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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
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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
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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
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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

15



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.

17



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

19



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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