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kinds of applications. Photodiodes are particularly useful as detectors of light in fiber-optic 

networks. Over the years, engineers have contributed many circuits to EDN Design Ideas 

that use photosensitive devices. Photo resistors are used when you need a resistive analog 

response to a light level. Photodiodes are both digital devices and analog devices. As digital 

devices, they turn on and off when they sense a given level of light. Analog photodiodes 

produce an analog quantity based on received light. You can use these sensors in 

applications such as circuit to control relays and timers. 

Figure 2.1  Types of different light sensors.                                                                                                     

Source  http://www.eetimes.com/document.asp?doc_id=1272314 

2.2.6 Sound and Vibration Sensing 

Sound and vibration sensing is a subset of the accelerometers previously covered. Many 

machines vibrate during use and may make noise, both of which need to be measured and 

analyzed. A typical example is a washing machine. When not evenly balanced, it can 

http://www.eetimes.com/document.asp?doc_id=1272314
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vibrate excessively. As part of the test and qualification process, engineers will monitor 

the vibrations and noise of such products. Sensors such as accelerometers, combined with 

data-acquisition equipment and specialized software, let you analyze the vibrations. 

MEMS-based microphones are often used in sound capture and analysis. Analog and 

digital MEMS microphone design considerations from EE Times explains how MEMS 

microphones work and what kind of signal-conditioning circuits they need. For example, 

you need a high-impedance input stage following the MEMS microphone because of its 

typical 200Ω output impedance. MEMS digital microphones integrate an ADC into the 

sensor, providing direct digital output in I 2S (inter-IC sound) and PDM (pulse-density 

modulation) formats. You can connect them directly to microcontrollers. Digital 

microphones are often used in smart phones, tablet computers, laptops computers, 

headphones (for noise cancellation) and hearing aids. Going a step further, researchers at 

the University of Utah developed a MEMS microphone that can be implanted in the middle 

ear. 

2.2.7 Capacitive Sensing 

Sensing capacitance took on a whole new meaning with touch screens, particularly with 

the iPhone and iPad became popular. Capacitive sensing began its life long before the 

iPhone, having been used to detect fluid levels, humidity, and material properties. 

Capacitive sensors are typically made of several layers of materials, often on a circuit 

board. In touch-screen or button applications, a sensor IC detects not absolute capacitance, 

but a change in capacitance, indicating the location of your finger. Because these screens 

rely on the change in capacitance based on your skin, they don’t work with your 

fingernails. The figure below (courtesy of Texas Instruments) shows an equivalent circuit 
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for a touch screen. With capacitive sensing, your finger is never in contact with the sensing 

device. Thus, there's no mechanical wear (unless you break the screen on your phone). 

Your finger interferes with a local electric field, which changes capacitance and is sensed 

by an IC, digitized, and sent to a microcontroller. The capacitive-sensing IC produces an 

excitation signal that creates the local electric field in the sensing surface.  

         

 

Figure 2.2 A capacitive sensing. 
Source http://www.analog.com/en/analog-dialogue/articles/capacitance-sensors-for-human-interfaces-to-

electronics.html 

         A capacitive sensing IC scans the buttons or screen locations. Thus, there can be 

timing issues between when a change in capacitance occurs and when the IC scans that 

location. Because a scan occurs for a fixed amount of time at each location, the sensing IC 

applies a counter to the charge time of a known capacitor. Changes in the total capacitance 

(accounting for the touch or lack of touch) cause a counter to create a number proportional 

to current. It's essentially an integration process. If the count exceeds a specific value, the 

circuit interprets that as a touch and the system acts upon that event.  
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2.2.8 Optical Fiber Sensor 

A sensor that measures a physical quantity based on its modulation on the intensity, 

spectrum, phase, or polarization of light traveling through an optical fiber. An optical 

sensor is a device that converts light rays into electronic signals. Like a photo resistor, it 

measures the physical quantity of light and translates it into a form read by the instrument. 

Optical sensors have a variety of uses. They can be found in everything from computers to 

motion detectors. For example, when the door to a completely darkened area such as the 

inside of a copy machine is opened, light impacts the sensor, causing an increase in 

electrical productivity. This will trigger an electric response and stop the machine for 

safety. distinction is often made in the case of fiber sensors as to whether measure and act 

externally or internally to the fiber. Where the transducers are external to the fiber and the 

fiber merely registers, and transmits the sensed quantity, the sensors are termed extrinsic 

sensors. Where the sensors are embedded in or are part of the fiber  and for this type there 

is often some modification to the fiber itself the sensors are termed internal or intrinsic 

sensors. 
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Figure 2.3 An optical sensor. 

Source  https://www.slideshare.net/satyanaveenvyas/proximity-sensors. 
 

2.2.9 Infrared Sensors 

Infrared waves are not visible to the human eye. In the electromagnetic spectrum, infrared 

radiation can be found between the visible and microwave regions. The infrared waves 

typically have wavelengths between 0.75 and 1000µm. The wavelength region which 

ranges from 0.75 to 3µm is known as the near infrared regions. The region between 3 and 

6µm is known as the mid-infrared and infrared radiation which has a wavelength greater 

higher than 6µm is known as far infrared. There are mainly two types of Infrared sensors: 

Thermal infrared sensors – use infrared energy as heat. Their photo sensitivity is 

independent of the wavelength being detected. Thermal detectors do not require cooling 

but do have slow response times and low detection capabilities. Quantum infrared sensors – 

provide higher detection performance and faster response speed. Their photo sensitivity is 

https://www.slideshare.net/satyanaveenvyas/proximity-sensors
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dependent on wavelength. Quantum detectors must be cooled to obtain accurate 

measurements. All objects which have a temperature greater than absolute zero (0 Kelvin) 

posses thermal energy and are sources of infrared radiation as a result. Sources of infrared 

radiation include blackbody radiators, tungsten lamps and silicon carbide. Infrared sensors 

typically use infrared lasers and LEDs with specific infrared wavelengths as sources. A 

transmission medium is required for infrared transmission, which can be comprised of 

either a vacuum, the atmosphere or an optical fiber. 

 

Figure 2.4  The image of a house under infrared sensor.      

Source  http://www.azosensors.com/article.aspx?ArticleID=339# 

 

           Optical components, such as optical lenses made from quartz, CaF2, Ge and Si, 

polyethylene Fresnel lenses and Al or Au mirrors, are used to converge or focus the infrared 

radiation. To limit spectral response, band-pass filters can be used.  Infrared detectors are 

used to detect the radiation which has been focused. The output from the detector is usually 

very small and hence pre-amplifiers coupled with circuitry are required to further process 

the received signals 

http://www.azosensors.com/article.aspx?ArticleID=339
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2.3  It’s Usage 

In our day-to-day life we frequently use different types of sensors in several applications 

such as IR sensor used for operating television remote, Passive Infrared sensor used for 

automatic door opening system of shopping malls and LDR sensor used for outdoor 

lighting or street lighting system. 

2.3.1 Temperature Sensors   

Design of Industrial Temperature Controller for controlling temperature of devices used 

in industrial applications is one of the frequently used practical applications of the 

temperature sensor. In this circuit, IC DS1621, a digital thermometer is used as a 

temperature sensor, thermostat, which provides 9-bit temperature readings. The circuit 

mainly consists of 8051 microcontroller, EEPROM, temperature sensor, LCD display and 

other components. LCD is used to display temperature in the range of -55degress to 

+125degrees. EEPROM is used to store predefined temperature settings by user through 

the 8051-series microcontroller. The relay whose contact is used for load, is driven 

by microcontroller using a transistor driver.  

2.3.2 IR Sensors   

Thermography – According to the black body radiation law, it is possible to view the 

environment with or without visible illumination using thermography.  Heating – Infrared 

can be used to cook and heat food items. They can take away ice from the wings of an 

aircraft. They are popular in industrial field such as, print dying, forming plastics, and 

plastic welding.  Spectroscopy this technique is used to identify the molecules by analyzing 

http://www.edgefx.in/automatic-room-light-controller-for-home-automation-applications/
http://www.edgefx.in/industrial-applications-of-programmable-logic-controller/
http://www.elprocus.com/8051-microcontroller-architecture-and-applications/
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the constituent bonds. This technique uses light radiation to study organic 

compounds.   Meteorology Cloud heights, calculate land and surface temperature is 

possible when weather satellites are equipped with scanning 

radiometers.  Photobiomodulation – This is used for chemotherapy in cancer patients. This 

is used to treat anti herpes virus. Climatology – Monitoring the energy exchange between 

the atmosphere and earth. Communications – Infra red laser provide light for optical fiber 

communication. These radiations are also used for short range communications among 

mobiles and computer peripherals.  

2.3.3 Pressure Sensors  

This is where the measurement of interest is pressure, expressed as a force per unit area. 

This is useful in weather instrumentation, aircraft, automobiles, and any other machinery 

that has pressure functionality implemented. This is the use of pressure sensors in 

conjunction with the venturi effect to measure flow. Differential pressure is measured 

between two segments of a venturi tube that have a different aperture. The pressure 

difference between the two segments is directly proportional to the flow rate through the 

venturi tube. A low-pressure sensor is almost always required as the pressure difference is 

relatively small. A pressure sensor may also be used to calculate the level of a fluid. This 

technique is commonly employed to measure the depth of a submerged body (such as a 

diver or submarine), or level of contents in a tank (such as in a water tower). For most 

practical purposes, fluid level is directly proportional to pressure. In the case of fresh water 

where the contents are under atmospheric pressure, 1psi = 27.7 inH20 / 1Pa = 9.81 mmH20. 

. 

 

https://en.wikipedia.org/wiki/Pressure
https://en.wikipedia.org/wiki/Force
https://en.wikipedia.org/wiki/Venturi_effect
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2.3.4 Fiber Optic Sensors 

 These are used in several areas. Specifically Measurement of physical properties such as 

strain, displacement, temperature, pressure, velocity, and acceleration in structures of any 

shape or size.  Monitoring the physical health of structures in real time. Buildings and 

Bridges: Concrete monitoring during setting, crack (length, propagation speed) monitoring, 

pre-stressing monitoring, spatial displacement measurement, neutral axis evolution, long-

term deformation (creep and shrinkage) monitoring, concrete-steel interaction, and post-

seismic damage evaluation. Tunnels: Multipoint optical extensometers, convergence 

monitoring, shotcrete / prefabricated vaults evaluation, and joints monitoring damage 

detection.  Dams: Foundation monitoring, joint expansion monitoring, spatial displacement 

measurement, leakage monitoring, and distributed temperature monitoring.  Heritage 

structures: Displacement monitoring, crack opening analysis, post-seismic damage 

evaluation, restoration monitoring, and old-new interaction. 
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                                                          CHAPTER 3  

PRINCIPLE OF OPERATION 

 

                                                 3.1 Design and Fabrication 

Coming back to the smart polymeric temperature sensors. Biomedical microdevices have 

been used in the clinical setting for quite some time and are instrumental to the delivery of 

care. Recent developments in microelectromechanical systems (MEMS)-based sensors 

prefer that the quality of diagnosis and treatment can be significantly enhanced once these 

advancements are translated into the targeted applications2. MEMS-based sensors have 

advantages over traditional monitoring probes include smaller dimension, ability to 

integrate, faster response time, lower power consumption, lower cost, greater reliability 

and higher sensitivity. In addition, the advancement in fabricating the MEMS sensors on a 

flexible substrate offers a viable solution to one of key technical challenges of rigid 

monitoring probes the mechanical mismatch between the compliant brain tissue and the 

sensor substrate. A smart catheter was developed, which is capable of continuously 

monitoring multiple physiological and metabolic parameters.  

           Microsensors, wires and circuits were fabricated first on the flexible polymer 

substrate using standard MEMS technology, and then rolled spirally to make a tube 

structure. It combined the advantages of flexible MEMS technology with a spiral rolling 

technique to develop a multimodality probe applicable to monitoring TBI patients, while 

avoiding wiring and assembling problems associated with previous methods. Furthermore, 

catheter lumen patency is maintained for in situ drug delivery, insertion of medical tools, 
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or drainage of cerebrospinal fluid (CSF) or blood. For use in multimodality 

neuromonitoring with the smart catheter, it has evaluated the performance, accuracy and 

long-term stability of smart catheter temperature sensor (SCT) based on thin-film 

resistance temperature detector (RTD) with 4-wire configuration. 

 

 

 

Figure 3.1 Smart catheter temperature sensor (SCT) with 4-wire resistance temperature 

detector (RTD) configuration: (a) SCT geometry and detailed dimensions and (b) 

photograph of microfabricated SCT. 

Source Li, C., Wu, P., Wu, Z., Ahn, C. H., Ledoux, D., Shutter, L. A., . . . Narayan, R. K. (2011). Brain 

temperature measurement: A study of in vitro accuracy and stability of smart catheter temperature 

sensors. Biomedical Microdevices,14(1), 109-118. doi:10.1007/s10544-011-9589-4 

 

           The smart catheter flow sensor (SCF) consists of two components: a temperature 

sensor (SCT) which is located outside the “thermal influence” area for temperature 
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compensation and a flow sensor which is heated 2°C above the medium temperature. Both 

temperature and flow sensors use a 4-wire configuration to eliminate the effect of lead 

wires. The SCF operates in a constant-temperature mode and employs a periodic heating 

and cooling technique7. the operation procedures are described as follows. First, a very 

small amount of current inducing self-heating is applied to the sensor followed by 

measurement of the “cool” sensor resistance. The overheating resistance can then be 

determined by multiplying the “cool” sensor resistance by a factor depending on the 

desirable sensor overheating temperature, a feedback loop is initiated and sustained by 

repeating the following steps: measure the sensor resistance, compare it with the 

overheating resistance, and then increase or decrease the applied current according to the 

comparison results. 

          At the steady-state, the current applied to the sensor settles to a constant leading to 

the constant temperature condition. However, the applied current varies whenever the 

sensor is subject to different flow rates. The current tends to increase as the flow rate 

increases and correlates linearly with the flow rate within a certain range. The working 

principle mentioned above implies that the outputs will still be affected by two factors. One 

is the medium temperature change during the heating period1. To compensate for the 

change occurring within a single period, a SCT is used to provide the medium temperature 

data to the SCF so that the overheating resistance can be adjusted while the sensor is in its 

heating state. The other is the effect of thermal conductivity because the output is also a 

function of thermal conductivity of the sensor and its adjacent medium. In real application, 

the thermal conductivity of the medium is not a constant. In our approach, two sets of data 

points are taken in a single heating period to realize thermal conductivity compensation. 
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The first set consists of the peak output related to the intrinsic property of the medium and 

the second is the steady-state output related to the flow rate. The thermal conductivity 

compensation is performed to the first order using the two data sets. 

          The temperature sensor is designed primarily for the smart catheter, which is capable 

of multimodality neuromonitoring. A RTD is used as the temperature sensor, which is one 

of the most accurate temperature sensors. As a metal conductor with a positive temperature 

coefficient (PTC), the resistance of RTD increases proportionally with an increasing 

environmental temperature in the linear range. With the advent of microfabrication 

technology, RTD temperature sensors can be made from thin-film metal. The advantages 

of a thin-film RTD temperature sensor are small volume, high accuracy, short response 

time, suitability for mass production, and ability to measure temperature more precisely 

than a traditional thermocouple1. Thin-film RTD also exhibits superior specifications over 

the thermistor in terms of linearity, long-term stability, interchangeability. Measuring the 

RTD with 4-wire setup yields the most accurate output since the method not only cancels 

the lead wire effect but the effect of mismatched resistances from contact points. 

Commonly used sensing materials in temperature sensors are Pt and Au particularly, Pt is 

more expensive, and Au has comparable temperature coefficient of resistance and 

flexibility. Therefore, Au with a 4-wire configuration is used for the smart catheter in this 

work. The resistance of a general metal is expressed as where R is resistance (Ω); ρ is 

resistivity (Ωm); L is resistor length (m) and A is cross-sectional area (m2).  

                                                        R=ρ
 𝐿

 𝐴
                                                           (3.1) 
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         The electrodes have twisting micro temperature sensor structures, with a sensing area 

of 775 μm×900 μm. As the temperature of the RTD varies, the nearly linear relationship 

between measured resistance and change in temperature can be expressed as follows:  

                                               𝑅𝑡 = 𝑅𝑖(1 + 𝛼𝑡)                                                             (3.2) 

                                                      ∆𝑇 = 𝑡 + 𝑖                                                                (3.3) 

where Rt and Ri are the resistance of an RTD at t (°C) and I (°C), respectively; αT is the 

positive temperature coefficient of an RTD (1/°C); and ΔT is the deviation in temperature 

from the reference temperature. Therefore, Eq. 3.2 can be rewritten as, 

                                             ∝T=
Rt−Ri

Ri(∆t)
                                                      (3.4) 

where αT is the temperature coefficient of resistance (TCR) of a sensor. 

         The device fabrication is shown in the figure below. The flow and temperature sensor 

microelectrodes were fabricated by depositing a Au (1200Å) layer with an adhesion layer 

of Ti (150Å) on the 7.5μm thick Kapton film with 1μm Parylene film coating, followed by 

standard thin film lithography and etching processes. After that, the electrical leads of the 

flow and temperature sensors were electroplated with 2μm thick Cu to reduce the lead 

resistances. The levels with temperature sensor and flow sensor were separated by 

Parylene/Copper/Parylene (2μm/1200Å/2μm) layers to prevent noise coupling. Finally, 

5μm thick Parylene film was deposited as a biocompatible and insulation layer. The film 

with microsensors were cut into size and spirally rolled over the metal rode based on our 

previous work to form an intraventricular catheter. 
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Figure 3.2 Microfabricated smart catheter flow sensor (a) schematic illustration of 

microfabrication procedure and (b) photographs of developed smart catheter with flow 

sensor 

Source . Li, C., Wu, P., Wu, Z., Ahn, C. H., Ledoux, D., Shutter, L. A., . . . Narayan, R. K. (2011). Brain 

temperature measurement: A study of in vitro accuracy and stability of smart catheter temperature 

sensors. Biomedical Microdevices,14(1), 109-118. doi:10.1007/s10544-011-9589-4 

 

                                                 3.2  Working Principle 

The four-wire principle and coordinated detection method were to obtain an accurate 

sensor signal. Four wire configuration excludes the effect of the lead wire. Synchronous 

detection can prevent dc shift caused by the thermoelectric effect induced on the dissimilar 

metal junctions. The simplified circuit is illustrated in Figure 3.3  where (a) is the excitation 

circuit, (b) the readout circuit, (c) the isolation circuit and (d) the calibration circuit. Circuit 

(a) and (b) are essential for sensor operation. Digital isolator circuit (c) is included to 

prevent its analog ground being interfered by the ground noise of the back-end circuit. The 
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use of digital-to-analog converter (DAC) is optional, though its addition allows direct 

readout of the sensor analog outputs using a multimeter. This makes it convenient for 

troubleshooting. The calibration circuit (d) provides an interface for the user to perform 

sensor calibration. 

 

 

Figure 3.3 :- Prototyped temperature sensing circuit and monitor: (a) schematic layout of 

excitation circuit section; (b) readout circuit section; (c) isolation circuit section; (d) 

calibration circuit section; (e) photograph of developed SCT circuit and (f) photograph of 

developed LabView multimodality monitor. 
Source:- Li, C., Wu, P., Wu, Z., Ahn, C. H., Ledoux, D., Shutter, L. A., . . . Narayan, R. K. (2011). Brain 

temperature measurement: A study of in vitro accuracy and stability of smart catheter temperature 

sensors. Biomedical Microdevices,14(1), 109-118. doi:10.1007/s10544-011-9589-4 

 

          The lactate biosensor was designed for long-term accurate and stable in vivo 

monitoring. For insertion applications, amperometric enzyme-based biosensors are 

currently superior to other sensor types due to the high selectivity of enzymes. Most  

in vivo biosensors rely on mediator less-based detection of hydrogen peroxide (H2O2) due 

to potential leaching and toxicity of the mediator. Lactate oxidase (LOD)-based biosensors 

are the most widely used configuration and allow the determination of H2O2 generated in 
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the enzymatic reaction. LOD catalyzes the oxidation of lactate to pyruvate. In the presence 

of dissolved O2, the enzyme can be re-oxidized, releasing H2O2. The produced H2O2 can 

be oxidized at the electrode surface giving a current proportional to the amount of dissolved 

lactate. In spite of its specificity, LOD-based biosensors suffer from some limitations, such 

as short stability and oxygen and temperature dependency. LOD, the enzyme used in the 

construction of the lactate biosensor, is known to be quite unstable with respect to 

enzymatic activity over time. This leads to reduced sensor lifetimes11. To enhance the 

biosensor’s stability and lifetime, besides immobilizing the LOD in the optimized 

conditions (temperature, pH, and curing agent concentration) to provide a favorable micro-

environment, a novel groove structure has been developed between the working and 

counter electrodes to store excess enzymes6. To solve the issue of temperature dependency, 

a combination of a temperature sensor to do in situ temperature compensation using the 

following equation: 

                                                     ICT = It + (It × FT)(T25 – Tt)                                        (3.5) 

         where ICT is the compensated current for temperature dependency of lactate biosensor 

(nA), Tt is the measured temperature at the time t by the temperature sensor (°C), FT is the 

temperature factor system (%/°C), and It is the current measured at the time t during the 

experiments (nA). Automatic temperature dependency correction for the lactate biosensor 

was performed, we coated the sensor with poly (vinyl alcohol) (PVA) hydrogels. PVA 

hydrogels have the oxygen-storing capability due to the formation of larger hydrophobic 

domains during the freeze-thaw (FT) cycles. 

             The temperature sensor operates with AC excitation current of 500 μA and updates 

its outputs every 200 ms. Its output voltage is derived as follows: 
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                         𝑉0 = [ 𝑉𝑟(1 + 𝛼 ∗ ∆𝑇𝑡1 + 𝑉𝑛1] − [ 𝑉𝑟(1 + 𝛼 ∗ ∆𝑇𝑡2 + 𝑉𝑛2]                  (3.6) 

         where V0 is the final voltage output, α is the temperature coefficient (TCR) of a RTD, 

Vr is the voltage output at a reference temperature (°C), ΔTt1 and ΔTt2 is the deviation in 

temperature from the reference temperature at time t1 and t2, and ΔVn1 and ΔVn2 represent 

the voltage offset caused by the thermal electric effect. For fast excitation, it is reasonable 

to assume that ΔTt1= ΔTt2=ΔT and ΔVn1=ΔVn2. 

Thus, the equation can be further reduced to: 

                                                 𝑉0 = 2𝑉𝑟(1 + 𝛼 ∗ ∆𝑇)                                                  (3.7) 

Define ΔT0T - Tr, where T is the measured temperature and Tr is the reference temperature. 

Rearranging the equation gives the measured temperature: 

                                            T = Tr +

V0
2Vr

−1

α
                                                        (3.8) 

 

        The flow sensor employs a periodic heating and cooling technique under a constant-

temperature mode and updates its outputs every 10 s. During the cooling period, the flow 

sensor is cooled down to the medium baseline temperature and the heating period is held 

2.5 °C above the medium temperature. The detailed operation can be categorized into five 

regions as shown in figure below. 
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Figure 3.4  Micromachined lab-on-a-tube (LOT) with brain temperature sensor and 

cerebral blood flow sensor: Temperature sensor with 4-wire resistance temperature 

detector (RTD) configuration operates with ac excitation current of 500 μA and updates 

its outputs every 200 ms. 
Source  Li, C., Wu, P., Hartings, J. A., Wu, Z., Cheyuo, C., Wang, P., . . . Narayan, R. K. (2012). 

Micromachined lab-on-a-tube sensors for simultaneous brain temperature and cerebral blood flow 

measurements. Biomedical Microdevices,14(4), 759-768. doi:10.1007/s10544-012-9646-7 

 

         The cooling period consists of regions I and II and the heating period covers regions 

III, IV, and V. In region I, no current is applied and the sensor is cooled down from previous 

heating period. In region II, after the sensor settles to the medium temperature, a small 

current (500 μA) is applied, the sensor resistance is measured, and the overheating 

resistance is calculated. In region III, the circuit initiates the feedback control, thereby 

inducing an overshoot during heating the sensor. The peak output is sampled for use in the 

thermal conductivity compensation. The output then settles down to a stable value in region 

IV. During the heating period, medium temperature compensation is achieved by adjusting 
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the overheating resistance according to the temperature sensor output. The end of region 

IV when steady state is achieved is defined as region V. Here, multiple data points are 

sampled and their average represents the flow rate without thermal conductivity 

compensation. The output without thermal conductivity compensation correlates to the 

flow rate using the simplified equation  

                                               Vf  = C + D * Fn
                                                                                            (3.9)                                                

        where Vf is the uncompensated voltage output, C and D are coefficients related to 

conduction and convection, F is the flow rate and n is the fitting factor. The flow rate will 

be further processed with medium thermal conductivity compensation using the 

information from region III. 

 

 

 

 

 

 

 

 

 

 

 

 

 


