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Physical nature of temperature
• Temperature is a physical quantity, belonging into the SI system.

• Subjectively temperature can be understood as a feeling of warmth or coldness. Temperature is a general term for thermal 
state of matter.

• Thermal state of an object is related with kinetic energy of substance particles.

• Types of temperature scales:
• °C – degree Celsius
• K – Kelvin
• °F – degree Fahrenheit
• °Rank – degree Rankine
• °R – degree Réaumur
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Comparison of temperature scales
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Body temperature measurement
• Measurement of body temperature belongs to the oldest diagnostic methods in medicine.

• Today we differentiate contact and contactless methods of body temperature measurement.

• With contact methods, the measuring device – thermometer (or just its sensor) is in direct contact with the 
tissue whose temperature we wish to measure. The heat is thus transferred from the tissue to the 
thermometer by direct contact.

• Conversely with contactless methods, the heat is transferred from tissue to thermometer through the 
surrounding environment – atmosphere.
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Contact measurement of body temperature
• By contact method, temperature is measured on accessible places located near large arteries, that reflect core 

body temperature well.

• Most often these places are in the armpit, in the oral cavity or rectum, less frequently then in esophagus or 
vagina etc. Medical mercury or electronic thermometers with NTC thermistors are used. 

• In the future it is expected complete elimination of mercury thermometers, due to mercury contained in 
them, being a toxic substance and their slow measurement.
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Mercury thermometer
• Medical mercury thermometer belongs to a group of liquid thermometers. It is made to measure maximal 

temperature by narrowing of a capillary connected to a bulb containing mercury.

• Between each measurement the mercury must be shaken down, back into the bulb. The scale of medical 
mercury thermometer is usually between 35-42 °C.

• The disadvantage of mercury thermometers is their slow measurement.
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Encapsulated and tube glass thermometer
• Encapsulated thermometer - description:
1. Bulb filled by liquid

2. Case
3. Capillary
4. Expansion container

• Tube thermometer - description:
1. Thick-walled capillary

2. Thermometric filling
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Electronic thermometer
• For fast measurement of body temperature, small electronic contact battery powered thermometers with LCD 

are used instead of classic mercury thermometers.

• Thermometric sensor is located in a metal tip, that serves as a contact of measured tissue and thermometer.

• These thermometers are designated for indicative temperature measurement in an armpit.

• Special electronic thermometers designated for accurate and long-term measurement of temperature are 
equipped with temperature sensors attached to the body surface most often by a duct tape.
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Thermoelectric temperature sensors 
• These types of sensors belong to contact method of temperature measurement.

• Their principle is based on Seebeck thermoelectric effect (conversion of thermal energy to electrical energy). 
In every conductor whose temperature is not constant.

• Voltage on thermocouple does not generate on the measurement junction, but in places where temperature
differs from the whole length of thermocouple all the way to comparing junction. 

• Material quality of the thermocouple is most important, especially material homogeneity. 
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Thermoelectric temperature sensor principle

29/12/21 Transducers and sensors in biomedicine 10



Thermoelectric temperature sensor principle
• Thermocouples are composed of two different metals (e.g. copper-constantan, platinum-iridium).

• Their principle is based on creation of contact potential difference between the two connected metals. The 
temperature T of measurement junction is different from the temperature T0  of comparing junction. 

• Due to creation of electrical voltage on the junction of metals A and B, current flows through the circuit.

• Difference of voltage on both contacts is formulated:

∆𝑈𝑈𝐴𝐴𝐴𝐴 = 𝛼𝛼 � 𝑇𝑇 − 𝑇𝑇0 +
1
2
� 𝛽𝛽 � (𝑇𝑇 − 𝑇𝑇0)2

• α, β – Seebeck coefficients for the pair of metals
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Thermocouple sensors applications
• In biomedical practice thermocouples are used in miniature hair-thin sensors, that are a part of catheters for 

invasive measurement of internal temperature of human bodies.  

• This is the only use of thermocouple sensors, for their many disadvantages (low sensitivity and stability, low 
level of output voltage) in comparison with other sensors.

• Much better attributes are found in sensors with thermistor, that are used in medical electronic thermometers 
for contact measurement of temperature.
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Thermocouple structure
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Thermocouple types
• Most common thermocouples are types J, K and T.

• At room temperature change of output voltage is proportional to change of temperature – 52 μV/°C. This is called Seebeck coefficient α.
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Metal resistive sensors
• Dependency of electrical resistance on temperature is used.

• In temperature interval of 0°C – 100°C  the electrical resistance rises with linear proportion to temperature:

𝑅𝑅𝑡𝑡 = 𝑅𝑅0 1 +∝ (𝑡𝑡 − 𝑡𝑡0)
where:

Rt – sensor resistance with temperature t
R0 - sensor resistance with temperature t0

α – temperature coefficient of electrical resistance
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Temperature dependency of metal resistive sensors
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Metal resistive sensors design

a) Platinum wire measurement resistor
b) Platinum thin film measurement resistor

c) Standard platinum measurement resistor for 
metrologic measurements
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Metal temperature sensors structure
• Resistive sensors normally consist of inner wiring, connection leads and head.

• Leads are mostly made of copper, silver or platinum alloys.

• Leads can be made as two, three or four wires.

• Temperature sensor with inner wiring is located in the head. 

29/12/21 and sensors in Transducers biomedicine 18



Thermistor temperature sensors
• Thermistors are semi-conductive resistors with strong dependency of resistance on temperature.

• Two types of thermistors are NTC thermistors, whose resistance decreases as temperature rises and PTC 
thermistors, whose resistance increases with rising temperature.

• For temperature measurement only NTC thermistors are suitable.

• PTC thermistors are used as two-state sensors, determining surpassing of a certain temperature level.
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NTC thermistors
• NTC thermistors are made in different designs with different manufacturing technologies. They differ in casing 

and leads.
• Resistance of a NTC can be determined well by a manufacturing technology used. Its value lays between the 

order of MΩ for negative temperatures to the tens of Ω for positive temperatures.
• The dependency of resistance on temperature is non-linear and can be approximately described with the use 

of exponential function:
𝑅𝑅(𝑇𝑇) = 𝐴𝐴. 𝑒𝑒

𝐵𝐵(𝑇𝑇)
𝑇𝑇

where:
R [Ω] electrical resistance
A [Ω] constant dependent on geometrical shape and material
B [K] constant dependent on NTC material and temperature
T [K] thermodynamic temperature
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Monocrystalline temperature sensors
• Monocrystalline temperature sensors with P-N junction

• These sensors are made of silicon and germanium and their alloys. Silicon sensors are capable of 
measurement in temperature range of -50°C – 300°C.

• Advantages: Thermal stability and low cost.

• Disadvantages: Non-linear thermal characteristic of silicon sensor. Lower range of temperatures.

• These sensors use voltage dependency of P-N junction on applied temperature. Most common are diode and 
transistor temperature sensors.
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Temperature sensors with optical fibers
• These special types of sensors are used in medicine mostly for intravenous temperature measurement and for 

measurement of tissue heating during magnetic resonance examination.

• Use of optical fiber for sensor construction brings many advantages, among the main are:
• High sensitivity
• Resistance against interference and aggressive environment
• Biocompatibility – non-toxic to live organisms
• Small dimensions (diameter around 0,25mm)
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Optical fibers
• Optical fibers allow to transmit light signal with very little attenuation on large distances without any influence 

from the surrounding environment.

• Basic materials for manufacturing optical fibers are plastics (for transmitting optical signal on larger distances, 
sensors that are part of flexible catheters).

• These materials are also non-toxic, which allows for using sensors for invasive measurement of temperature.

• The advantage of used materials is possibility of constructing very small sensors. 
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Optical fiber temperature sensor structure
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Principle of optical fiber sensor
• Optical fiber sensor uses  dependency of light absorption in GaAs optical prism on temperature.

• As a source of light radiation, infrared light with wavelength of 860 nm, generated by IR-LED is used.

• Light signal is transmitted through the fiber to the prism, where by differences in temperature, the 
attenuation of signal changes. This signal is then brought by output optical fiber to photodetector.

• Photodetector is an CCD sensor, that is converting radiation to electric charge. This electric signal is further 
processed and converted to digital form. 
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Optical fiber sensor based on measuring time of fluorescence disappearance
• These sensors are spread among many divisions of biomedicine – body temperature measuring, chemical 

quantities measuring (pH).

• Basic element of every fluorescent sensor is a probe made of fluorescent material.

• Light is transmitted by the optic fiber to the probe on its end. This probe is then in direct contact with 
measured object.

• Light brought to the probe is absorbed by its crystal molecules, that as a result excite. This effect is called 
fluorescence.
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Block diagram of fluorescent temperature sensor
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Sensors using radiation of black body
• Object, whose temperature we wish to measure, is heating a cavity. Inner walls of this cavity are black.

• This cavity then emits thermal radiation as an electromagnetic waves on all wavelengths.

• This radiation is then transmitted through optic fiber to a prism, where the radiation is divided into two 
beams.

• First beam is transmitted onto a filter, which is not completely monochromatic. Output of the filter is then 
connected to photodetector evaluating spectral intensity of this radiation. 
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Sensors using radiation of black body
• Second beam also passes through filter, and its output is then connected to photodetector 2.

• This photodetector also evaluates radiation intensity.

• Principle of evaluating temperature is based on comparing these spectral intensities with the use of Planck's 
law.
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Sensors using deformation of optic fiber
• These sensors use deformation of optic fiber by measured quantity.

• This deformation causes many micro bends along the optic fiber.

• In the beginning the optic fiber is straight (not bend). Alongside are located jaws that freely surround the fiber.

• On one jaw is bimetal strip, that by an applied temperature bends.

• Decrease in light intensity on the end of the optic fiber is measured.
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Sensors using deformation of optic fiber
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Contactless measurement of body temperature
• The field studying contactless body temperature measurement is called medical thermography.

• Nowadays thermographic cameras with infrared thermal or quantum radiation sensors.
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Sensors for contactless temperature measurement
• Contactless temperature sensors can be divided into two groups according to their interaction with infrared 

radiation – thermal and quantum.

• With thermal sensors heating of sensitive layer by infrared radiation is used. Temperature change of this layer 
results in change of its electrical qualities.

• These sensors are called resistive or capacitive bolometers.

• For the needs of contactless temperature measurement in medicine, miniature resistive bolometers are used 
– microbolometers.
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Microbolometric sensor matrix
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Resistive bolometer structure
• In the basic design, resistive bolometer is made of thin film of suitable material.

• Necessary property of this material is high temperature coefficient of resistance. For example, vanadium oxide 
VO2.

• Layer is applied on conductive pad and is superimposed by another conductive electrode, through which 
thermal radiation must penetrate and which is therefore blackened.

• As the conductive material platinum or titanium with layer of platinum is used.
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Electrical scheme of bolometer circuit
• Resistance of bolometer Rb depends on the temperature and temperature depends on the amount of absorbed IR radiation.

• Output voltage on bolometer is expressed as: 

𝑈𝑈 𝑡𝑡 =
𝑅𝑅𝑈𝑈𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐.
𝑅𝑅𝐵𝐵

R – internal resistance

Rb – bolometer resistance

Uconst. – source voltage
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Thermoelectrical sensors of IR radiation
• These sensors, when connected serially, forms thermocouple battery.

• Usually there are units or tens of thermocouples. Thermoelectric sensors work on the same principle as classic thermocouples- Seebeck
effect.

• Radiation emitted by an object, whose temperature is measured, falls through a filter to an absorbent surface of the thermoelectric 
sensor, which is painted black by a varnish.

• Then begins heating of measuring junction of thermocouples, which is in contact with black absorbent film.
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Scheme of thermocouple battery
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Contactless in-ear thermometer
• Infrared thermometer for body temperature measurement utilizes thermal radiation of an eardrum.

• Eardrum has common blood supply with hypothalamus, which controls body temperature. That is why 
eardrum temperature should better reflect core body temperature than surface of the body.

• This type of thermometer uses resistive bolometer placed in a special probe.

• Voltage loss on bolometer is converted to digital form, which is then evaluated by inner calibration graph.

• Measured temperature is then shown on LCD display.
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Infrared radiation
• Infrared radiation is electromagnetic radiation with wavelength of 750 nm – 1 mm and with frequency of    

300 GHz – 400THz.

• This radiation represents combination of transversal and longitudinal waves of electromagnetic field. Thermal 
energy is transmitted from its source through electromagnetic radiation.

29/12/21 and sensors in Transducers biomedicine 40

Infrared sub-division Wavelength Abbreviation

Near infrared 0,75 – 3 µm NWIR

Mid-wavelength infrared 3 – 5  µm MWIR

Long-wavelength infrared 5 – 15  µm LWIR

Very long wavelength infrared 15 – 1000  µm VLWIR



Thermography
• Thermography is a branch of science studying layout of the thermal field on a surface of a scanned object.

• Primary target of thermography is analyzing layout of temperature radiated from scanned object and 
evaluating thermogram.

• Thermogram carries information, that relates to generation of thermal relief and also describes conversion of 
thermal energy to infrared radiation.

• Then, thermogram is converted to visible light spectrum, for infrared radiation is invisible to a naked eye.
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Thermographic camera
• Thermographic camera can use point, linear or matrix sensor of thermal radiation.

• With the use of point and linear sensors, it is necessary to mechanically decompose scanned image by a set of 
rotating optical elements (mirrors, etc.).

• Thermocamera is equipped with lens with fixed focal length, most often 50 mm. These lenses have very little 
optical elements, thus large lens speed (more light intensity is delivered).

• Temperature resolution of modern thermographic cameras is in order of 0,1-0,01 °C, measurement range is 
usually part of 20-50 °C interval. The displaying frequency  is ranging up to 30 Hz.
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Thermographic camera structure
• Optical system – detects infrared radiation from scanned object and transmits it to an infrared sensor. This 

system is composed of lenses, shutter and focus.

• Infrared radiation sensor – structurally it‘s a matrix sensor, that converts received IR radiation onto electric 
signal, which is then digitalized and processed into thermogram.

• A/D conversion and image processing – here is electric signal from IR sensor digitalized. Result digital image is 
then processed and shown on thermographic camera‘s display.
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Block diagram of thermographic camera

29/12/21 and sensors in Transducers biomedicine 44



Thermographic camera displaying process
• Radiant flux, that is detected by a thermographic camera, is consisting not only of the scanned object flux, but also of outer radiation 

sources.

• It is necessary to divide parameters influencing scanned scene onto outer and inner.
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Thermogram
• For visual evaluation of the thermogram temperature levels are represented either by shades of gray or by 

RGB colour model.

• In RGB model the image is divided to three basic colours: red, green and blue. Combinations of these colours
forms the final colour spectrum of a thermographic scale.

• In medical applications, levels are set with accuracy of hundredth of a degree. 

• Scale used for a particular application is represented by thermographic scale, located by the thermogram‘s 
side with numerical expression of temperature range used.

29/12/21 and sensors in Transducers biomedicine 46



Thermogram with temperature scale
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Colour coding in thermogram
• Range of temperature scale colours is from white (warmest areas 50 °C) to dark blue (coldest areas -47,8 °C).

• In clinical practice, the surroundings are chosen to be in contrast with scanned object to achieve better edge 
resolution of this object.
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