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Abstract: Pyrometry is widely used in science, medicine, and industry to measure the surface

temperature of objects in a non-contact way. IR fibers are an ideal solution for the flexible

delivery of thermal radiation emitted from objects inside a complex structure like internal organs

inside the human body. Silver halide polycrystalline infrared fibers (PIR) are transparent in a

spectral range of 3 – 18 µm, matching perfectly with the spectra of black body radiation for

temperatures ranging from 20°C to 200°C. These fibers are non-toxic and allow small bending

radii. They could become critical components in pyrometric systems for temperature-controlled

laser surgeries. Here we discuss the ability of the PIR fibers for simultaneous laser power delivery

and real-time temperature monitoring in laser surgery applications and demonstrate two different

setups for this purpose.

© 2022 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

1.1. Infrared thermometry

Objects with non-zero temperature continuously emit electromagnetic radiation that can be

approximated as black-body radiation described by Planck law. Stefan-Boltzmann law describes

the total emitted power j, proportional to the 4th power of the body’s absolute temperature. Real

surfaces emit less energy than a black body. They are known as gray bodies characterized by

emissivity ε. In this case, the Stefan-Boltzmann law is modified to:

j = εσT4, (1)

where σ is the Stefan-Boltzmann constant, and ε is the emitting surface’s emissivity at a fixed

wavelength λ and temperature T . For a perfect black body, emissivity is equal to 1: ε = 1; for

real materials, it is less than 1: ε<1. Numerical emissivity values of different human tissues are

given in [1] and [2]. The emissivity of many biological tissues is about 0.9.

Absolute black body temperature can be related to the peak of the spectral radiance described

by Wien displacement law and is inversely proportional to the body’s absolute temperature.

Manufacturers use this dominant wavelength to design thermal imaging sensors reaching the best

match for the range of temperatures being measured [3]. Infrared (IR) thermometry relies on

black-body radiation in the wavelength range from 5 to 14 µm corresponding to peak temperatures

from 300 ◦C to −65 ◦C. That limits the system to measure only the surface temperature, so

information about tissues’ internal temperature cannot be provided [4]. Results also depend on

the object’s emissivity and distance-to-spot size ratio [5]. This technology is fast, passive, non-

invasive, and can map body temperature. In the current COVID-19 pandemic, its ability to detect
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fever is being exploited for mass screening worldwide [6]. It was successfully used to detect breast

cancer, peripheral vascular disorders, diabetic neuropathy, and various other problems in many

medical disciplines, e.g., gynecology, kidney transplantation, dermatology, brain imaging, and

cardiovascular surgery. IR thermography can provide real-time, high-resolution thermographic

images [7]. Devices based on IR thermometry are known as pyrometers and are used to measure

the surface’s temperature in a non-contact way. They consist of a detector and an optical system,

which focuses the thermal radiation onto the detector.

The temperature control via IR thermography can be utilized during laser surgery operations.

The absorption of laser radiation depends on tissue type, thickness, and state of hydration.

Therefore, it is challenging to control the parameters and conditions needed to obtain good results.

One of the most critical parameters is the heated spot temperature because slight overheating

may lead to severe thermal damage to the tissues. At the same time, a low temperature may lead

to an insufficient result [8].

Here we discuss the ability of the silver halide polycrystalline infrared (PIR) fibers for real-time

temperature monitoring and laser power delivery at the same time for laser surgery applications.

Two different designs were tested for a flexible laser delivery with temperature control. The first

one utilizes one fiber to deliver laser power and the other fiber to collect IR radiation and measure

a temperature. The second design is a common free space system where the same PIR cable

is used for laser power delivery and IR radiation collection. In both cases, a simple calibration

method is used with a commercially available pyrometer and the classical Stefan-Boltzmann law.

1.2. Optical fibers for transmission of thermal radiation and pyrometry

In order to increase the usability and flexibility of the laser surgery device, special fibers can

be used to deliver the laser radiation and simultaneously collect thermal radiation from the

heated spot [9]. For the mid-IR spectral range, various optical fibers are commercially available,

e.g., chalcogenide IR (CIR), polycrystalline IR (PIR), hollow-core fibers (hollow waveguides)

[10,11]. The fused silica fibers can also be used for pyrometry, but they have a limited mid-IR

transmission [12]. PIR fibers made from solid solutions of silver halides (AgClxBr1−x) have

high transparency over a vast spectral range in the mid-IR region, low losses for 10.6 µm (the

operating wavelength of a widely used CO2 laser), insoluble in water, biocompatible, non-toxic,

and very flexible [13,14]. In particular, PIR fibers have good transmission properties in a spectral

range of 3 – 18 µm, which corresponds to a wavelength of heat radiation in a temperature range

of about −100 ◦C to 450 ◦C. The most important temperature range in medical applications is

from 30 ◦C to 300 ◦C, i.e., from body temperature to carbonization point and vaporization of

the tissue. The transmission region of such fibers is matched almost perfectly with the spectra

of black body radiation for temperatures ranging from 20◦C to 200◦C (Fig. 1), making them

perfect candidates for implementing a noninvasive flexible temperature control, especially during

surgical operations.

Moreover, since such fibers can also deliver laser radiation, they can be embedded in laser

systems to provide temperature monitoring of the same point irradiated by the laser. Experiments

with temperature control during surgery operations have shown the feasibility of this technology

[17–19]. The stability of temperature control can be ±2.5 ◦C and better. Also, one of the

significant advantages of the fiber-optic system is a possible implementation for endoscopic usage.

Preliminary experiments with temperature control have already been carried out in urology using

an endoscope [20]. The laser system’s typical scheme from [9] with continuous temperature

control during the operation is presented in Fig. 2. Computer algorithms or a well-known PID

system [21] can maintain the temperature during the operation.

The total emissive power collected from a black body and delivered through the PIR fiber

has a different temperature dependence than the Stefan-Boltzmann law. The reason is in a

non-uniform transmission spectrum of these fibers. After integrating the radiance as described
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Fig. 1. Planck law, Wien law, and transmission of PIR fiber with 900/1000 µm core/cladding

diameters and with 1 m length. Data are available from the company art photonics GmbH

[15]. The linear approximation for PIR transmission for wavelengths more than 16 µm was

made according to typical PIR transmission [16]

Fig. 2. Typical scheme of a laser system with continuous temperature control during

operation, corresponding to [9].

by the Planck law multiplied on a PIR fiber transmission over all wavelengths, we get a modified

Stefan-Boltzmann law, which describes the total emissive power delivered from a black body

through PIR fiber (see Fig. 3). For temperature range from 20◦C to 200◦C we can approximate

the dependence of the total emitted power j from a black body, delivered through a silver halide

fiber, on the temperature T as

j ∼ Tx, x ≈ 4.3, (2)

that is close to the Stefan-Boltzmann law.

It is also interesting for practical use to know how much of the thermal energy from a black body

will be delivered through PIR fiber to the sensor. Figure 4 shows the temperature dependence for

the ratio of radiation power on the black body delivered through the 1 m of PIR fiber to the power

radiated directly from the black body, i.e., it shows
∫ ∞

0
I(λ, T)TĄber(λ)dλ
∫ ∞

0
I(λ, T)dλ

=

∫ ∞

0
I(λ, T)TĄber(λ)dλ

σT4
, (3)

where λ is a wavelength of light, I(λ, T) is the spectral density of electromagnetic radiation

emitted by a black body in thermal equilibrium at a given temperature T (Planck law), TĄber is a

transmission of PIR fiber, and σ is the Stefan-Boltzmann constant.
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Fig. 3. Comparison of the Stefan-Boltzmann law with total emitted power through the

PIR fiber (on top). The slope of the dependence of the emitted power on the logarithm of

temperature (on bottom).

Fig. 4. The ratio of the power delivered through 1 m PIR fiber from the black body to the

power from a black body (Planck law), in accordance with Eq. (3).
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2. Materials and methods

2.1. Measurement equation

A commercial pyrometer can be used to measure the object’s temperature by collecting the IR

radiation through the PIR fiber. In common, such pyrometers are usually already calibrated at the

factory for the free space measurements. They can show the measured object’s actual temperature

only if the whole object is located in the pyrometer’s detector field of view (FOV). In other words,

this device works correctly only in the free space arrangement, and collected IR radiation comes

only from the measured object. Therefore, for fiber-optic arrangement, recalibration must be

done. One of the simplest methods for it is based on the Stefan-Boltzmann law.

Two coefficients must be introduced to consider all the losses on the optical path and

mismatching (when the signal not from the object of interest reaches the detector). The losses

due to the atmospheric attenuation are assumed to be zero as a distance where the IR signal

is traveling in free space is small enough [22]. The required coefficients are determined by

balancing the radiation power P(T)Pyro raw at the active surface of the detector:

P(T)Pyro raw = P(T)Detector + P(T)Object · ε + P(T)Ambient · (1 − ε), (4)

where P(T)Detector corresponds to the radiant power that comes from the detector environment to

the detector’s active area (it is the radiation that came not from the object of interest). P(T)Ambient

is the radiation power of the ambient temperature coupled into the fiber via reflection from the

object. The heat radiation power coupled into the fiber from the object corresponds to P(T)Object.

Schematically it is shown in Fig. 5.

Fig. 5. Scheme of the IR radiation collected by the sensor using PIR fiber.

The following equation results by using a classical Stefan–Boltzmann law and introducing the

detector coefficient B describing the amount of power collected not from the target object and the

coefficient C describing collected power from the object of interest with the attenuation by the

PIR fiber and during the propagation through the optical path:

T4
Pyro raw = B · T4

Detector + C · (T4
Object · ε + T4

Ambient · (1 − ε)). (5)

The right part of this equation (multiplied by coefficient C) is similar to the so-called "combined

measurement equation" where the Stefan-Boltzmann law was used for the calibration function

[23]. With the additional simplification that the ambient temperature is the same for both the

detector and a reflection from the object of interest (TAmbient = TDetector), the following equation

derives:

TObject =

(︄

T4
Pyro raw

− T4
Ambient

· (B + C − C · ε)

C · ε

)︄1/4

. (6)

The object temperature can be calculated from the raw data of the detector using Eq. (6). To

determine the coefficients B and C, it is enough to make two measurements with two different
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temperatures of the heated object and solve the linear system of two equations. Calibration is

made when the laser is turned off. The cable’s end is placed in front of the heated black metal

plate. The plate’s temperature is measured using the thermocouple type K. The calibration is

made on the temperatures 50◦ C and 80◦ C. It was assumed and used the value of emissivity

ε=0.95.

2.2. Fiberoptic pyrometer

At first, a compact "Fiber pyrometer" for flexible temperature measurement was constructed. It

consists of an IR detector MLX90614 (Melexis Inc., USA) with an FOV of 90◦ that is based

on the principle of a thermopile; microcontroller; and flexible cable with 0.7 m length based

on PIR fiber (art photonics GmbH, Germany) with 900/1000 core/clad diameters surrounded

by a protective tubing of Polyether ether ketone (PEEK). The heat radiation is detected by the

PIR fiber and passed on to the detector. The whole device is placed into small metal housing

with protection from humidity. The measurement data can be read using a microcontroller via a

mini USB cable and is plotted on the computer. The cable can be easily changed via an SMA

connector. The experimentally determined range of vision of the fiber sensor corresponds to

an opening angle of about 31◦ and a numerical aperture of 0.51. The scheme and photo of the

device are presented in Fig. 6.

Fig. 6. Fiber pyrometer with an infrared sensor inside and an IR fiber (e.g., PIR fiber)

connected to it.

This device is coupled together with a medical laser to provide temperature feedback during

surgery. The design of the application part (applicator) consists of an application fiber, which

delivers laser radiation, and a sensor fiber, which collects IR radiation from the target point and

provides data for temperature calculation. In everyday clinical practice, the application fiber is

in contact with the tissue and can "stick" to the surface during application. This effect can be

reduced by using the flattest possible angle between the tissue and the application fiber, thus

achieving more uniform results during the application. Because of ergonomic considerations

during application and the need for good energy input into the tissues, this angle cannot be chosen

arbitrarily small, so an angle of approx. 30◦ was chosen between the tissue and the application

fiber.

With an increasing distance of the PIR fiber to the tissue surface, the spatial resolution of the

pyrometric sensor deteriorates so that the fiber end should be brought as close as possible to the

surface. This distance cannot be chosen arbitrarily small due to the following aspects. Direct

temperature transmission through heat conduction and convection to the end of the PIR fiber

must be avoided, as this is also measured and leads to incorrect measurements. Furthermore, the

fiber end face contamination must be prevented during the application, which can also be a source

of error. The opposite is that the area affected by the application fiber becomes smaller compared
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to the FOV captured by the sensor as the distance between the sensor fiber and the tissue surface

increases. Based on the experiments for the determination of the FOV of the sensor fiber, a

measuring spot has a diameter of about 6 mm at a distance of 5 mm from the sensor fiber to the

surface. The hotspot caused by the application fiber with its radial temperature outlets, on the

other hand, can be estimated with a diameter of 2 mm to 2.5 mm, depending on the laser power.

This means that the temperature detected by the sensor fiber is an integration of the temperature

in the hotspot and the temperature of the surrounding tissue. A distance of 5 mm between the

sensor fiber and the tissue surface protects the fiber end face from contamination, especially if

the application fiber is not oriented perpendicular to the tissue surface. The pyrometric fiber

sensor detects the maximum signal when placed perpendicularly to the tissue.

Based on these considerations, an applicator design results from a straight guide tube for the

application fiber and a double-curved guide tube for the sensor fiber (Fig. 7). Since the sensor

fiber is very rigid, sensitive, and comparatively expensive compared to the application fiber,

the detector is housed directly in the handle housing. For later commercial use, the end of the

guide tube for the sensor fiber can be provided with a protective polyethylene window, which

ensures the sterilizability and bio-compatibility of the applicator with good transparency for heat

radiation. Figure 7 also shows the first design proposal for a surgical probe prototype with an

integrated application and sensor fiber. In the measurements on tissue an infrared camera (Optris

PI 640, Germany) is used for a comparative non-contact temperature measurement.

Fig. 7. Technical drawing of the prototype of a combined application and sensor fiber

unit (top image). Design proposal for a laser surgical applicator with integrated in-situ

temperature control (bottom image).
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2.3. Free space system with a single fiber for a laser power delivery and temperature

measurement

The scheme of the free space experimental setup with a CO2 laser with simultaneous temperature

control is presented in Fig. 8. In this setup the laser was operated in a pulse regime synchronized

with a chopper to avoid the infrared detector damage due to the reflected laser radiation from the

PIR fiber end face. Here the chopper was operated at 100 Hz frequency, and for the detector,

it effectively served as an additional attenuator of the signal. Experimental setup includes a

CO2-laser source with a maximum 10 W output power (Diamond C-40 air-cooled laser GEM 40A

Circular, Coherent Inc., USA) and necessary optical components (from Thorlabs, USA) optimized

for the mid-IR region. Reference power meter (Thorlabs, USA) is to calculate transmitted power.

Optical chopper (Scitec instruments, UK) is synchronized with laser in such a way that when the

chopper is in "closed" position (it doesn’t let the radiation to reach the detector) the laser is on

and vice versa. The infrared detector MLX90614 (Melexis Inc., USA) with a FOV of 10◦ is used

to measure the temperature from the target object.

Fig. 8. Optical scheme of the free space experimental setup. Different types of cable are

presented. The commercial surgery cable has a mounted lens and 3 fibers inside. PIR fiber

is to deliver IR laser radiation and collect IR radiation, and VIS fibers are to provide visible

light for focusing on the point (VIS fibers were not used during the experiments).

Two types of cables were used to simultaneously deliver laser power and collect the thermal

radiation. The first one is a common PIR cable (art photonics GmbH, Germany) with 900/1000

µm core/clad diameters and 0.7m length surrounded by a protective sleeve of Polyether ether

ketone (PEEK). This fiber has about 70% transmission for CO2 laser radiation (10.6 µm). The

second cable is a 1m length commercial surgery cable (MedArt, Denmark) that has a PIR fiber

inside with a 600/700 µm core/clad diameters. It has a ZnSe lens with a focal distance of 10 mm

and placed on the 20 mm distance from the fiber end. The cable was placed at a 20 mm distance

from the object of interest. This cable has about 50% transmission for CO2 laser radiation (10.6

µm). Microcontroller reads the measurement data and plots it on the computer. The measurement

system were tested at the temperatures 60 ◦C, 90 ◦C, and 33 ◦C using the same setup with a

heated black metal plate and thermocouple as in the calibration process.
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3. Results and discussion

3.1. Calibration, stability, and application of fiber-optic pyrometer

It was found that over time the temperature values shown by the sensor with PIR fiber decreases.

After two years in storage it showed the temperature of a human finger as 26 ◦C. After cutting the

PIR fiber end, the sensor showed a temperature of 30 ◦C. After new calibration the sensor showed

the temperature of 32 ◦C – the same as from the commercial detector. One reason is in the aging

mechanism in PIR fiber and on its end faces. The internal structure of the PIR fiber has a crystal

nature and during the time a recrystallization occurs leading to a decreased transmission of the

fiber [10]. In addition, the fiber end has a constant contact with the environment and may suffer a

contamination. The later one can be eliminated by cutting the end, however aging effect due to

the internal physical processes will require recalibration or changing the fiber to a new one.

The fundamental suitability of the pyrometric fiber sensor was subsequently tested in various

preliminary tests. This included both measurements on artificial objects, such as ovens, hot

plates, and first experiments on animal tissue (porcine muscle and liver). Finally, to verify the

accuracy of the pyrometric fiber sensor, selective heat sources were generated over a longer

period of several seconds using the laser, and the IR camera’s measurement signal was compared

with that of the fiber sensor (Fig. 9). In this experiment, the diode laser Diolas Photon (Limmer

Laser GmbH, Germany) was pulsed with a duty factor of 40% (20 ms on, 30 ms off), so that the

cardboard as a sample here does not burn even with prolonged exposure of the laser radiation.

The selected laser powers were between 1.3 W and 1.7 W at a wavelength of λ = 980 nm. The

end face was positioned at a distance of 1.2 mm from the sample surface to obtain uniform results

and avoid the application fiber contamination.

Fig. 9. Measurements of the signal from cardboard as a sample irradiated by a pulsed diode

laser. Comparison between the signal measured on the fiber-optic pyrosensor and on the IR

camera.

3.2. Fiberoptic pyrometry during tissue treatment with laser

For further testing of the pyrometric fiber sensor and the applicator design, the development

of a test setup under realistic test conditions is important. Next experimental setup is used to

determine the carbonization limit, with the aim to find an average measured temperature at which

no carbonization is currently occurring on the tissue. This measured average temperature is

always an "integrated temperature" of the hot spot and ambient temperature due to the larger

FOV of the sensor fiber in relation to the area affected by the application fiber. The aim is to be

able to derive control of the irradiation result, independent of the preset laser power.
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The functional model of the applicator consists of the guide tubes for sensor and application

fiber described in the previous chapter (Fig. 7). The guide tubes are connected to each other and

rotated at a fixed point. At the front end, the application fiber rests on the tissue, the arrangement

is selected so that an angle of 30◦ is formed between the application fiber and the tissue. At the

front one-third of the guide tubes, a small weight is attached, which presses the application fiber

with constant force on the tissue and thus creates a uniform contact pressure. The tissue sample

lies on a movable sliding table and is moved at a constant speed 2 mm/s under the applicator.

Application traces of approximately 30 mm to 40 mm can be achieved depending on tissue

sample size. For this application test, the laser system was operated at a wavelength of λ = 1500

nm in continuous mode (CW).

Each experiment was carried out with constant laser power and left a visible line on the tissue

– from initial coagulation to strong carbonization. By gradually increasing the laser power, the

carbonation limit can be determined visually. In order to have the most uniform test conditions

possible, the fiber end of the application fiber is cleaned before each test. The photo of the setup

with the applicator is shown in Fig. 10.

Fig. 10. Experimental setup with the prototype of a combined application and sensor fiber

exemplified during use on animal tissue.

Figure 11(a-c) shows the "integrated temperature" recorded by the pyrometric fiber sensor

along the application path at different laser powers for different tissue samples (porcine muscle

= porcine steak, beef 1 = beef steak, beef 2 = beef roulade). The strong fluctuations in the

measured temperature occurred due to the inhomogeneity of the tissue, including the change of

emissivity (and thus also change of absorptivity).

After visual comparison with the treated tissue, the measurements are color-coded from green

(= no carbonization, only coagulation) to Blue (= beginning carbonization) to Red (= strong

carbonization). As an example, in Fig. 11(d-f), microscope images of the tissue samples have

been selected on the left side of each page after application, showing the transition between

non-carbonized tissue (top) and the beginning of the carbonization (bottom). With the help of

IR camera, the spatial temperature distribution at the position and moment of the maximum

temperature input along the application path is shown to the right of the microscope image. The

temperatures generated in the hotspot can be determined (temperature profiles on the far right in

the respective figure), which are directly related to the degree of carbonization.
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Fig. 11. (a-c) The "integrated temperature" recorded by the pyrometric fiber sensor along

the application path at different laser powers for different tissue samples (porcine muscle =

porcine steak, beef 1 = beef steak, beef 2 = beef roulade). The applicator was moved at a

speed of 2 mm/s relative to the tissue. The application laser was operated at a wavelength of

λ = 1500 nm in CW mode. (d-f) On the left, the microscope images of samples after applied

laser radiation along the application path. The treated tissue (in d is a porcine muscle, in e is

beef steak, in f is beef roulade corresponding to a, b and c) is coagulated (top) or begins to

carbonize (bottom). The spatial temperature distribution is shown in the middle. On the

right, the temperature profile of the respective hotspot is shown. (g-i) Comparison of the

two temperature profiles from (d), (e), and (f) running through the respective hotspot.

Within the FOV of the sensor, not only the temperature at the application site (hotspot) is

recorded, but also the temperature of the surrounding tissue (here between 17 ◦C and 22 ◦C).

Thus, the values recorded by the sensor correspond to an "integrated temperature" of the hotspot

and ambient tissue temperature. Depending on how high the temperature input at the application

site is, the area contributing to the overall measurement also varies. A rough estimate of this

can be derived from the IR images in Fig. 11(d-f). It was noted before that the FOV of the

sensor measures approx. 6 mm in diameter on the tissue surface. The surfaces affected by the

application fiber have a diameter of 2 mm to 2.5 mm depending on the laser power. The first

approximation results in the area ratios between 9:1 ((6 mm)2/(2 mm)2) and 6:1 ((6 mm)2:(2.5
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mm)2). However, as it can be seen on Fig. 11(d-f), the temperature profiles are not flat-top and

have a gaussian-like shape. Thus, the full width at half maximum (FWHM) of these profiles can

be used as a size of the area affected by the application fiber. In other words, only part of the

FOV detected by the sensor effectively contributes to the increase in temperature. The sensor

data must be weighted according to the area ratios if one wants to establish a reference value for

the carbonization limit. The weighting can be done using a Stefan-Boltzmann law implemented

in the next equation:

T4
integrate = f · T4

hotspot + (1 − f ) · T4
surrounding , (7)

where Tintegrated is the integrated temperature of the hotspot and ambient tissue recorded by

the pyrometric fiber sensor, Thotspot is the maximum temperature in the area affected by a

laser via application fiber, Tsurrounding is the constant temperature of the surrounding tissue and

f = Shotspot/SFOV is the ratio between the size of the area Shotspot affected by the application fiber

and the area SFOV corresponding to the FOV of the sensor fiber. A corresponding overview of

the measured integrated temperature, the hotspot temperature recorded by the IR camera, and the

temperature ranges specified after the weighting are summarized in Table 1.

Table 1. Overview of measurement results

Tissue type Carbonization
limit from the
IR camera, ◦C

Integrated
temperature from
the fiber sensor, ◦C

Temperature of
the surrounding
tissue, ◦C

Weighting
factor f

Error limits of
the fiber
sensor, ◦ C

Applied
laser
power, W

Porcine
muscle

>225a 39 - 45 20 0.0261 272 - 312 2

Beef 1 170 23 - 26 22 0.0161 71 - 155 3

Beef 2 210 25 - 30 18 0.0250 162 - 217 6

aDue to the lack of spatial resolution of the IR camera, this value is higher than specified

Figure 11(a) shows the measurements with the integrated probe on porcine muscles. The

applied laser powers in the porcine muscle were between 1 W and 4 W. The beginning of

carbonization was already observed at a power of 2 W and an integrated temperature measured by

the fiber sensor from 39 ◦C to 45 ◦C. After a corresponding weighting of the measured values, as

described above, a limit temperature for the carbonization in the porcine muscle results between

272 ◦C and 312 ◦C. Strong carbonization of the tissue occurred from laser lines of 3 W. In

Fig. 11(d) the temperature profiles are shown by the respective hotspot, taken with the IR camera.

Figure 11(g) compares these two hotspot temperatures. Carbonization thus occurs at 2 W laser

power and a corresponding hotspot temperature of 225 ◦C. Although this value is not within

the error interval detected by the fiber sensor, due to the low spatial resolution and saturation

of the IR camera at a maximum temperature of 279 ◦C per pixel, a "virtual" plateau formation

can be observed (Fig. 11(g)). It can be assumed that the maximum values here are higher and

correspondingly within the error intervals.

In addition, a special feature could be observed in the porcine muscle, which directly

demonstrates the potential of in-situ temperature measurement. If one compares the carbonization

result with a preset laser power of 2 W, both no and incipient carbonization were observed in two

different measurements (green dashed and blue curve in Fig. 11(a)). Under certain conditions,

such as moisture of the surface, the water content of the cells, the distance of the application fiber

to the tissue or tissue, contact pressure, and the "sticking" of the application fiber at a certain

point, the result may vary. However, all these conditions are difficult to control, predict and differ

from tissue to tissue in clinical use. While the preset laser power provides different results, the

in-situ temperature measurement can be used to make a statement about the actual condition of

the treated tissue and the laser power can be adapted to the current conditions via corresponding

feedback control.
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The second type of tissue (beef 1) is beef steak/muscle. Here, laser powers between 1 W

and 15 W were applied. Incipient carbonization from a laser power of 3 W was observed.

The integrated temperature measured by the sensor fiber was between 23 ◦C and 26 ◦C. After

weighting, a tolerance interval for the measurements in beef 1 was obtained between 71 ◦C and

155 ◦C. The comparison with the IR camera measurements from Figs. 11(e) and 11(h) shows

a limit temperature to the carbonization of 170 ◦C which is close to the limit temperature for

carbonization of 155 ◦C obtained from the fiber sensor in this case.

The third type of tissue is beef Roulade (Beef 2). The applied laser powers are between 1

W and 13 W (Fig. 11(c)). Incipient carbonization was observed at a laser power of 6 W. The

integrated temperature recorded by the pyrometric sensor was between 25 ◦C and 30 ◦C. After

the weighting, a tolerance interval for the limit temperature for carbonization between 162 ◦C

and 217 ◦C was obtained for the measurements in Beef 2. The temperature profiles extracted

from Fig. 11(f) (shown separately in Fig. 11(i)) show a limit temperature to the carbonization of

210 ◦C. This value is well within the error tolerance of the pyrometric sensor.

An overview of the measurement results is shown in Table 1. The three tissue types have

different carbonization limits. It is crucial that the temperature directly recorded by the IR camera,

from which carbonization of the tissue can be observed, can also be measured by the pyrometric

fiber sensor after weighting the sensor data within the error tolerances.

In this paper, a visual control was used to detect an incipient carbonization. To our knowledge,

there is no "gold standard" to define carbonization. During laser surgeries in clinical everyday

practice, tissue carbonization as a sign of heat generation is usually evaluated by visual inspection,

if possible by magnified imaging using microscopes or endoscopes. Strong carbonization should

always be avoided by using appropriate laser parameters in order not to delay tissue healing and

to reduce the risk of infection. However, for more precise determination, histological methods

can be used for an investigation of carbonization on a microscopic level, e.g. [24,25]. Another

potential tool for detection of carbonization could be the Laser-induced breakdown spectroscopy

(LIBS). However, this technique seems to be restricted to bone ablation under ex vivo conditions

by monitoring the plasma plumes occurring during laserosteotomy procedures. According to

the literature, successful differentiation of carbonated and non-carbonated bone results from the

intensity ratio of sodium and calcium [26]. Further research is needed to confirm the potential

of LIBS and other techniques for in vivo detection of carbonization and clinical applications in

other tissue types.

In the experimental setup the size of the laser heating spot is different from that of the measuring

hotspot. Therefore, the temperature of the heating spot need to be deduced from the integrated

temperature by Eq. (7), which will bring great uncertainty to the measurements. A better solution

might be in using a hollow waveguide instead of AgClBr fiber for temperature sensing. It has

much lower numerical aperture (NA≈0.05 for a hollow waveguide, NA≈0.3 for AgClBr PIR

fiber) and also a broad transmission range. One significant drawback of using a hollow waveguide

is that it is much more sensitive to the bending. To overcome this, a combination of the fibers

can be used: hollow waveguide in a fixed position mounted in a handpiece and coupled with a

AgClBr fiber that comes out from a handpiece and goes to the detector. Such a solution could

help to decrease an uncertainty to the measurements and will not make it too complex.

3.3. Application of the free space system with a single fiber for a laser power delivery

and temperature measurement

For the experiment with a free space system laser with simultaneous temperature control, ordinary

porcine meat with a small amount of fat and porcine skin was utilized. It was cut into small

pieces (around 50 mm x 50 mm x 20 mm) with a flat top surface. The measurement deviation

and noisiness of the system for the PIR cable (0.7 m length) and "surgical" cable (about 1.5 m

length) were measured using a heated black metal plate (laser was off). The results are presented
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in Table 2. Note that calibration is done on temperatures 50 ◦C and 80 ◦C, so the measurement

deviation is around zero for these temperatures.

Table 2. Measurement deviation for the free space setup (laser is off). Common cable has 0.7m
length 900/1000 µm core/clad diameters PIR fiber inside and 70% CO2 laser transmission. Surgical
cable with lens has 1m length 600/700 µm core/clad diameters PIR fiber inside and 50% CO2 laser

transmission.

Type of cable Real temperature, ◦C Measured temperature, ◦C Measurement deviation, ◦C

Common cable
without lens

33 (hand) 30 −3

60.2 61.2 +1

92.3 94 1.7

Surgery cable
with lens

33 (hand) 32 −1

59.8 60 0.2

95.3 95 −0.3

Results with less noise were obtained for the common PIR cable in comparison to a surgical

cable with the lens inside. The possible reason is that the transmission for surgical cable was

lower, and relatively more radiation from ambient was collected (this also can explain a bigger

measurement deviation). Accuracy was a little better (i.e. with less measurement deviation) for a

surgical cable with the lens inside that collects a signal from a point. In addition, in real surgical

system lens is also can be used to adjust the delivered intensity of light by changing the position

of the lens. The precision of 2-3 ◦C for thermometry in the case of ablative treatments is often

acceptable [27].

Then the test on the porcine meat and skin was done with the "surgical cable" that was placed

at a distance of 20 mm from the object. Samples were irradiated by different CO2 laser powers.

During the test on porcine’s meat the mount was manually moved with constant speed using

micrometer screws to maintain the temperature. The 2 lines with ablation were obtained while the

3 lines were exposed (Fig. 12). The third line did not show any changes in color underexposure.

For the bottom line, the measured temperature was about 45 ◦C, and there was no coagulation of

the proteins: the color was not changed. For the left line we can clearly see the carbonization

in the points (the color changed to brown and black) when the mount was stopped and the

laser-induced temperature raised to critical points. A wider ablated area was observed for the left

line comparing. In addition, the test on paper was conducted: the laser power was increased and

the paper was burned when the measured temperature rises to around 220◦C, that is in a good

agreement with the autoignition temperature of paper of 232◦C [28]. Then the temperature drops

down as a hole appeared.

In the simple recalibration procedure used in the experiments, only two temperature points

were used. To improve an accuracy of the system more temperature points for calibration must

be used. Another way for calibration is to measure the power of the IR signal from the target

object and build the dependence with a real temperature of this object. However, after some

time, as discussed above, because of the aging effects in fiber, or changing optics in a setup, the

recalibration must be done. In addition, it is essential to use a proper optics on the optical path

from the irradiated sample to the detector because optical elements also absorb the light and can

be heated at high laser power that will give an addition signal to the detector.

Another thing to note is that fibers were fixed during the measurements. It is known that during

the bending of the fiber, so-called bending losses take place, and fiber transmission decreases.

However, optical properties of the silver halide polycrystalline fibers used in the experiment are

tolerant to the normal bending [10] (in our case a bending diameter is more than 40 cm). Thus, it

is expected that the bending effect on the system performance will be negligible.
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Fig. 12. Meat’s surface where CO2 laser radiation were applied along 3 lines. The measured

temperature for each line during the moving of the mount with cable is shown. Temperature

measurement and laser exposure were done simultaneously.

4. Conclusion

A novel surgical probe consisting of an application fiber for delivery of laser radiation and a

sensor fiber for in-situ temperature control was developed, various temperature measurements

were carried out on tissue samples, and a prototype was created. The data collected by the sensor

fiber can be transmitted to an electronic feedback unit and used to control the applied laser power.

Quantitative characterization of the pyrometric sensor alone and combined with an application

fiber for surgical laser radiation has been performed. The stand-alone temperature module was

demonstrated for a temperature range between 20 ◦C and 300 ◦C.

In order to demonstrate the simultaneous use of a single PIR fiber for temperature control in

combination with laser beam guiding for treatment of tissue samples, the criterion of "incipient

carbonization" of tissue was introduced. With the built-up system, it was possible to determine

whether a current laser power leads to a carbonization. Complex boundary conditions, which can

also be found in clinical use, could be taken into account (degree of moisture and unevenness

of the tissue as well as the type of tissue). Different tissue types, for example, lead to different

results at the limit temperature that must be defined before carbonization can occur. This can

be taken into account by creating a tissue database. For each of the tissue types investigated

here (pig muscle, cattle 1 and cattle 2), a temperature interval could be specified at which the

criterion of incipient carbonization was met. The prototype resulted in a good agreement with a

comparison measurement recorded using an IR camera.

By systematic examination of further clinically relevant tissue samples, comparatively wide

temperature intervals can be narrowed and specified. For this purpose, the geometry of an

applicator consisting of application and sensor fiber constructed for a specific clinical indication

must be considered with regard to the resulting FOV of the pyrometric sensor and calibrated

once. Subsequently, limit values for the integrated temperature (hotspot + temperature of the

surrounding tissue) detected by the pyrometric temperature sensor can be defined, which prevent

carbonization of the treated tissue. Short-term exceeding of these limits can be controlled via

feedback control system which adjusts the laser power and thus reduces the temperature in the

application site, enabling the effect-controlled application of surgical laser.

In summary, the ability to use silver halide polycrystalline fibers in real-time temperature

measuring devices was discussed, and a simple recalibration and measurement process was

established. In such a device, the laser power can be delivered through the same fiber that

collects the infrared thermal radiation from the target surface. The precision and accuracy can be

significantly improved by matching the optics, so the detector collects less unnecessary radiation
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from "outside". PIR fiber properties such as non-toxicity, biocompatibility and flexibility make

them a perfect choice for laser surgery applications with the real-time temperature measurement

during the laser exposure that adds more control and possibility for adjustments during the

operation. In addition, such fibers can be easily replaced by new ones if required: the fiber

applicator can be disposable.
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