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Abstract—In this paper, we propose a temperature-based 

proportional–integral–derivative (PID) controlling algorithm 

using highly dense fiber Bragg grating (FBG) arrays for laser 

ablation (LA) of ex vivo pancreatic tissues. Custom-made highly 

dense FBG arrays with a spatial resolution of 1.2 mm were 

fabricated with the femtosecond point-by-point writing technology 

and optimized for LA applications. In order to obtain proper PID 

gain values, finite element method-based iterative simulation of 

different PID gains was performed. Then, the proposed algorithm, 

with numerically derived PID gains, was experimentally validated. 

In the experiments, the point temperature was controlled at 

different distances from the laser fiber tip (6.0 mm, 7.2 mm, 8.4 

mm, and 10.8 mm). The obtained results report robust controlling 

and correlation between controlled distance and the resulting area 

of ablation. The results of the work encourage further 

investigation of FBG array application for LA control. 

 
Index Terms— closed-loop temperature control, fiber Bragg 

grating sensors, feedback system, optical fiber, PID control, 

temperature monitoring, thermal ablation, pancreas.  

 

I. INTRODUCTION 

ancreatic ductal adenocarcinoma (PDAC) is the fourth 

cause of cancer deaths in the world, with about 57,600 new 

cases and 47,050 deaths in 2020 in the United States only [1]. 

This number is estimated to increase, and by 2030 PDAC will 

become the second leading cause of cancer-related death [2]. 

The main reasons for such statistics are difficulty in early 

diagnosis, high biological aggressiveness, and inefficiency of 

traditional approaches. Recently, thermal ablation (TA) 

techniques have received increasing interest in PDAC treatment 

due to their minimal invasiveness [3]. The main principle of 

these techniques is based on inducing local temperature change 

that leads to tumor necrosis. Depending on the source of 
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temperature change, different ablation types exist: 

radiofrequency, microwave, ultrasound, and laser ablation (LA) 

[4].   
 Among all ablation techniques, LA has unique advantages 

such as flexibility and electromagnetic immunity of the fiber 

optic applicator, which allow the treatment of deep-lying organs 

under image guidance [5]. LA is based on the laser light 

absorption and scattering inside ablated tissue, which leads to 

temperature elevation and, consequently, to thermal damage of 

the treated tumor. For deep tumors, laser wavelengths in the so-

called "therapeutic window" (940 nm –1100 nm) are mostly 

utilized due to a good tradeoff between penetration depth and 

absorption of laser light by the tissue that entails the possibility 

to ablate large areas (tens of millimeters) [6]. 

However, the main limitation of LA, as well as other ablation 

techniques, is an uncertainty of the treatment results due to the 

complexity of the ablation phenomenon and the heat-tissue 

interactions [7], [8].  

One of the possible solutions is a minimization of the 

uncertainty of the procedure by introducing a closed-loop 

approach based on measurements of intra-tissue parameters in 

the ablated region. One of the most important parameters to 

evaluate the efficacy of TA is temperature. Different ranges of 

temperatures have different effects on biological tissues. 

Temperatures from 42 °C to 45 °C correspond to hyperthermia 

and related activation of an immune response. At temperatures 

from 50 °C to 55 °C, coagulative necrosis of organs and 

instantaneous death in cell culture can be observed [7], whereas 

60 °C is the starting temperature for rapid denaturation. As a 

result, accurate control of the desired temperature range is an 

important factor to ensure efficient cancer treatment.  

It is worth noting that not only the tissue temperature value 

but also the time the tissue is exposed to this value are important 

to properly evaluate the thermal effect [8]. Thus, different 
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models have been proposed to assess the thermal damage of TA 

techniques considering both these aspects.  One of the models 

is the Cumulative Equivalent Minutes at 43 °C (CEM43), which 

has been used to assess the severity of thermal damage for 

several tissue types [9]. In this regard, as will be discussed later 

in the paper, the proposed LA regulation maintains controlling 

temperature at 43 °C during LA experiments. 

 The state-of-the-art works on temperature-based LA control 

mostly utilize traditional types of sensors: thermocouples [10], 

[11], and thermistor probes [12], [13]. The main disadvantages 

of these methods are the metallic material of the sensors and 

their low spatial resolution. Metallic material absorbs laser light 

and heat; thus, leading to overestimation of temperature that can 

reach above 20 °C [14], [15]. The low spatial resolution of 

conventional sensors does not allow proper temperature 

reconstruction due to high thermal gradients, especially in the 

proximity of the applicator tip [8]. 

 One of the possible alternatives to thermocouples and 

thermistors is the use of fiber Bragg grating (FBG) sensors. 

FBGs, as most optical sensors, are immune to electromagnetic 

interference, are small in size, and biocompatible. These 

advantages have led to increasing interest in FBG applications 

in LA treatments [16], [17]. 

 Recently, our group has been working on FBG array 

applications for LA regulation using the ON-OFF controlling 

approach. The aim was the regulation of maximum temperature 

[18] and zone control [19] during contactless LA, and 

temperature control at different distances from the laser fiber 

tip during interstitial LA [20] of liver tissues. In order to 

improve controlling performance, in this paper, we propose and 

experimentally validate a PID-based approach applied to the 

interstitial ablation of pancreatic tissue. In addition, the model 

of the heat transfer inside the tissue undergoing LA has been 

used for optimizing the choice of the PID parameters to be used 

in the experiments. 

II. MATERIALS AND METHODS 

A. FBG array sensors 

FBG is a periodic modulation of refractive index in the fiber 

core that behaves as a wavelength-dependent reflector, 

transmitting all wavelengths except the characteristic Bragg 

wavelength λB. The Bragg wavelength is proportional to the 

periodicity of modulation Λ: 

 

λB = 2neffΛ         (1) 

 

where neff is the effective refractive index of the core mode 

field.  

The working principle of FBG relies on the fact that a 

temperature change ∆T alters Λ and neff, and, as a result, λB 

[21]: 
∆λB

λB
= α∙∆T          (2) 

 

where α (°C−1) is the thermal sensitivity of the grating and ∆λB 

is the variation of λB. 

Therefore, it is possible to reconstruct temperature changes 

along the FBG by measuring the ∆λB values. In addition, an 

array of FBGs along the fiber (each FBG with different Λ and 

λB) can provide quasi-distributed temperature measurements, 

where each FBG acts as a sensing point. 

Custom-made highly dense FBG array used in the 

experimements was fabricated with femtosecond point-by-

point writing technology. The FBG array was inscribed in 

polyimide-coated single-mode fiber SM1500(9/125)P 

(Fibercore Ltd., Southampton, UK) with a reduced coating 

diameter (~145 μm). For femtosecond point-by-point 

inscription, Pharos 6W (Light Conversion, Vilnius, Lithuania) 

femtosecond laser system producing pulses with a wavelength 

of 1026 nm and duration of 232 fs was utilized. ABL1000 

(Aerotech Inc, Pittsburgh, PA, USA) air-bearing linear stage 

was used for high-precision pulling of the fiber through the 

glass ferrule to set the position and individual resonant 

wavelength for each FBG in the array. 

Pulling of the fiber with the predefined velocity (vi ~ 1 mm/s) 

and simultaneous femtosecond irradiation with laser pulse 

sequence (f = 1 kHz) results in FBG inscription. The obtained 

Bragg wavelength is defined by λ𝐵,𝑖 = 2neffΛ𝑖 =  2neffv𝑖/𝑚𝑓, 

where m = 2 is an order of FBG. 

All 40 FBGs in the array were uniformly distributed in the 

spectral range of the used interrogator (1460-1620 nm) in order 

to reduce mutual interference of the neighboring gratings. Each 

of the gratings had a length of 1.15 mm, an edge-to-edge 

distance of 0.05 mm (the total length of the FBG array is 48 

mm), and a uniform refractive index modulation profile, which 

gave us an FWHM spectral width of the grating of ~700 pm. 

The reflection coefficient of an FBG in the range of 10-20% 

allowed us to record the array reflection spectrum with a high 

dynamic range (> 30 dB). 

These FBG properties were optimized to have a narrow 

Bragg spectral width and at the same time to ensure accurate 

measurements of high-gradient temperature profiles that can 

reach up to 50 °C/mm near the applicator during LA procedures 

[8]. Moreover, the polyimide coating of the arrays provides the 

high thermal resistance (up to 400 °C) needed for accurate 

quasi-distributed measurements in this application [22]–[24]. 

The temperature sensitivity of the arrays is (7.43 ± 

0.01)×10−6 °C−1. More information about the fabrication and 

the metrological characterization of the sensors can be found in 

the previous works of the group [19], [24].  

The Micron Optics si255 optical interrogator (Micron Optics, 

Atlanta, USA, 1 pm accuracy, wavelength range 1460 nm-1620 

nm) was utilized to measure the reflected spectra from the FBG 

arrays with a 100 Hz sampling rate. 

B. Laser ablation equipment 

Interstitial LA experiments were performed on ex vivo healthy 

porcine pancreatic tissue, which was obtained from a local 

farm. After the removal, the organs have been immediately 

placed in a sealed bag and stored in the fridge (4 °C). For the 

experiments, each specimen was prepared with a size suitable 

for placing in the custom-made box, which were used for 

accurate positioning of the sensor and laser fiber. The tissue 
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temperature before the start of experiments was maintained at 

room temperature equal to 22 °C. 

The diode laser (LuOcean Mini 4, Lumics, Berlin, Germany) 

working in continuous-wave mode at a 1064 nm wavelength 

was used for ablation. This wavelength belongs to the 

"therapeutic window" largely used for assuring the overall 

absorption of the laser light by the biological tissues, thus, to 

entail the temperature increase necessary for the thermal 

therapy. It is worth noticing that 1064 nm is the wavelength that 

has been used for the first human trial on pancreatic tumors 

[25]. The flexible quartz optical fiber (300 µm diameter) was 

used to guide laser light inside the tissue.  

The laser diode driver allows changing the output optical 

power via electrical current modulation during laser irradiation. 

For PID controlling, an electrical current range of 3000 mA 

(minimal current of the laser diode) - 8000 mA was chosen. In 

order to obtain corresponding power values, power was 

measured with a Newport 843-R-USB power meter (Newport 

Corporation, Irvine, USA) for the current range selected. As a 

result, the obtained power range used for the PID temperature 

regulation experiments was 1.8 W – 6.6 W.  

C. Experimental Arrangement  

The developed system consists of the laser diode and the 

Micron Optics interrogator, both connected to a computer 

where a custom-made LabVIEW program was used to regulate  

LA. 

A custom-made plexiglass box was employed to guarantee 

the accurate positioning of the laser fiber and sensors. The holes 

located on all sides of the box allow for different sensor and 

applicator arrangements in the tissue (Fig. 1).  

The fibers were placed with the help of medical needles to 

prevent their damage during insertion into the pancreatic tissue. 

Initially, an 18-gauge needle (5 cm length) was inserted in the 

central hole of the lateral face of the box, and a 21-gauge needle 

(11 cm length) was inserted in a different hole at a 6 mm 

distance from the central one. Subsequently, the laser fiber and 

the FBG array fibers were inserted into the needles. The needles 

were then pulled out so that only the fibers remained inside the 

tissue.   

The initial temperature of the pancreas, corresponding to     

22.0 ± 0.5 °C, was measured with a thermocouple before each 

experiment. After experiments, the ablated volume was cut in 

the middle, and the axes of the ablated region were measured.   

 

 

Fig. 1. (a) Schematics of the experimental setup: laser fiber and FBG array 

inserted in pancreatic tissue positioned in custom-made box; LA regulation 

setup consists of optical interrogator, diode laser, and laptop; (b) photo of 

sensors and laser fiber positioned in pancreatic tissue.  

D. Controlling algorithm 

The developed LabVIEW program has two main phases (Fig. 

2):  

(a) the input of preset parameters: set temperature Tset, PID 

gains, and d (distance between the grating with maximum 

temperature and the controlled grating); 

(b) start of ablation with constant power (3.3 W) until a 

threshold of 10 °C of temperature change is reached. Then, the 

position of the grating exposed to the maximum temperature 

(FBGmax) is saved and position of the controlled grating 

(FBGcon) is calculated using d value. After, regulation of the 

controlled temperature (Tcon) at the controlled grating (FBGcon) 

is performed using the PID approach. Finally, after 300 s of  

steady-state time (tss), the laser is switched off. 

 

 

Fig. 2. Schematics of laser ablation algorithm; (a) set of input parameters; (b) 

schematics of controlled temperature evolution and related power during LA. 

E. Pre-planning Model 

In order to have an initial estimation of the gain coefficients 

of the PID controller, the heat-transfer phenomenon caused by 
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the interaction between laser and the pancreas was simulated, 

along with the effects of the PID control. 

The temperature distribution of an ex vivo biological tissue 

subjected to laser-induced thermal treatment is governed by the 

bio-heat transfer equation [26], expressed as: 

 

ρ∙c∙
∂T(t,r,z)

∂t
+∇(− k∇T(t,r,z)) = Q

source
                   (3) 

 

where T(t,r,z) (K) is the tissue temperature, while the density, 

the specific heat, and the thermal conductivity of the biological 

tissue are represented with ρ (kg∙m−3), c (J∙kg−1K−1), and 

k (W∙m−1K−1) respectively; the term Q
source

 (W∙m−3) 

represents the deposited thermal energy delivered by the laser 

source. Since the latter term is strongly affected by the light 

propagation in the tissue, a simple diffusion approximation 

method was employed to correctly predict the deposited 

thermal energy. The Beer-Lambert law [27] was used to predict 

the light propagation inside the tissue: 

 

   
∂I(t,r,z)

∂z
= − αeff ∙ I(t,r,z)                                (4) 

 

The resulting deposited thermal energy [28] can be expressed 

as: 

 

  Q
laser

= αeff ∙ I0(t,r) ∙ e−αeff ∙ z                              (5) 

 

where z (m) is the axial depth in tissue and αeff (m
−1

) is the 

effective attenuation coefficient that was calculated based upon 

diffusion approximation [29] to consider both the absorption 

and the scattering phenomena. Lastly, I0 (W · m−2) represents 

the laser irradiance and is expressed as: 

 

                 I0(t,r) =
P(t)

2πσ2
∙ e

− 
r2

2σ2                                 (6) 

 

where σ (m) is the standard deviation related to the beam 

profile, r (m) is the radial distance, and P (W) is the laser power 

that is linearly dependent on the laser current C (A). This last 

parameter is set by a PID controller as follows:  

 

C(t) = kp∙(Tset − Tcon)+ ki∙ ∫ (Tset

t

0

− Tcon(τ))dτ + kd∙
d(Tset − Tcon(t))

dt
      (7) 

 

The PID controller maintains the temperature Tcon (K) at the 

same value of the setpoint temperature Tset (K), upon a proper 

selection of the proportional kp (A∙K−1), integral ki (A∙K−1∙s−1) 

and derivative kd (A∙s∙K−1) gain coefficients.  

III. RESULTS AND DISCUSSION 

A. Pre-planning of PID gains 

The numerical model of the interstitial LA was solved using 

the finite element method (FEM)-based solver: COMSOL 

Multiphysics (COMSOL, Inc., Burlington, MA, USA). Several 

simulations were run to assess the best set of parameters for the 

PID controller based on the tissue thermal response. The tested 

gain coefficients are reported in Table I, and corresponding 

temperature profiles are reported in Fig. 3a. 

 
TABLE I 

PID GAINS FOR DIFFERENT SIMULATION SETS 

 kp (A∙K−1) ki (A∙K−1∙s−1) kd (A∙s∙K−1) 

Set 1 10 1 0 

Set 2 1 10 5 

Set 3 0.1 0.6 0 

Set 4 0.7 0.006 0 

Set 5 0.7 0 20 

 

Fig. 3 shows the simulated thermal responses and the related 

output power profiles needed to achieve the setpoint 

temperature of 43 °C under five different PID settings at d = 

10.8 mm. The output power profiles of Set 1, Set 2, and Set 3 

experience abrupt changes when the controlled temperature 

approaches the setpoint value (Fig. 3b). These PID sets do not 

possess control moderation and use mainly the minimum and 

maximum power available; consequently, they are not able to 

react in advance to the heat diffusion generated by a thermal 

gradient. As a result, they experience temperature overshoots 

and very lethargic setpoint tracking due to the suboptimal 

choice of the gains (Fig. 3a).  

The light blue curve denotes the thermal response of the 

tissue temperature in the absence of the integral term in the PID 

system. Since ki  is responsible for enforcing zero steady-state 

error [30], the steady-state response of Set 5 is not able to reach 

the setpoint temperature. Conversely, the gain parameters 

selected in the Set 4, i.e.,  kp = 0.7 A∙K−1, ki = 0.006 A∙K−1∙s−1 

and kd = 0 A∙s∙K−1 showed a smoother power profile and a 

thermal response characterized by a rise time of ∼ 350 s and a 

smaller temperature overshoot of ∼ 1.8 °C (Fig. 3, green line). 
These last PID gain parameters were used for the experiments.  

 

Fig. 3. Simulated temperature (a) and laser power (b)  profiles for the different 

sets of PID gain values. 

Robustness of selected PID gains for different controlled 

distances was checked by changing the position of the 

controlled point from d = 10.8 mm to d = 7.2 mm. Fig. 4 reports 

that the selected gains allow to have a good controlling 
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performance (i.e., rising time of ∼ 350 s and a temperature 

overshoot of ∼ 0.5 °C) also for d = 7.2 mm. 

 

 

Fig. 4. Simulated controlled temperature profiles for different controlled 

distances. 

Fig. 5 illustrates the temperature distributions resulting from 

the LA regulation shown in Fig. 4 for d = 10.8 mm (Fig. 5 left 

side) and d = 7.2 mm (right side). Different thresholds were 

selected to display the volumes of pancreatic tissue subjected to 

specific temperatures, relevant for laser-assisted treatment 

purposes, in particular: (i) sublethal damage around T ∼ 43 °C, 

(ii) instantaneous thermal damage for T ≥ 60 °C, (iii) vapor 

diffusion and tissue desiccation at T ≥ 100 °C, (iv) removal of 

tissue mass for T ≥ 300 °C [31]. As can be seen from Fig. 5, the 

controlled distance d affects the temperature distribution and, 

therefore, the extension of the thermal damage.   

 

Fig. 5. Simulated temperature distributions for controlled distance equal to      

d = 10.8 mm (left) and d = 7.2 mm (right).   

B. Experimental Results 

After pre-planning the PID controller and obtainment of the 

gain values, we used them for the experimental tests. In 

particular, experiments with different 𝑑 values (𝑑 = 6.0 mm, 7.2 

mm, 8.4 mm, and 10.8 mm) were performed to further assess 

the robustness of the control strategy towards different 

distances and to validate the proposed LA regulation approach. 

Fig. 6 reports the evolution of the controlled temperature and 

the laser power during LA of the pancreas. As it can be seen, 

the controlling algorithm allows for the proper regulation of the 

set temperature Tset, which was reached approximately after 

350 s in all cases and maintained for tss = 300 s. Concerning the 

laser power, it is maintained constant for the first seconds of the 

procedure. Then it suddenly changes to 5 W. For d = 6.0 mm 

and 7.2 mm, 5 W are maintained for ~100 s, whereas for d=10.8 

mm it is maintained for ~200 s. After this constant phase, the 

power decreases until to reach another plateau at approximately 

2 W. This plateau corresponds to the constant and desired 

temperature profile measured in the tissue, and achieved with 

the implemented control strategy. 

 

 

Fig. 6. Measured controlled temperature, set temperature (43 °C) and laser 

power profiles for different controlled distances. 

Fig. 7 illustrates controlled temperatures for different d 

values and related maximum measured temperatures (dashed 

lines). Despite the high differences between controlled and 

maximum temperatures (up to 140 °C), the control has an 

overdamped behavior for all tests. The results shown in this 

figure further highlight the key-role of the implemented control 

strategy for the application. Indeed, the complexity of the 

pancreas structure from the biological, optical and thermal 

points of view causes irregular heat-transfer in the organs, as 

demonstrated by the high and irregular maximum temperature 

profile measured by on the FBGs of the array. Thus, the absence 
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of a suitable control strategy can worsen the performance of the 

LA procedure. 

 

 The high spatial resolution of the highly dense FBG arrays 

allows for reconstructing temperature evolution maps (distance 

along the array vs. time) from the measured values, as shown in 

Fig. 8. The contour maps measured by FBG array during laser 

ablation are depicted considering relevant temperatures for the 

LA biological outcome, i.e., 43 °C, 60 °C, and 100 °C. The red 

line shows the position of the FBG measuring the maximum 

temperature, and the white line depicts the position of the 

controlled grating. As can be seen from Fig.9, the set 

temperature (43 °C contour) does not exceed the defined 

controlled distance (white line) for all tests. In addition, 

temperature contours can be used for the evaluation of 

instantaneous thermal damage (T ≥ 60 °C) and vapor diffusion 

and tissue desiccation (T ≥ 100 °C). We observe that for d=6.0 

mm, the FBG array experiences a temperature evolution which 

is maintained below 60 °C. This result is expected, since the 

short control distance (with set temperature of 43 °C) does not 

allow proper heat transfer in the tissue. For d=7.2 mm, d=8.4 

mm and d=10.8 mm, the temperature is higher than the case of 

d=6.0 mm, and at d=10.8 mm, no contour at 100 °C is present. 

This result is also acceptable, because that the aim of the 

developed algorithm is to maintain stable temperature at the 

controlled grating (white line in Fig.8), while the maximum 

temperature can reach any value depending on laser-tissue 

interaction (as also shown in Fig. 7). 

Fig. 9 shows the repeatability of the temperature control 

achievable with our approach. In this case, we report the 

maximum temperature profiles measured by the FBGs (dashed 

lines) and the controlled temperature measured by the FBG 

placed at d = 10.8 mm (continuous line). Three trials on 

different parts of ex vivo pancreatic tissue have been repeated, 

avoiding any overlap of the damaged zone between consecutive 

tests. As it can be seen, the control algorithm is able to maintain 

stable temperature during tss for all trials. The slight differences 

can be due to the inhomogeneity of the tissue. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 9. Measured set temperature profiles (solid lines) and maximum 

temperature profiles (dashed lines) for the controlled distance of 10.8 mm. 

 

 

Fig. 8. Measured contour maps during laser ablation with different controlled 

distances for temperatures: 10 °C, 43 °C, 60 °C, and 100 °C. The red line 

shows the position of the FBG measuring the maximum temperature, and the 

white line depicts the position of the controlled grating. 

  

 

Fig. 7. Measured controlled temperature profiles (solid lines) and maximum 

measured temperature profiles (dashed lines) for different controlled 

distances. 

 

 

Fig. 7. Measured controlled temperature profiles (solid lines) and maximum 

measured temperature profiles (dashed lines) for different controlled 

distances. 
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Moreover, the high spatial resolution of the sensors can 

provide information about the thermal gradient. For instance, 

we observed that across an intra-grating distance of about 2.4 

mm, a temperature difference of ~10 °C can be measured (Fig. 

10), which proves the need of high-resolution sensors for such 

measurements.  

The final results of LA control are presented in Table II. The 

energy of the treatment was calculated by using the laser power 

values used for PID control and the duration of the controlled 

ablation. Table 2 reports that the size of the ablated area mostly 

depends on controlled distance d, and is less correlated with 

energy or time of ablation. As a result, the proposed LA 

regulation approach allows controlling the size of the ablated 

region by changing the controlled distance parameter.  

TABLE II 

LA REGULATION RESULTS FOR DIFFERENT CONTROLLED DISTANCES   

 

The obtained experimental results validate the proposed PID 

approach for LA regulation and show the efficacy of FEM-

based pre-experiment simulations to obtain effective PID gain 

values. However, limitations regarding the reliability of the 

simulations in the prediction of the final clinical outcome are 

represented by the lack of literature about the behavior of the 

thermo-optical pancreatic properties with respect to 

temperatures and by the complexity of photothermal-induced 

heat transfer in biological tissue. Thus, thermo-optical tissue 

properties need to be investigated in detail to improve TA 

simulations and their applications in tumor treatment.  

In the proposed approach, temperature measurements 

performed by custom-made highly dense FBG arrays allow for 

efficient controlling of temperature at different distances and 

ablation volumes. The high spatial resolution and 

electromagnetic immunity of the used sensors provide unique 

advantages in comparison to traditional measurement 

techniques. Indeed, in the recent work focused on the PID 

regulation of LA based on thermocouple measurements, a 0.5 

mm plastic plate was positioned between the laser applicator 

and the thermocouple to prevent laser light artifacts along with 

self-heating [30]. This approach significantly limits possible 

clinical applications of all of the standard temperature sensors 

for LA. For instance, the recent work of Paiella et al. on clinical 

testing of immune-stimulating interstitial laser thermotherapy 

of the pancreas using a feedback mode with conventional 

sensors (thermistors) reports unsatisfactory results in terms of 

device handling, safety, and feasibility [32].  

Thus, the limitations of convenient sensors observed in the 

literature encourage further investigation of fiber optic use for 

LA control. Indeed, recent investigations of single FBG based 

measurements for PID-based control were performed for a 

laser-heated needle for biopsy tract ablation and showed 

promising results [33], [34]. Also, the use of highly dense FBG 

arrays for LA regulation has been discussed in the recent works 

of our group [18]–[20], where an ON-OFF control law yielded 

undesirable overshoots and delayed responses in the 

temperature regulation.  

Nevertheless, one of the limitations of FBG array use for TA 

is the temperature-strain cross-sensitivity that can lead to 

measurement artifacts during temperature monitoring. In our 

experimental setup, this artifact was minimized using the 

difference between diameters of the needle utilized for FBG 

placing (21 G = 0.819 mm) and the FBG array diameter (145 

μm). This difference results in slightly looser adhesion between 

tissue and the sensor, thus decreasing strain effect [35], [36]. 

In order to significantly reduce strain artifacts stemming 

from the axial strain and bending, a suitable embodiment (glass 

or PTFE capillary) to encapsulate FBG needs to be developed. 

However, it can affect sensor dynamic response and absorb the 

part of the laser light during LA. As a result, more 

investigations need to be performed in the encapsulation 

development to completely avoid strain artifacts during FBG 

temperature measurements. 

IV. CONCLUSION 

 In conclusion, a temperature-based feedback approach for 

LA regulation was investigated. For temperature 

measurements, custom-made highly dense FBG arrays were 

inscribed in single-core fiber using point-by-point writing 

technology. The high spatial resolution (1.2 mm) and 

temperature resistance above the typical maximum 

temperatures of LA provide unique advantages for 

thermometry. Moreover, FEM-based iterative simulations were 

developed to optimize the choice of PID gains. In order to 

validate the closed-loop approach, the point temperature was 

controlled at different distances from the laser fiber tip (6 mm, 

7.2 mm, 8.4 mm, and 10.8mm). The approach here proposed is 

an innovative feature for the specific application of laser 

ablation for tumor treatment, where usually no control at all is 

performed, but the procedure relies only on the experience of 

the doctor. The results show effective temperature control for 

d (mm) 
Time of PID 

regulation (s) 
Energy (J) 

Ablated 

dimensions 

(mm x mm) 

6.0 541.7 1844 7.57 × 6.71 

7.2 588.6 1943 12.07 × 8.03 

8.4 631.8 1729 14.15 × 10.76 

10.8 629.8 2695 17.39 × 14.11 

 
Fig. 10. Measured maximum temperature profile and profiles measured by 

adjacent gratings for controlled distance of 10.8 mm. The insets shows the 

resulted ablated region of pancreatic tissue 
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all distances and for all experimental trials. The results of the 

work encourage further investigation of FBG array applications 

for LA regulation. 
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