltage response will meet at a point.

Response of T1 sensor
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Figure 3.3 Temperature response of T1 internal and external sensors.
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Response of T2 sensor
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Figure 3.4. Temperature response of T2 internal and external sensors.

3.4. Sensor Calibration

An important characteristic of the thermistors used in temperature measurements is
the high accuracy and high yield output of the system over a narrow temperature range
[40]. The high sensitivity associated with the sensor system allows for its use in many
biomedical applications. This performance of the system can be altered using the
calibration equation of the thermistors. The thermistors are connected to the circuit and are
exposed to different temperature values. For an NTC thermistor, the resistance decreases
with increase in temperature. The resistance values are obtained over the specified
temperature range. A relation between the temperature and the resistance is determined and
is referred to as the calibration equation. The data for all the thermistors in both T1 and T2
were calibrated using the linear equation:

T=aV +b (3.1)
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Where T is the temperature in degree Celsius, V is the voltage from sensor. The

constants a and b for both internal and external thermistors from T1 and T2 are listed in

Table 3.4.
Table 3.5 Calibration constants
Sensor Thermistor a b
T1 Internal 119.40 -53.79
T1 External 82.33 -25.96
T2 Internal 74.69 -19.08
T2 External 77.32 -21.72

3.5. Implantation in Rats

The circuit board implantation and sensor wiring were placed by bone fracture
surgery. The circuit board was approximately 2.5 cm in length and 1.5 cm thick. Two
different rats were used for performing the tests. The first rat was infected and the external
sensor was placed at the site of infection to measure the temperature rise. The second rat
was monitored under controlled conditions and were not exposed to any sort of infection.
The difference in the temperature response was calculated to detect the development of

infection. The surgical wounds were observed daily to assure healing.
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4. Discussions

The sensor system demonstrated the ability to track the variation in the temperature
of its surrounding during an infection. The first step in designing such a sensor system is
to verify the ability of the sensor to detect the temperature variations occurring inside the
body of an animal under an infectious state. In our system, we used a thermistor with a
negative temperature coefficient (NTC) of resistance, which means that the resistance of
the thermistor will decrease with the increase in the temperature. The resistance of the
sensor was determined after several trials to determine the sensitivity with different
thermistor values. A 10 k€ thermistor initially and was replaced by a 47 k€ thermistor for
better sensitivity. The accuracy of the sensor was then checked using an LM35 temperature
sensor, which was connected to thermistor circuit. The circuit was powered by a 3.6 V
battery source and a switch to turn the circuit ON and OFF. The circuit comprised of a
voltage divider network with two low dropout (LDO) voltage regulators, which can supply
a 2.5 V-regulated voltage to the input of the microprocessor and the other has an output
voltage of 1.25 V to the system components. The output of the 10 kQ thermistor was
connected to the input of a digital multimeter and the output of the LM35 temperature
sensor was connected to a second digital multi-meter. Both the sensors were exposed to
heating through a heat lamp and the data for the thermistor was collected in the range of
30 °C to 40 °C. By observing the slope of the linear curve, we can determine the sensitivity
of the thermistor, which shows a greater sensitivity with higher slope. Similarly, tests were
done for 47 kQ thermistor and the results showed a better response for 47 k€ compared to
10 kQ. From Figure 3.1, we see that at 35 °C the voltage exhibited by the sensor was around

0.747 V and it went up to around 0.784 V at 40 °C. With multiple trials, the data produced
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did not show any significant variation but there was slight variation in the thermistor
voltage depending on the sensor and this may be attributed to the material composition of
the thermistors. This temperature range was chosen to represent the normal body
temperature, which is around 37 °C - 37.7 °C. So, any change in the body temperature due
to an infection can cause the body temperature to rise. Therefore, by implanting the sensor
at the surgical site in the body we intend to diagnose the any infection developing in the
region at its earliest stage.

The most important factor to be considered while developing a system for detecting
infections in vivo is its stability and reliability. The sensor should last over time and produce
a stable response without causing any irregularities in the data. For testing the stability of
the sensor, cyclic tests were carried over the temperature range from 30 °C to 40 °C and 25
°C to 40 °C. The cyclic test results shown in Figure 3.2 and Figure 3.3 was conducted in
the range 30 °C - 40 °C and we can conclude that the sensor does show very good stability
and repeatability over time. The thermistor had a baseline voltage of around 0.747 V at 35
°C and went up to around 0.786 V at 40 °C. After characterizing the different sensors based
upon their sensitivity and stability two different prototypes of the implantable sensor was
designed and named T1 and T2. The sensor was connected with the wireless device for
data transmission to a nearby computer. The external thermistor in both T1 and T2 were
connected using wire leads from the circuit board and the internal thermistor was attached
to the printed box. The leads connecting the circuit to the external sensor were insulated
using a silicone insulating membrane to prevent the wires from shorting. The internal
thermistor was placed away from the circuitry and wires so that the temperature reading

was not altered due to circuit heating.
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After the fabrication, the sensor reliability was verified before conducting actual
animal testing to check the safety and proper functioning of the device. During the test, the
data for both T1 and T2 were collected for 17 hours (2 hour ON and 15 hours OFF). Both
T1 and T2 were turned ON at room temperature around 24.6 °C and moved inside the
incubator (37 °C) for overnight tests. The sensor T1 and T2 were packaged and the system
was programmed using the TAR embedded workbench. The device continuously
transmitted data from the sensors at T1 and T2 once the system was turned ON. The data
indicate that the voltage from the external sensor in both T1 and T2 was higher compared
to the internal sensor on the box. The response of both T1 and T2 systems were plotted
from the data as shown, in Figure 3.4 and Figure 3.5, respectively. In T1, the response of
the external sensor shows a higher value when compared to the internal sensor. The
external sensor has a voltage reading of 0.7073 at 25 °C and both stabilize at 37 °C with a
voltage reading of 0.8276 V. Similarly, the second sensor T2 will read 0.683 V at 25 °C
and stabilize at 0.8081 V at 37 °C. Multiple trials were performed on T1 and T2 to monitor
stability and reliability, which displayed a consistent measurement. While performing the
incubator test, the temperature inside the incubator was checked to make sure that was
exactly 37 °C by checking a thermometer placed inside the incubator for 5 minutes. Finally,
before the system was ready for animal tests, the power characteristics of the device was
analyzed. The circuit was powered by a 3.6 V non-rechargeable Li ion battery cell which
has a 220 mAh. From Table 4.2, we can calculate the current drawn from the circuit for
ON and OFF conditions. The voltage drain during the different ON/OFF periods were used
to calculate an estimate of the battery life before they can be implanted inside the rat model.

The device can remain turned ON for the entire test period which is approximately three
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days.

Table 4.1 Device voltage drain characteristics.

- Voltage (V) Current (mA)

E B s |slBq| 8|8 |82l 8
Tl 2.84 | 2497 | 1.248 10 0.43 | 0.0036 9 2.26 0.3
T2 29 2.497 | 1.248 10 0.43 | 0.0036 9 2.26 0.3

communicating the data such as the Bluetooth transmission system. The Bluetooth
transmission will provide a better transmission range at a higher speed and is more user
friendly. It is also suggested to have charging circuit as an alternative for the non-

rechargeable battery which will help during long term studies. Using a more advanced

The future scope of this system is to use a more advanced method of

technology such as, a charging pad should aid in producing implants in the long term.
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5. Conclusion

In this study, we designed a sensor system that can effectively track the temperature
variation inside a rat model in real time. The sensor electronics is designed to be implanted
inside the peritoneal cavity of the rat such that the external thermistor is placed at the site
of infection and the internal thermistor is placed at a controlled site. The implantable sensor
can be used to detect the initiation of an infection at the site of injury or a wound by
continuous monitoring of the site. It can be used to prove the hypothesis that whenever
there is an infection inside the body, there is a localized temperature rise. The sensor
discussed here was tested multiple times for its sensitivity, stability and reliability and
results obtained proves that the sensor can effectively measure any temperature changes
occurring in the body.

The use of implants has substantially increased over the past few years and alone
with it comes the risk of infections. The diagnosis of infection at the site of an implant is
usually based upon the clinical signs, laboratory findings and imaging techniques. Even
though an estimated 5% is subject to failure due to peri-prosthetic infections, it is
interesting to note that there is still no established gold standard in treating such infections.
Biofilms are the cause of chronic infections due to their growth over tissues and on the
surface of medical devices. Due the persistent nature and rapid progression of the
pathologys, it is very difficult to efficiently diagnose and suggest a treatment [41] [42]. The
persisting local inflammation can be identified as the most common diagnostic feature of
various biofilm based infections and they are clinically more resistant to the effects of
antibiotic therapy. During the past decade or so considerable developments have happened

in the diagnosis and treatment of such biofilm based infection but most of them are
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incapable of detecting the infection at the early stages of its development [43]. Thus,
through this work we have initiated the development of a method for detection of such
infections at the site of injury by continuously monitoring the temperature at the site. The
small size and low power characteristics of the sensor enable it to be attached with the
medical device or any fixation devices. The data can be wirelessly transmitted to a screen
for clinical purposes. The implantable sensor can be used as an alternative to conventional
methods such as bioluminescence imaging [44], MRI, PCR [45] and culture techniques
even though more research needs to be done on the theory before it can be used in humans
[46]. The major issue that needs to be addressed is the power source, and a charging circuit
is recommended for long-term applications compared to a non-rechargeable battery source.
Thus, the temperature sensor displays a new and innovative method of infection diagnosis,

which may be used in clinical applications.
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