
11 October 2024

POLITECNICO DI TORINO
Repository ISTITUZIONALE

Femtosecond Laser Written Plane-by-Plane Bragg Grating Sensors in Bioresorbable Phosphate Optical Fibres /
Theodosiou, A.; Pugliese, D.; Ceci-Ginistrelli, E.; Boetti, N. G.; Janner, D.; Milanese, D.; Kalli, K.. - In: JOURNAL OF
LIGHTWAVE TECHNOLOGY. - ISSN 0733-8724. - 37:10(2019), pp. 2363-2369. [10.1109/JLT.2019.2904573]

Original

Femtosecond Laser Written Plane-by-Plane Bragg Grating Sensors in Bioresorbable Phosphate Optical
Fibres

IEEE postprint/Author's Accepted Manuscript

Publisher:

Published
DOI:10.1109/JLT.2019.2904573

Terms of use:

Publisher copyright

©2019 IEEE. Personal use of this material is permitted. Permission from IEEE must be obtained for all other uses, in any
current or future media, including reprinting/republishing this material for advertising or promotional purposes, creating
new collecting works, for resale or lists, or reuse of any copyrighted component of this work in other works.

(Article begins on next page)

This article is made available under terms and conditions as specified in the  corresponding bibliographic description in
the repository

Availability:
This version is available at: 11583/2749077 since: 2019-08-30T14:27:35Z

Institute of Electrical and Electronics Engineers Inc.



>Antreas Theodosiou et al. Journal of Lightwave Technology - submitted < 

 

 

1 

  

Abstract—We report on the realization of different types of 

optical sensors in a bioresorbable phosphate glass optical fibre 

using a femtosecond laser operating at 517 nm. We inscribed fibre 

Bragg grating-based optical filters such as uniform Bragg 

gratings, chirped gratings and Fabry-Perot cavities, using the 

plane-by-plane direct write inscription. The gratings were 

characterised in reflection and tested as sensors for temperature 

and relative humidity. We studied the stability and resilience of 

the gratings when inserted in high humidity environments (> 95%) 

for 52 h and observed the evolution of the grating characteristics 

during this period.  

Index Terms— Biosensors, fibre Bragg gratings, femtosecond 

laser, bioresorbable optical fibre. 

I. INTRODUCTION 

PTICAL and optoelectronic technologies have been 

widely used in biomedicine and healthcare related 

applications and the research efforts in these fields are 

dramatically expanding in several directions. A recent research 

direction arising from new advances in biomaterials science 

concerns the development of biomaterial-based photonic 

devices able to degrade in physiological conditions once their 

functionality has expired. To this aim, different materials 

capable of combining biodegradability with good optical 

properties have been synthesized. 

The first biodegradable optical fibre was based on cellulose 

[1], whereas further studies led to the development of spider 

silk, fibroin and hydrogel-based devices [2-4]. Hydrogels, in 

particular, are gradually becoming the “gold standard” for 

bioresorbable optical devices given their evident resistance, 

flexibility and transparency [5]. 

Within this framework, calcium-phosphate glasses (CPGs) 

have been recently proposed as a promising alternative for the 

manufacture of resorbable devices [6]. These glasses, raising a 

strong interest as biomaterials since the 1980’s, have been 

widely studied for the fabrication of bone scaffolds, resorbable 
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composites and as support for neural growth [7-10]. CPGs offer 

superior optical properties in comparison to polymers, as they 

guarantee a wider window of transparency spanning from 

approximately 250 to 2600 nm. Moreover, their refractive index 

and dissolution kinetics can be tailored by conveniently 

changing the material composition. 

CPG-based bioresorbable optical fibres have proven to be 

mechanically reliable both in dry and humid environments [11] 

and to show the lowest attenuation values in comparison to all 

resorbable photonic devices reported in the open literature. 

These fibres were recently employed for diffuse optics 

experiments on biological tissues showing the same 

performances as silica-based fibres [12], and their 

photosensitivity in deep ultraviolet (UV) region was also 

demonstrated [13]. 

In this work, we report on the application of femtosecond 

laser processing to the phosphate glass fibre to realise key 

optical components. We have used the direct-write, plane-by-

plane (Pl-by-Pl) inscription method to inscribe bioresorbable 

optical grating sensors [14-17]. In particular, uniform fibre 

Bragg gratings (FBGs), chirped FBGs (CFBGs) and fibre 

Fabry-Perot (FFP) cavities were inscribed and characterised in 

reflection. In addition, the optical components were calibrated 

and used as temperature and relative humidity sensors. Finally, 

the FBG was tested in a high humidity environment over a 52 h 

period in a climate chamber.  

Due to the high biocompatibility of the core and cladding 

calcium-phosphate glasses, the sensors developed in this work 

can be readily used as, for example, fibre optic breathing 

sensors to detect pressure inside the bloodstream or as local in-

vivo temperature probes [18]. Indeed, given their 

bioresorbability, the same FBG and Fabry-Perot sensors 

normally used outside the body could be employed in-vivo and 

after their use be resorbed by the body itself. This could pave 

the way towards minimally invasive diagnostics and therapy 
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monitoring by using implanted optical fibres. 

II. MATERIALS AND METHODS 

A. Fabrication and characterisation of the core and cladding 

glasses 

The core and cladding glasses were synthesized by melting a 

powder batch of high purity (99+%) chemicals (P2O5, CaO, 

MgO, Na2O, B2O3, SiO2) within an alumina crucible at a 

temperature of 1200 °C for 1 h under a controlled atmosphere, 

followed by casting into preheated brass molds.  

The core glass was cast into a cylindrical mold to form a rod, 

while two identical cladding tubes were shaped by rotational 

casting at a rotation speed of 3000 rpm using an equipment 

developed in-house. An additional cladding glass rod was 

fabricated only for characterization purposes. 

Both the core and cladding components were annealed at a 

temperature close to the transition temperature (Tg) for 12 h to 

relieve the internal stresses and lastly were cooled slowly to 

room temperature. The obtained glasses were cut and optically 

polished to 1 mm-thick samples for optical and spectroscopic 

characterization. Other samples with thicknesses of 12 and 5 

mm were employed for density and coefficient of thermal 

expansion (CTE) measurements, respectively, whereas 150 

µm-thick cylindrical, single-material fibres were manufactured 

for dissolution tests in physiological conditions. 

The density of the glasses was measured at room temperature 

by the Archimedes’ method by using distilled water as 

immersion fluid with an estimated error of 0.005 g/cm3.  

The characterisation of the thermal properties (glass 

transition temperature Tg and onset crystallization temperature 

Tx) of the core and cladding glasses was carried out by 

differential thermal analysis (Netzsch DTA 404 PC Eos) up to 

1200 °C with a heating rate of 5 °C/min in sealed Pt/Rh pans 

using ~ 200 mg of fine grain sample. The measurement also 

allowed for the assessment of the corresponding glass thermal 

stability and thus fibre ability, which can be considered 

proportional to the quantity ΔT = Tx - Tg. An error of ± 3 °C was 

featured in measuring the characteristic temperatures. 

The coefficient of thermal expansion (CTE) was measured 

with a horizontal alumina dilatometer (Netzsch DIL 402 PC) 

operating at 5 °C/min up to 1200 °C on 5 mm-long specimens. 

The measure was automatically interrupted when a shrinkage 

higher than 0.13% was reached (softening point). CTE values 

were calculated in the 200-400 °C temperature range featuring 

an error of ± 0.1 °C−1.  

The refractive index of the glasses was measured at 1533 nm 

by prism coupling technique (Metricon, model 2010). Ten 

scans were performed for each measurement, for which the 

estimated error of the measurement was ± 0.001. 

The absorption spectra of the core and cladding glasses were 

measured at room temperature for wavelengths ranging from 

190 to 800 nm using a double beam scanning 

spectrophotometer (Varian Cary 500) (Fig. 1). It is worth noting 

that the material loss at the operating wavelength of the 

femtosecond laser (517 nm), which is used to process the glass 

fibre, was < 0.1 dB/cm, thus making the material suitable for 

subsequent laser modification through multi-photon absorption, 

where the simultaneous absorption of low energy, high-density 

photons leads to material modification.  

 

 
Fig. 1. Absorption spectra of the optical glasses used for fibre manufacturing 

as recorded from 190 and 800 nm. 

 

Finally, the solubility of the glasses in physiological 

conditions was assessed performing a dissolution test on 1.5 

cm-long sections of single material fibres. The test was 

performed in phosphate buffered saline solution (PBS, pH = 

7.4, T = 37 °C) with a volume/exposed surface ratio of 0.1 

ml/mm2 and a refresh of the solution every three days. The 

fibres diameter and the pH of the solution were monitored 

following the procedure detailed in [6].  

B. Fabrication and characterisation of the bioresorbable 

phosphate glass optical fibre 

The bioresorbable phosphate glass optical fibre used for the 

grating inscriptions was manufactured by preform drawing, 

with the preform being obtained by the rod-in-tube technique 

[19]. The core glass rod was stretched to a 4-mm diameter cane 

and inserted into the first cladding tube. The fabricated 

core/cladding structure was then stretched to a 4-mm diameter 

rod and subsequently placed in the second cladding tube. The 

so-obtained final preform was finally heated above the Tg and 

below the Tx to draw the optical fibre. The fibre diameter was 

monitored during the drawing process. 

All the stretching and drawing processes were carried out 

using a drawing tower developed in-house. The furnace consists 

of a graphite ring heated by induction operating at 248 kHz and 

delivering 170 W to reach the required drawing temperature 

(SAET, Torino, Italy). 

Optical microscopy analysis was performed on different 

sections of the optical fibre to assess its dimensions and overall 

quality, whereas the attenuation losses of the fibre were 

measured by the cut-back technique using single-mode fibre 

pigtailed laser diode sources at 633 nm (QFLD-660-10S) and 

1300 nm (Infineon SBM 52414x). Finally, the guiding ability 

of the optical fibre was investigated by taking a set of near-field 

images of the fibre cross-section at the wavelengths of 633 and 

1300 nm using end-face coupled fibre pigtailed laser diode 

sources. 
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III. RESULTS AND DISCUSSION 

A. Physical, thermal, optical and spectroscopic properties of 

the core and cladding glasses 

It has been demonstrated that the core and cladding calcium-

phosphate glass compositions developed for this research could 

ensure an exclusive combination of optical and biological 

functionalities [6]. The fabricated glasses proved again to be 

homogeneous, stable against de-vitrification (ΔT ∼ 200 °C) and 

therefore suitable for crystal free fibre drawing; transparent 

from UV to near-infrared (NIR) region; soluble in simulated 

biological environment (PBS, pH = 7.4 at 37 °C) with a 

dissolution rate of around 4 μm/day. The optical and 

spectroscopic characterisation of the glasses was reported in 

detail in ref. [6]. Table 1 summarises the key thermal, physical, 

and optical properties of the manufactured core and cladding 

glasses. 

Table 1. Glass transition temperature (Tg), onset crystallization temperature 

(Tx), glass stability parameter (ΔT), coefficient of thermal expansion (CTE), 

density and refractive index at 1533 nm of the manufactured calcium-phosphate 

core and cladding glasses. 

Glass label Core Cladding 

Tg  [°C]  3 °C 435 435 
Tx  [°C]  3 °C 658 628 
T [°C]  6 °C 223 193 

CTE [10-6 °C-1]  0.1 °C-1 12.6 12.2 
  [g/cm3]  0.005 g/cm3 2.606 2.600 

n  0.001 1.514 1.512 

 

B. Characterisation of the bioresorbable phosphate glass 

optical fibre 

The bioresorbable optical fibre showed diameters of 15 and 

120 μm for the core and the cladding, respectively, with a 

corresponding numerical aperture (NA) value of 0.08. These 

parameters were designed to obtain single-mode (SM) 

behaviour at 1533 nm (V number = 2.390). 

Moreover, a good interface adhesion between the core and 

cladding was observed, thus proving the noticeable thermo-

mechanical compatibility of the two glasses (Fig. 2a). 

Furthermore, the near-field imaging of the fibre output recorded 

using an IR camera highlighted a good confinement of the light 

beam inside the core of the fibre (Fig. 2b). 

Glass-based resorbable optical fibres show better light 

transmission properties if compared to their bio-compatible 

polymeric counterparts. In particular, the single-mode fibre 

used in this work is featured by attenuation loss coefficient 

values of 4.7 and 1.9 dB/m at 633 and 1300 nm, respectively, 

while similar loss is expected at 1550 nm. These values are in 

line with those typically exhibited by phosphate glass optical 

fibres [20], in comparison to loss values exceeding 20 dB/m for 

single-mode polymeric fibres [21].   

 

 
 

Fig. 2. a) Cross-section of the SM bioresorbable optical fibre; b) Near-field 

picture of the optical fibre showing the fundamental mode propagating at 1300 

nm (inset: intensity normalized 3D beam profile). Scale bars equal to 20 µm. 

IV. INSCRIPTION AND DEVELOPMENT OF OPTICAL BIO-

RESORBABLE SENSORS 

In order to fully realise the potential of phosphate fibre for 

use in bio-sensing applications, it is important to be able to 

inscribe key optical components, such as Bragg gratings. This 

enables wavelength-encoded measurements to be made in-situ 

and in real time. Bragg gratings offer simple and well-known 

signal recovery, greatly simplifying the recovery of key 

information regarding the behaviour of the host material, in this 

case the phosphate fibre. To this extent, we have investigated 

the suitability of the phosphate fibre for femtosecond laser 

processing, focusing on direct-write laser inscription as this 

offers excellent flexibility in sensor development [22]. The goal 

was to inscribe and characterise uniform and chirped gratings 

and Fabry-Perot cavities. The inscription used a femtosecond 

laser (femtoRegen HighQ) operating at 517 nm with 220-fs 

pulse duration and a nanometre accuracy air-bearing translation 

stage system (Aerotech) for controlled and accurate two-axis 

motion during the inscription [23-25]. The fibre samples were 

carefully mounted on the translation stage and the laser beam 

was focused from above using a third stage, through a x50 

microscope objective lens. The pulse energy at the exit of the 

laser was set to 100 nJ for a laser repetition rate of 2 kHz, 

controlled using a pulse picker.  
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For the inscription of the uniform fibre Bragg grating 

operating at 1563.08 nm, the grating period (Λ) was close to 

2 μm (4th order FBG) and was selected to avoid any overlapping 

index change. The laser was swept perpendicularly to the fibre 

axis generating a plane across the fibre core and the inscription 

width was set at 15 μm (equal to the core diameter). The total 

number of periods was fixed to 1000, resulting in a ~ 2-mm 

grating length (L). The FBG transmission and reflection spectra 

(Fig.3a) were recovered using an optical spectrum analyser 

(OSA) with optical resolution of 10 pm through an optical 

circulator, with illumination from a broadband light-source 

(ASE730). From the spectra, the bandwidth full width at half 

maximum (FWHM) and the effective refractive index (neff) of 

the grating were found to be 0.5 nm and ~ 1.515, respectively, 

whereas the transmission notch of the FBG was ~1.5 dB, 

corresponding to a reflectivity of 30%. The effective index 

value coincides with the one measured during the glass 

manufacture (Table1). A microscope image of the femtosecond 

laser modification in the particular fibre core is shown in 

Fig.3b.  

Subsequently, the inscription of a chirped grating was carried 

out. In this case the period of the grating was linearly increased 

with a chirp coefficient for each period as follows: 

 

𝛬𝑧 = 𝛬0 + 𝑘𝑧 ,   (1) 

 

where 𝛬0 is the initial period of the grating and 𝑘𝑧 is the chirp 

coefficient for 0 < z < L. The initial period was ~ 2.060 μm for 

the 4th order FBG at 1561 nm and the final period was ~ 2.067 

μm, corresponding to a reflection wavelength of 1566 nm, and 

resulting in a 5-nm chirped grating, as shown in the reflection 

spectrum of Fig. 4. Ripples of up to 1 dB of the maximum 

reflection value were observed, however the ripples could 

potentially be reduced by using a smaller chirp coefficient and 

a higher number of periods. 

a)  

 

b)  
Fig. 3. a) Reflection spectrum of a FBG inscribed in the phosphate fibre using 

the fs-laser, b) microscope picture of the laser-induced refractive index change. 

  
Fig. 4. Reflection spectrum of a 5-nm chirped grating inscribed in the 

bioresorbable phosphate fibre. 

Finally, a FFP cavity was inscribed using two identical FBGs 

with a physical separation of 3.4 mm. The total cavity length 

must consider the light penetration depth through each grating 

and so is estimated to be the sum of the cavity length and 

approximately half of each grating length [26]. For gratings of 

length ~ 0.8 mm, the effective optical length of the cavity 

(Lcavity) is ~ 4.2 mm. The cavity free spectral range (FSR) is 

given by: 

𝜆𝐹𝑆𝑅 =
𝜆2

2𝑛𝑒𝑓𝑓𝐿𝑐𝑎𝑣𝑖𝑡𝑦

,   (2) 

where 𝜆 is the wavelength of light and 𝑛𝑒𝑓𝑓 is the effective 

refractive index. According to the FBG inscription, neff was 

~ 1.515 and for gratings operating at ~ 1561 nm the FSR is 

approximately equal to 190 pm. This is in full agreement with 

the experimental results shown in Fig. 5. The finesse of the fibre 

Fabry-Perot cavity is given by: 

 

𝑓𝑖𝑛𝑒𝑠𝑠𝑒 =
𝜆𝐹𝑆𝑅

𝛿𝜆
=

4√𝑅1𝑅2

(1 − √𝑅1𝑅2)
2 ,   (3) 

 

where δλ is the FWHM of the fringes and R1 and R2 are the 

maximum reflectivities of each grating. From (3), the calculated 

cavity finesse is 3.16, indicating an average grating reflectivity 

of ~ 53%. This result is anticipated given that each grating was 

made with less than 400 periods. The finesse and the reflectivity 

of the cavity could be improved by inscribing longer length 

Bragg gratings.  

It is worth noting that the phosphate fibre employed in this 

120μm 

15μm 
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study is fragile and not production-ready. A diamond blade was 

used to cleave the fibre manually, consistently offering a high 

success rate, and cleave angles <10° were obtained. The 

phosphate fibre was fusion spliced with a standard SMF28 

pigtail using modified splice settings on a Fujikura FSM 100P+ 

fusion splicer.  

 
Fig. 5. Reflection spectrum of a Fabry-Perot cavity inscribed in the 

bioresorbable phosphate fibre using two identical FBGs, recovered using a 

commercial grating demodulator. 

V. CHARACTERISATION AND CALIBRATION OF THE 

BIORESORBABLE OPTICAL SENSORS 

The bioresorbable sensors so realized could be embedded in 

different parts of the human’s body to precisely measure 

pressure, temperature, acidity or other parameters of interest in 

biomedicine and clinical care. To this aim, it is essential to 

study the behaviour of the sensors when inserted in 

environments with high water content, such as human blood. In 

addition, the sensor response to temperature changes is 

fundamental, since cross sensitivity issues could cause 

measurement inaccuracies. Therefore, the uniform 

bioresorbable phosphate FBG was placed in a climate chamber 

(Memmet 108HCP) and interrogated in reflection. The 

characterisation measurements began with the temperature 

sensitivity. The relative humidity (RH) of the chamber was kept 

constant at 35%, whereas the temperature was set to increase 

from 23 to 73 °C in a one-hour cycle. During this period, 

snapshots of the reflection spectrum were captured, and the 

temperature detected by the climate chamber sensor was 

recorded. The temperature response of the grating was found to 

be 12.7 pm/°C, as shown in Fig. 6, and compares to the 10.5 

pm/°C typically measured for standard single-mode optical 

glass fibres. Moreover, a noticeable increase of the FBG peak 

amplitude was observed as the temperature was increased from 

25.3 to 73.1 °C (Fig. 7). The amplitude increase of the FBG 

with temperature could be related to changes in coupling at the 

splice joint, and the disparity in NA between the two fibres. 

For the humidity tests the climate chamber temperature was 

kept constant (36 °C) and the RH was increased from 35 to 

95%. After 4 h, the FBG wavelength shifted by only 0.025 nm, 

as shown in Fig. 8, thus leading to a low response to RH of 

0.416 pm/% RH. The grating was kept under these conditions 

for 52 h and its reflection spectrum was recorded every 6 h. 

Over the 52 h, the grating profile, amplitude and reflection 

wavelength noticeably changed, with a significant decrease of 

the grating amplitude and its complete disappearance at 52 h. 

The reflection spectra of the grating in the climate chamber for 

different time intervals up to 52 h are shown in Fig. 9, whereas 

Fig. 10 shows the change in grating amplitude vs. time in the 

chamber. This amplitude drop can be correlated with the 

property of the phosphate fibre to dissolve during water 

absorption. The response is analogous to that exhibited by a 

recently reported tilted-FBG inscribed in a similar phosphate 

glass fibre with an excimer laser operating at 193 nm [27].  

 
Fig. 6. Temperature response of the uniform FBG inscribed in the bioresorbable 

phosphate fibre using the Pl-by-Pl femtosecond laser inscription method. 

 

 
Fig. 7. Amplitude change of the uniform FBG inscribed in the bioresorbable 

phosphate fibre as the temperature increases. 

 
Fig. 8. Response of the uniform FBG when the environmental RH was 

increased from 35 to 90% at a constant temperature (~ 36 °C).  
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Fig. 9. Reflection spectra of the uniform FBG inscribed in the bioresorbable 

phosphate fibre when inserted in a climate chamber with 95% RH for different 

time intervals.  

 
Fig. 10. Amplitude modulation of the phosphate FBG when inserted in a climate 
chamber with high RH levels. The filled circles represent the experimental data, 

while the continuous line is the linear fitting curve. 

 

  
Fig. 11. Wavelength shift of the phosphate Bragg grating when inserted in a 

climate chamber with 95% RH for different time intervals. 

In order to assess the grating response in high RH 

environments the climate chamber was kept at 95% RH over 

the 52 h and the Bragg wavelength shift was assessed using the 

ZCA to improve the resolution of our results (< 1 pm) [28]. The 

outcomes of this measurement are shown in Fig. 11, where the 

blue line represents the RH level inside the climate chamber as 

detected by the chamber sensor, and the red line depicts the 

response of the FBG. The Bragg wavelength shift at 52 h was 

not reported, since the FBG magnitude was very close to the 

noise floor and hence it was not possible to demodulate the 

weak signal. The Bragg wavelength exhibited an initial red-

shift up to the first 4 h as previously shown in Fig. 8 and a 

subsequent blue-shift following an exponential decay rate. The 

former indicates water absorption in the first 4 h, leading to a 

change in the fibre dimensions. As a result, an increase of the 

grating period and an accompanying positive shift in the 

resonance wavelength occurred. This absorption, after several 

hours, appeared to selectively etch the laser-exposed refractive 

index modulated zones of the FBG in the centre of the core, 

since there was no clear indication of cladding diameter 

decreasing under the microscope. This opinion is supported by 

the observed negative wavelength shift associated with a drop 

in the effective refractive index of the FBG. To support our 

conviction, we inscribe a weaker grating maintaining the 

inscription parameters (number of periods, repetition rate, 

grating length) as before, but with a reduction in the pulse 

energy to 68 nJ. The induced index change is subsequently 

reduced, and there is a relative blue shift of ~140 pm for the 

weaker FBG (Fig. 12). We believe that the 'strong' FBG 

weakens with humidity, because of partial erasure, and indeed 

is observed to blue shift in wavelength as the humidity 

increases, supporting this hypothesis. The wavelength 

difference between the two FBGs is equivalent to the 

wavelength shift experienced by the FBG in the climate 

chamber after ~35 hours, according to Fig. 11. This is under 

further investigation.  

 

 
Fig. 12. Reflection spectra of relatively weak and strong phosphate fibre FBGs, 

with a wavelength difference of 140 pm.  

VI. CONCLUSION 

We report on the first fabrication (to the authors’ knowledge) 

of femtosecond laser optical devices in a bioresorbable 

phosphate glass optical fibre. Uniform and chirped fibre Bragg 

gratings and a fibre Fabry-Perot cavity were inscribed using the 

direct-write Pl-by-Pl technique. The uniform grating was 

initially characterised for changes to relative humidity and 

temperature and showed sensitivities of 0.416 pm/% RH and 

12.7 pm/°C, respectively. The RH sensitivity, assessed after the 

grating had been maintained for 4 h inside a climate chamber 
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with 95% RH, proved to be very low, as expected when dealing 

with a glass-based fibre. The temperature sensitivity was 

similar to that exhibited by glass fibres [29].  

 Subsequently, the grating sample was kept for up to 52 h into 

the climate chamber at 95% RH; the grating showed a 

significant profile distortion and its amplitude progressively 

decreased, whereas the resonance wavelength of the grating 

shifted towards shorter wavelengths, indicating erasure.  

We consider that this work is extremely important for the 

development and characterisation of biocompatible and 

bioresorbable optical sensors and represents a significant step 

forward, enabling potential applications in the biomedical 

domain for both diagnosis and treatment. 
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