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Summary / Zusammenfassung  

 

Summary  

 

Characterizing acoustic shock waves (ASWs) for tissue differentiation is of vital interest for 

developing an opto-acoustical feedback system during laser surgery. This is particularly true if 

the laser system is not controlled by an in situ and real-time feedback control system that is not 

only able to differentiate specific types of human tissues but can automatically stop.  

     The research presented in this thesis focused on developing an opto-acoustical feedback 

sensor and on designing an efficient optical method for detecting ASWs for tissue 

differentiation. The method has advantages to extract physical properties of tissues based on 

measured ASW features. Some of them are the shock wave rising- and falling-time and the 

acoustic amplitude-spectrum extracted from the measured emitted shock/acoustic signals.  

     The work included novel aspects, such as measuring the ASWs generated using advanced 

custom-made optical technologies, characterizing the measurements by looking at the 

amplitude frequency band which provides the least average classification error. We used 

principal component analysis (PCA) combined with advanced signal processing to classify 

tissue types. Since PCA allows us to keep essential features (variance) of data by reducing their 

dimensionality, we expected to shorten the time needed to train a classifier and to avoid 

overfitting (less accuracy when classifying the validation data as compared to the training data) 

[1]. In this case, the first principal components (PCs) are dominated by the high-variance 

variables and mostly represent variance— i.e. the acoustic amplitude-spectrum of tissues — of 

each data. 

     The approach evolved over three steps. In the first step, four tissue types were initially 

classified during laser ablation by measuring the ASWs generated with a conventional air-

coupled transducer and by processing the information using the Mahalanobis distance method 

[2]. Later, five tissue types were classified using an artificial neural network (ANN), and 

quadratic or Gaussian support-vector machine methods (SVM) combined with principal 

component analysis (PCA) during classification experiments [3]. It was possible to differentiate 

hard tissue from soft tissue types, but distinguishing between soft tissues remained a challenge.  

     In the second step, classification errors between soft tissue types were reduced. This was 

made possible by building a Mach–Zehnder interferometer that acts as a high-frequency 

microphone to provide accurate measurements of ASWs [4]. PCA and the Mahalanobis 

distance method were used to differentiate among scores of measured ASWs. The results of 

this study demonstrated a promising technique for differentiating tissues during laser 

osteotomy. 

     The final step was to design and build a fiber-coupled Fabry-Pérot etalon sensor as an 

alternative compact optical sensor for measuring ASWs. The miniaturized etalon cavity was 

built to fit into a 5 mm diameter endoscope for minimally invasive smart laser osteotome [5]. 

The collected data were subsequently investigated by looking at the amplitude frequency band 

to find the minimum classification error. Tissue classification was performed using PCA 

combined with the artificial neural network. Based on these results, we argue that this method 

can be used in endoscopic applications for tissue classification.  

     This study was part of the Minimally Invasive Robot-Assisted Computer-guided 

LaserosteotomE (MIRACLE) project. Thus, measuring ASWs using a custom-made fiber-

optical-based acoustic sensor for tissue classification was the main goal of this research.  
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Zusammenfassung 

 
Die Charakterisierung der akustischen Stoßwelle (ASW) zur Gewebedifferenzierung ist für das 

opto-akustische Rückkopplungssystem während der Laserchirurgie von entscheidendem 

Interesse. Dies gilt insbesondere dann, wenn das Lasersystem nicht von einem in-situ- und 

Echtzeit-Rückkopplungsregelungssystem gesteuert wird, das nicht nur bestimmte Arten von 

menschlichem Gewebe unterscheiden kann, sondern auch automatisch anhalten soll. 

     Die vorliegende Studie legte den Fokus auf die Entwicklung eines optoakustischen 

Rückkopplungssensors und die Herausarbeitung der besten optischen Detektionsmethode der 

ASW zur Gewebedifferenzierung in Echtzeit. Das Verfahren hat Vorteile, um physikalische 

Eigenschaften von Geweben basierend auf gemessenen ASW-Merkmalen zu extrahieren. 

Einige davon sind die Anstiegs- und Abfallzeit der Stoßwelle und das akustische 

Amplitudenspektrum, das aus den gemessenen emittierten Stoß- / akustischen Signalen 

extrahiert wird. 

     Die Arbeit umfasste neuartige Aspekte wie die Messung der ASWs, die mit fortschrittlichen 

maßgeschneiderten optischen Technologien erzeugt wurden, und die Charakterisierung der 

Messungen durch Betrachtung des Amplitudenfrequenzbandes, das den geringsten 

durchschnittlichen Klassifizierungsfehler liefert. Wir verwendeten die 

Hauptkomponentenanalyse (PCA) in Kombination mit einer fortschrittlichen 

Signalverarbeitung, um Gewebetypen zu klassifizieren. Da PCA es uns ermöglicht, wesentliche 

Merkmale (Varianz) von Daten durch Reduzierung ihrer Dimensionalität beizubehalten, 

erwarteten wir, die zum Trainieren eines Klassifikators erforderliche Zeit zu verkürzen und eine 

Überanpassung zu vermeiden (geringere Genauigkeit bei der Klassifizierung der 

Validierungsdaten im Vergleich zu den Trainingsdaten) [1 ]. In diesem Fall werden die ersten 

Hauptkomponenten (PCs) von den Variablen mit hoher Varianz dominiert und repräsentieren 

meistens die Varianz - d. H. Das akustische Amplitudenspektrum von Geweben - jeder Daten. 

     Hierbei werden drei Schritte des gewählten Ansatzes vorgestellt: Im ersten Schritt 

klassifizierten wir  zunächst vier Gewebetypen während der Laserablation, indem wir die mit 

einem konventionell luftgekoppelten Wandler erzeugten AWSs gemessen und die 

Informationen mit der Mahalanobis-Distanzmethode [1] verarbeitet haben. In späteren 

Ansätzen klassifizierten wir im Rahmen von Klassifikationsexperimenten fünf Gewebearten 

unter Verwendung des künstlichen neuronalen Netzwerks (Artificial Neural Network/ANN), 

quadratischer oder Gauß-Support-Vector-Machine-Methoden (Support Vector Machine – 

Methods/SVM) in Kombination mit der Hauptkomponentenanalyse (Principal Component 

Analysis/PCA) [2]. Während es möglich war, Hartgewebe von Weichgewebetypen zu 

unterscheiden, blieb die Unterscheidung zwischen  Weichgeweben  eine Herausforderung. 

     Im zweiten Schritt konnten wir die Klassifizierungsfehler zwischen Weichteiltypen 

reduzieren. Dies war möglich, indem ein Mach-Zehnder-Interferometer gebaut wurde, das als 

Hochfrequenzmikrofon reagiert, um genaue Messungen von ASWs zu ermöglichen [3]. Wir 

verwendeten PCA und die Mahalanobis-Distanz-Methode, um die Scores der gemessenen 

ASWs zu differenzieren. Die Ergebnisse dieser Studie zeigten, dass dies eine vielversprechende 

Technik zur Differenzierung von Geweben während der Laserosteotomie ist. 

     Basierend auf dem Interferometer Ansatz bestand der dritte Schritt darin, einen 

fasergekoppelten Fabry-Pérot Etalon Sensor als alternativen, kompakten optischen Sensor zur 

Messung von ASWs zu entwerfen und zu bauen. Die miniaturisierte Etalon-Kavität wurde so 
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konstruiert, dass sie in ein Endoskop mit 5 mm Durchmesser für ein minimal invasives Smart-

Laser-Osteotom passt [4]. Die gesammelten Daten wurden anschließend untersucht, indem das 

Amplitudenfrequenzband betrachtet wurde, um den geringsten Klassifizierungsfehler 

herauszufinden. Gewebeklassifizierungen wurden unter Verwendung der Hauptkomponenten-

analyse (PCA) in Kombination mit dem künstlichen neuronalen Netzwerk (ANN) durchgeführt. 

Basierend auf den Ergebnissen argumentieren wir, dass diese Methode bei endoskopischen 

Anwendungen zur Gewebedifferenzierung eingesetzt werden kann.  

Diese Studie war Teil des Projekts MIRACLE (Minimal Invasive Robot-Assisted Computer-

Guided LaserosteotomE). Daher war die Messung von ASWs mit einem maßgeschneiderten 

faseroptischen akustischen Sensor zur Gewebeklassifizierung das Hauptziel dieser Forschung. 

 

 



 

 

12 
 

 

 

 

Chapter 1  
 

 

1. Introduction 

1.1. Motivation 

Standard procedures in orthopedic surgery and tumor removals rely on mechanical tools, such 

as saws, drills, and hammers. These standard surgical tools present significant limitations in 

terms of accuracy (due to the dimensions of the tools and workspace required), high mechanical 

load, and severe mechanical vibrations, resulting in heat formation that damages the 

surrounding tissues [6, 7]. These limitations lead to long operation times and a long wound-

healing process [6, 8, 9].  

     Avoiding heat damage would improve bone cutting procedures, a highly desired aspect in 

the field of cranio-maxillofacial surgery, orthopedics, traumatology, neurosurgery, 

otolaryngology, and spinal column surgery. Lasers offer a number of advantages over 

conventional mechanical tools in bone surgery, such as functional cutting geometry for complex 

cuts, non-contact interaction, less trauma, and faster wound healing. Depending on the laser’s 

parameters (i.e. pulse duration and wavelength), surface or deep ablation can occur with 

minimal temperature dissipation in and around the crater. In other words, when using lasers at 

a wavelength of 2940 nm, deep ablation can occur; this is not the case at 532 nm, where only 

surface-level ablation is possible. That is why the laser considered most effective for bone 

surgery is an Er:YAG (Erbium-doped Yttrium Aluminum Garnet) laser source operating at 

2940 nm [10, 11]. The Er:YAG laser’s operation wavelength corresponds to the highest 

absorption peak of water and hydroxyapatite, the  main component of bone, inducing high ablation 

efficiency [12, 13]. In contrast to the Er:YAG, the Nd:YAG (Neodimium-doped Yttrium 

Aluminium Garnet) laser source operating at 532 nm is transparent in water and seems well suited 

for tissue ablation with a substantial water layer, such as  for knee arthroscopy [12, 14]. 

Combining the Er:YAG or Nd:YAG laser with an endoscope for minimally invasive surgery 

and with a feedback system for efficient tissue classification would reduce the probability of 

undesirable tissue damage, thereby enhancing the possible applications of laserosteotomy for 

the benefit of patients. 

     Consequently, a study can be directed towards developing a real-time feedback system, 

capable of identifying the type and properties of the tissues being cut and small enough to be 

embedded in an endoscope. Ablating tissues with a laser generate acoustic shock waves 

(ASWs), also known as pressure waves, originating from tissue expansion, plume/plasma 

expansion, phase transformation, crack formation and ASW propagation.[15-17]. The ASWs 

emitted mainly depend on the physical properties of the ablated material. Thus, ASWs can be 

used to further enhance laser osteotomy by providing real-time feedback for tissue classification 

to avoid damaging vital tissue. Previously, ASWs were measured using conventional 
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transducers or microphones [18]. Due to the limited bandwidth of commercially available 

transducers or microphones (not available at near Direct Current (DC) -1 MHz), this method 

suffers from significant distortions when measuring ASWs and the wave rise time is often 

overestimated  because the spectra of the shock waves extend beyond 1 MHz [19-21]. Therefore, 

an alternative acoustic sensor system with a usable bandwidth beyond the required spectra range 

is needed. 

     In the course of exploring sensors that respond to sharp changes in pressure, a usable 

bandwidth for optical microphones (interferometer) was developed. The optical method has an 

estimated bandwidth at near DC-2.5 MHz, which provides more detailed information about the 

frequency response of the ASWs measured [20, 22]. Interferometry-based techniques are low-

cost and offer the most sensitive optical sensor to improve the accuracy of ASW measurements 

in air [23]. This research took place under the MIRACLE —Minimally Invasive Robot-Assisted 

Computer-guided LaserosteotomE — project, which aims to develop a robotic endoscope to 

accomplish contactless bone surgery with smart laser light. Combining laser surgery with 

endoscopy (minimally invasive surgery) opens the door to an expanded set of medical 

applications that will ultimately benefit doctors and patients alike. Thus, measuring ASWs 

using a custom-made fiber-optical-based acoustic sensor for tissue classification was the main 

goal of this research.  

     An additional goal was to develop an advanced signal analysis to differentiate bone from 

surrounding tissues in real time. The method sought to extract the physical properties — i.e. the 

acoustic amplitude-spectrum — of tissues based on the total variance (i.e. principal component 

analysis; PCA) of the laser-generated ASWs measured during tissue ablations. This was made 

possible by extracting and comparing the PCs of ASWs previously stored in our own database 

to real-time wave measurements. In this way, the method could provide high specificity in laser 

cutting and prevent the cutting of important and critical tissues. Such a feedback mechanism 

would therefore help the surgeon to specifically determine the tissue being cut and stop the laser 

when all of the desired tissues have been removed.  

 

1.2.  Contribution  

Tissue types — hard and soft bone, muscle, fat and skin from five proximal and distal fresh 

porcine femurs — were classified using conventional air-coupled transducers (ACTs) and new 

optical methods like fiber Bragg grating (FBG),  for smart laser surgery under both wet and dry 

conditions [4, 24]. It was found that tissue ablated with a spray irrigation produced very few 

cracks and minimal thermal damage around the craters, which would ultimately lead to 

accelerated bone healing. In addition, the classification error, based on the spectral ASW 

detection from tissues ablated in wet conditions, was less when measured by an FBG compared 

to an ACT.  

     This thesis describes a new method of tissue classification using a custom-built Mach-

Zehnder interferometer-based sensor during laser osteotomy [25]. Based on the interferometer 

approaches presented, a first prototype was built to miniaturize the opto-acoustic sensor system 

using fiber optics [4]. An optimal algorithm for differentiating tissues based on measured ASWs 

was also investigated for a smart laser surgery system. PCA served to reduce the data from the 

ASWs measured. This study demonstrates that fiber-coupled Fabry-Pérot interferometer-based 

optoacoustic analysis, combined with pattern recognition methods, is a promising technique for 

differentiating hard bone, soft bone, muscle, fat, and skin tissues.  

     In addition, the sciatic nerve was accurately classified, distinct from other tissue types, based 

on the new sensor system (fiber-coupled Fabry-Pérot etalon sensor) using laser-generated 
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ASWs. This work demonstrates the overall opportunity for remotely classifying nerves and 

other types of tissues with ASW spectroscopy. Using this technology, identifying nerve tissue 

during femur laser surgery to prevent loss of sensation and motor function in the lower body 

can be achieved. 

     In sum, the thesis research produced a new sensor system with improved acoustic sensitivity, 

more usable bandwidth, a higher sampling rate, and a compact size sufficient for embedding in 

an endoscope to differentiate tissues during laser surgery. An enhanced algorithm-based 

method was also developed to automatically differentiate tissue types during real-time 

measurement of laser-generated ASWs.  

 

1.3.  Outline 

Chapter 2 elaborates on the medical and technical background of the thesis. Chapters 3, 4, 5 

and 6 present the publications arising from the research, as they were submitted to or published 

in peer-reviewed journals. The first publication introduces machine learning methods to 

differentiate ablated tissues based on the ASWs measured by a conventional air-coupled 

transducer sensor. The second publication proposes an improved optoacoustic sensor based on 

a custom-made Mach-Zehnder interferometer. The third publication describes a miniaturized 

optoacoustic sensor, using a fiber-coupled Fabry-Pérot etalon sensor, built to fit into a 

5 mm×5 mm endoscopic robot for minimally invasive smart laser surgery. The last publication 

outlines the optimum method for differentiating among six important tissue types, including 

nerve, from a porcine femur. Chapter 7 highlights some final thoughts on the research, and 

shares ideas for future work in the field. The thesis concludes with some information about the 

author and the appendix.  
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Chapter 2 
 

 

2. Background 

2.1. Medical Background  

In biology, the term “tissue” represents a group of cells identified in a human or an animal body. 

The cells within a tissue share common embryonic origins and morphological structures, and 

are organized in a methodical pattern that together carry out a specific function. The four basic 

types of tissues are epithelial, connective, muscle, and nervous [26-28] (see Fig. 1). (1) 

Epithelial tissues are tissues that protect the body by covering the exterior surface (skin) and 

by lining the internal cavities (mucous, serous, and synovial tissues); they perform absorption, 

transportation and secretion functions. (2) Connective tissues join the tissues of the body 

together and serve to support, protect, and integrate all body parts. Connective tissues include 

fat and other soft padding tissues, tendons, and hard bone. (3) Muscle tissues respond to 

stimulants and contract to offer movement. The three major types or muscles are skeletal, 

smooth, and cardiac (in the heart). (4) Nervous tissues permit the communication of 

electrochemical signals, known as nerve impulses, that propagate between diverse tissues of 

the body. Nervous tissues are mostly brain and nerves. The structure and function of cells aids 

in the study of tissues. 

The tissue types used in this Ph.D. work were hard and soft bone, fat, muscle, skin, and 

sciatic nerve extracted from proximal and distal fresh porcine femurs. The femur was chosen 

because its anatomy includes complex tissue types, including hard and soft bone, muscle, fat, 

skin and, most importantly, the sciatic nerve [29, 30]. The sciatic nerve is responsible for motor 

and sensory function in the lower leg and foot [31, 32]. Fractional damage to the sciatic nerve 

can cause leg dysfunctions, such as weak foot movements and knee bending [33]. 

Beyond the sciatic nerve, individual tissues are characterized by specific functions that 

contribute to the overall health and maintenance of the body. A disruption of the structure is a 

sign of disease or injury. Such variations can be distinguished through histology, that is, the 

microscopic study or tomographic study of tissue appearance, organization, and function. When 

disease or injury is diagnosed, surgeries based on conventional mechanical tools, such as 

scalpels, saws, and burrs, are often used to make incisions. These standard surgical tools induce 

severe mechanical vibrations, resulting in heat formation that damages the surrounding tissues, 

leading to impaired bone regeneration [34, 35] and prolonged healing periods [36]. Avoiding 

this heat damage would improve tissue cutting outcomes, a highly desired innovation in the 

field of maxillo-facial-, neuro- and orthopedic surgery. 
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Figure 1. Four basic types of tissues 

 

 

2.2. Technical Background 

2.2.1. Laser-Tissue Interaction  

In 1960, Maiman reported the first laser radiation applicable in multiple fields, such as medical 

laser surgery and biostimulation [37]. The current variety of laser systems and their diverse 

physical parameters make it possible to carry out numerous procedures worldwide. Among 

these procedures is the family of minimally invasive surgical procedures, an innovative means 

of contactless with less blood surgical operations. These two characteristics have propelled the 

laser towards extensive use as an aid in mechanical surgery and treatment. It is well-known 

that, in contrast to mechanical tools, laser-ablation has significant advantages, such as non-

contact intervention, controlled tissue excision, free-cut geometry, and minimal invasiveness 

[8, 38, 39]. Several studies have investigated the fundamental processes that take place during 

laser ablation [40, 41].  

During laser-interaction, two main types of laser can be used: the continuous wave (CW) 

laser and pulsed laser. Whereas most gas lasers and a few solid-state lasers belong to the first 

group, the pulsed laser group largely consists of solid-state lasers, excimer lasers, and certain 

dye lasers. Regardless of the laser group, it is understood that when laser interacts with matter, 

it can reflect, scatter, absorb or transmit, depending on the material characteristics (i.e. physical, 

chemical, composition, and optical properties) and the laser parameters (i.e. exposure 

time/pulse duration, spatial and temporal coherence, wavelength, and laser energy) [16].  

Pulse duration is the most important parameter as it describes the type of interaction with 

biological tissues. The exposure time/pulse duration scale is grouped into five segments: (1) 

continuous wave or pulse duration more than 1 s (second), which yields a photo-chemical 

interaction; (2) 1 s – 1 µs (microsecond) pulse, which induces a thermal interaction; (3) 1 µs –1 ns 

(nanosecond) pulse, which permits photo-ablation; and (4) (5) pulse duration less than 1 ns, where 

plasma-mediated ablation and photodisruption occur, due to a photo-physical phenomenon 

known as optical breakdown [42]. The difference between plasma-mediated ablation and 

photodisruption relates to the different exposed energy densities at the surface of the tissue. 

Plasma-mediated ablation is principally based on ionization, while photodisruption is associated 

with the mechanical effect (Fig. 2). Plasma-mediated ablation is restricted to a short pulse 

duration, up to 0.5 ns. At longer pulse durations, up to 100 ns, photodisruption ablation occurs, as 

the energy density essential for accomplishing breakdown already generates important 

mechanical side effects (Fig. 3).  

Figure 2 confirms that the total energy density applicable to medical laser applications 

varies at around 1 J/cm2 – 1 kJ/cm2. The mutual association between pulse duration and power 
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density reveals that similar energy densities are essential for any type of proposed interaction. 

Thus, pulse duration appears to be accountable for the different interaction mechanisms. Table 

1 summarizes the laser-tissue interactions and applications established during the investigation. 

 

 
Figure 2. Illustration of laser-tissue interactions. The stretch of the rectangle represents only a 

rough approximation of associated laser parameters. Modified from [42, 43].  

     

 
Figure 3. Difference between plasma-induced ablation and photodisruption based on 

applied energy density. Modified from [42, 43].   

 

Laser wavelength is the second most important parameter as it determines how deep laser 

radiation can penetrate —that is, in what manner laser energy is scattered and absorbed by— 

matter, such as tissue (Fig. 4). The total amount of light transmitted through a tissue at a specific 
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wavelength is determined by the most significant optical tissue properties, such as the 

reflection, absorption, and scattering coefficients [13, 42]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Absorption curves of various tissue components [13]. 

 

    The third and fourth most important parameters are energy density (also known as fluence) 

and intensity, respectively. The energy density is the energy of a laser pulse divided by the 

illumination area and the intensity is the ratio of energy density to pulse duration. Beyond the 

general explanation and influence of laser parameters, advancement in laser surgery can be 

primarily attributed to the rapid development of pulsed laser systems. Recall that pulse duration 

in particular governs the thermal and non-thermal effects on biological tissues. In laser surgery, 

a rough assumption is that at pulse durations less than 1 µs, thermal effects usually become 

insignificant if a reasonable repetition rate is applied — i.e. depending on the laser, pulse 

duration less than 1 µs (non-thermal effect) can add up to a quantifiable increase in temperature 

if applied at a repetition rate of more than 10 – 20 Hz. However, pulse durations more than 1 µs 

are frequently associated with quantifiable thermal effects [24]. In other words, when focusing 

light onto a tissue with a µs-pulsed laser through a lens, ablation (governed by the photo-thermal 

principle) occurs when the absorbed laser energy is quickly converted into heat in the excited 

tissue particles. Tissue at the surface is ablated due to the internal stress induced by large 

temperature gradients inside the exposed tissue.   

    In this research, a ns-pulsed Nd:YAG laser, operating at 532 nm, and µs-pulsed Er:YAG laser, 

at a wavelength of 2940 nm, were used to ablate tissues. These two lasers were chosen as ns-

pulsed laser ablation is based on the plasma —non-thermal— effect, and the µs-pulsed laser 

ablation occurs because of the thermal effect [15]. In addition, superficial or deep ablation can 

be achieved conditional on the wavelength of the laser and on the optical properties of various 

tissue components [13]. Moreover, depending on the thermal or non-thermal effect, acoustic 

shock waves can be generated during the ablation [41]. In contrast to photo-thermal ablation, 

which produces low acoustic amplitude values, laser ablation based on photodisruption 

generates shock waves with very high amplitude values, which is necessary for optoacoustic 

applications.  
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 Table 1. Summary of laser-tissue interactions 
 Main idea Observation Laser Pulse duration Power density Application 

Photo-

chemical 

interaction 

using a photosensitizer 

acting as catalyst (only in 

photodynamic therapy) 

no macroscopic 

observations 

red dye lasers, diode 

lasers 

1 s - CW 0.01-50 W/cm2 photodynamic therapy, 

biostimulation 

       

Thermal 

interaction 

achieving a certain 

temperature that leads to 

the desired thermal effect 

either coagulation, 

vaporization, 

carbonization or melting 

CO2, Nd:YAG, 

Er:YAG, Ho:YAG, 

Argon ion, and diode 

lasers 

1 µs – 1 s 10–106 W/cm2 coagulation, vaporization, 

melting, thermal decomposition, 

treatment of retinal detachment, 

laser-induced interstitial 

thermotherapy 

       

Photo-ablation direct breaking of 

molecular bonds by high 

energy UV photons 

very clean ablation, 

associated with audible 

report and visible 

fluorescence 

excimer lasers, i.e. 

ArF, KrF, XeCl, and 

XeF 

10 – 100 ns 107 –1010 W/cm2 refractive corneal surgery 

       

Plasma-

induced 

ablation 

ablation by ionizing 

plasma formation 

very clean ablation, 

associated with audible 

report and blueish 

plasma sparking 

Nd:YAG, Nd:YLF, 

and Ti:Sapphire 
100 fs – 0.5 ns 1011 –

1013 W/cm2 

refractive corneal surgery, caries 

therapy 

       

Photo-

disruption 

fragmentation and cutting 

of tissue by mechanical 

forces 

plasma sparking, 

generation of shock 

waves cavitation, jet 

formation 

solid-state lasers, i.e. 

Nd:YAG, Nd:YLF, 

and Ti:Sapphire 

100 fs –100 ns 1011–1016 W/cm2 lens fragmentation, lithotripsy 
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2.2.2. Laser-Induced Acoustic Shock Waves 

Acoustic shock wave (ASW) generation manly depends on the ablated material. However, 

different laser parameters can also lead to slight variations in ASW generation [44]. In fact, 

when ablating tissues with the µs-pulsed Er:YAG laser, the temperature increases on the 

exposed surface and produces acoustic waves, known as thermal mediated acoustic waves. In 

contrast, the ns-pulsed Nd:YAG laser generates plasma during photodisruption ablation and 

produces plasma mediated acoustic waves [16].  

The plasma ignition (generation) process includes bond-breaking (optical breakdown) and 

plasma shielding as the laser pulse interacts with the tissue surface. Bond-breaking mechanisms 

influence the quantity and form of energy (kinetic, ionization and excitation) that atoms and 

ions can acquire. For low-energy ns-laser pulses (irradiance less than 108 W/cm2) close to the 

ablation threshold, Coulomb explosions govern the ablation. The absorbed radiated energy 

speeds up the movement of electrons in the exposed tissue. Laser energy surpasses the energy 

necessary to ionize the atoms. As a consequence, a charged cloud of electrons forms above the 

matter’s surface. This cloud of electrons leaves behind a charge density of heated ions (i.e. 

plasma) on the surface when electrons are ejected from the surface. The expansion of the plasma 

pulls ions out of the tissue, which, in turn, removes some of the exposed surface layers [45]. In 

other words, during plasma expansion, one side of the ablation front extends toward the laser 

while on the other side, the tissue is compressed and moves in the opposite direction. The 

compressed tissue generates a strong shock wave [41]. Figure 5 illustrates the acoustic shock 

wave emitted from laser ablation. 

For very high-energy ns-laser pulses (irradiance more than 1011 W/cm2), ablation is 

characterized by a combination of non-linear absorption, Coulomb explosion, and hypercritical 

heating. The creation of ASWs is based on plasma mediation, as the plasma-induced ablation 

exposes the tissue surface to high levels of optical energy concentrated in space and time. Due 

to high energy intensities, non-linear multiphoton absorption phenomena intensify the degree 

of laser energy absorbed by the tissue. In turn, photon absorption leads to cascade ionization 

[38]. Furthermore, the tissue surface is instantly excited, ionized and vaporized into an 

extremely hot vapor plume, known as a ‘‘plasma plume”, with three main regions: the core, the 

mid-region and the outer-region. The core, located near the target surface, is the hottest and 

densest region (ionization state). The mid-region is where ions and neutrals (atoms combined 

with molecules) coexist due to the ongoing ionization and recombination process. The outer-

region is relatively cold and may absorb the radiation from the core and mid-regions of the 

plasma. The shock wavefront produced by the explosive expansion of plasma travels ahead of 

the plasma plume. Nearly 30–50 ns later, the front has decelerated to a standard acoustic wave. 

Plasma creation initiates during the laser pulse and continues for a few nanoseconds, the time 

required by the free electrons to diffuse into the surrounding medium [42]. Therefore, by 

placing an ASW sensor at a certain distance from the source, pressure (ultrasound) waves can 

be measured and converted into an electrical signal.  
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Figure 5. Schematic of laser-induced plasma [46]. 

 

 

2.2.3. Acoustic Sensors 

2.2.3.1. Transducer-based Sensors 

Sensors for measuring ASWs mainly consist of piezoelectric transducers (PZTs) and air-

coupled transducers (microphones) that convert the spherical wave front into electrical signals 

[46-48]. Piezoelectric transducers combined with gel or water are used for direct contact 

acoustic detection to avoid the impedance mismatch with air. Air-coupled transducers (ACTs) 

are used to fulfil the need for contactless measurement. ACTs have a fundamentally low 

mechanical impedance mismatch with air, which permits broader bandwidth, good sensitivity 

— expressed as the least detectable signal pressure amplitude. For acoustic sensors, sensitivity 

is defined in relation to the noise level of the detector expressed in pressure units and is referred 

to as noise-equivalent pressure (NEP). Acoustic coupling abolishes the need for complex 

matching layers, which is generally used in piezoelectric transducers [49]. The signal-to-noise 

ratio (SNR) for air coupled transducers is less than that of the PZTs in direct contact. 

Furthermore, the -3 dB bandwidth of commercial transducers do not typically exceed 900 kHz, 

while ASW spectra extend beyond 1 MHz [19]. The restricted bandwidth and resonance of 

frequency response associated with such transducers result in significant distortions of the 

measured waveforms and in overestimation of shock rise times [50].  

    In contrast, miniaturized optical detectors do not suffer from restricted bandwidth. To 

illustrate, piezoelectric elements with diameters of ~1 mm generate a usable bandwidth of 

16 MHz. Optical fiber-based sensors with an active area of only 0.13 × 0.27 mm2 can provide a 

usable bandwidth of 77 MHz [51, 52]. Thanks to its large bandwidth, compact optical sound 

sensors can be considered a universal technology for different optoacoustic spectroscopy and 

imaging applications that use non-contact measuring procedures [22, 53, 54].  

 

 

 

Outer-region (mostly neutral) 
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2.2.3.2. Optical-based Sensors  

Refractometry and interferometry are the two most common optical methods currently used for 

detecting acoustic or shock waves [51, 55]. Refractometry-based detection utilizes the 

photoelectric principle, such that when an ASW interacts with a medium, it induces mechanical 

stress in that medium, which causes the refractive index (RI) to vary proportionally with the 

mechanical pressure [56, 57]. The method can detect variation in the RI at the interface between 

two adjacent media or of a single medium using a probing or interrogating laser beam, in 

response to traveling ASWs (Fig. 6). Variation in the deflected angle, phase or intensity of the 

interrogating beam is measured using an optical detector, such as a photodiode (PD), thereby 

offering information about the ASW signal measured. 

     Interferometric-based methods detect variations in the optical interference patterns 

generated by ASWs. Interference pattern variation is due to the ASW pressure that can interact 

directly with the interrogating beam, vary the resonance frequency, or cause reflector vibration. 

Depending on how the interferometer is configured, interference pattern variations are triggered 

by changes in the free path, the optical wavelength, or the optical phase (Fig. 6-10). The 

resulting variations in intensity or frequency of the interferometer output are measured by a 

photodiode or a wavelength meter and generate information about the ASW signals. The 

following section focuses on the operating principles of refractometric and interferometric 

approaches in optical ASW sensors and discusses the respective benefits and drawbacks for 

biomedical applications.  

 

❑ Refractometry 

Intensity-detection methods 

 The light intensity of an optical incident beam shining on an interference between two 

transparent media of different RI — for example, a prism placed between water and glass — 

varies when ASWs at different intensity values pass through the inference (Figure 6). Hence, 

ASW measurement is accomplished by using a photodetector to measure illuminance as the 

light intensity changes. Two basic designs are used to implement intensity-detection methods. 

The first involves splitting an interrogating beam into two polarized components and measuring 

ASW-induced variations in intensity in each reflected component individually (Figure 6a). This 

design diminishes noise in the interrogating beam by computing the reflectance ratio of the two 

components, thereby enhancing the SNR of the light intensity changes [58, 59]. The second 

design creates a surface plasmon resonance such that ASWs affect the interrogating beam by 

changing the plasmons at the water-prism interface (Figure 6b). For this design, a metal-

dielectric interface (MDI) coats the bottom of a prism, while a polarized interrogating beam is 

necessary to generate surface plasmons at the water-prism interface. After fulfilling the 

resonance conditions for generating plasmons, ASW variations at the water-prism interface 

alter the light-plasmon coupling, producing variations in the intensity of the reflected 

interrogating beam [60-62]. The intensity-detection method is more suitable for measuring high 

frequency ASWs. While ASW measurement is possible over a wide range of 1–180 Mpa [63, 

64], this method shows poor sensitivity for typical optoacoustic signal pressures, which are 

usually less than 0.1 kPa. Additionally, as the optical beam passes through a prism, objectives 

with relatively low aperture and longer working distance become mandatory for optoacoustic 

microscopy [58]. Therefore, intensity-detection methods are inefficient for optoacoustic 

microscopy applications.  
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Figure 6. Intensity detection system: (a) ASW detector based on the polarization-dependent 

reflection of the beam at the water-prism interface and on (b) the reflectivity of the beam at 

the interface. PD – photodiode; BAP – balance amplified photodetector; PBS – polarization 

beam splitter; MDI – metal-dielectric interface. 

 

Deflection-detection methods 

ASW measurement is based on the deflection of the interrogating beam intersecting the ASW 

field as illustrated in Figure 7 [65, 66]. ASWs vary the RI of the medium around the interrogating 

beam, which is deflected according to the pressure gradient of the ASW. A position-sensitive 

detector, such as a quadrant photodiode, is needed to detect the deflection. In contrast to intensity-

detection methods where the frequency bandwidth is estimated based on the photodiode rise time 

only, deflection-detection requires both the photodiode rise time and a very small interrogating 

beam diameter, capable of measuring a very large bandwidth. For example, the quotient of the 

speed of sound in dry air at 20 ºC with an interrogating beam diameter of 10 µm, yields a 

theoretical bandwidth of 34 MHz [66]. Based on this method, an acoustic-optic beam 

deflectometry (AOD) experimental approach was designed for non-destructive testing of 

material. AOD sensitivity is comparable to that of 12Pa piezoelectric transducers and therefore 

suitable for optoacoustic microscopy applications [65]. Additionally, AOD can be used in 

applications where image resolution is defined by the optical resolutions of the system, such as 

in optical-resolution optoacoustic microscopy [65, 66]. One constraint of AOD setups is that the 

interrogating beam must be narrowed, focused and guided through the medium, near the ASW 

source. This setup limits the space of optoacoustic microscopy and tomographic setups that 

require optical guiding components to shine on samples, and further reduces the space available 

for the interrogating system. In AOD, the existing algorithms for reconstructing tomographic 

images do not consider how multiple ASW sources interact with the interrogating beam, which 

suggests that AOD cannot yet be applied in optoacoustic tomography. 

 
Figure 7. Schematic of a single-beam reflectometry; QPD – quadrant photodiode. 
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Phase-detection methods 

This approach to measuring ASWs consists of detecting the acoustic pressure field (P) by 

measuring the phase shift (Ɵ) of a highly collimated interrogating beam [67]. An ASW 

propagating through a transparent medium changes its RI field. The RI changes produced by 

the ASW causes the interrogating beam to defect from the original path or scatters some 

electrons in the beam (Eq. 1).  

𝜃 =  
2𝜋

λ
⨯

d𝑛

d𝑃
∫ 𝑃 ⨯ dᴢ  

(1) 

Here, λ is the wavelength of the interrogating beam and dn/dP is the elasto-optic coefficient of 

the medium in which the ASW field interacts with the beam. To positively or negatively 

contrast the ASW field, the in-phase photons or out-of-phase photons are selectively removed, 

respectively. Phase selection is accomplished by tightly focusing the perturbated interrogating 

beam through a spatial filter in the Fourier plane. Then, through a lens, the beam is recollimated 

and collected using the complementary metal-oxide-semiconductor (CMOS) or a charge-

coupled device (CCD) camera. From the intensity map of the ASW field generated by the 

camera, a two- or three-dimensional (3-D) image of the ASW signal source can be converted 

using ordinary tomographic reconstruction techniques.  

     Phase-sensitive detection methods are already widely used to characterize ASWs and can 

detect ASWs with a bandwidth of 110 MHz and an NEP of less than 5.1 kPa [68, 69]. Due to its 

bandwidth and sensitivity, phase-sensitive ASW detection is often implemented in optoacoustic 

tomography using a variety of experimental setups, such as shadowgraph and Schlieren 

photography [57]. The shadowgraph and Schlieren techniques use light deflection methods to 

measure media and interference methods based on the variations of optical path lengths, that is, 

on the phase [57, 70, 71]. We refer to the ‘schlieren object’ when analyzing the influence of the 

object on light, and to the ‘phase object’ when analyzing its influence on the optical paths. Both 

techniques are optical systems that project line-of-sight information onto a camera or viewing 

screen. They are based on light intensity and light ray detection; therefore, a good white light 

source is essential. Although qualitatively useful for any phenomenon, the techniques are best 

suited to two-dimensional (2-D) or axisymmetric phenomena, as they integrate information 

along the light ray path.  

     In shadowgraph, when there is no object (disturbance) present in the field of view, the 

collimated light source illuminates the screen uniformly (Figure 8a). However, if there is an 

object in place, some light rays from the original light source will refract, bend, and deflect, 

producing a shadow known as a shadowgram.  The optical inhomogeneities of the object 

reallocates the screen illuminance as the light intensity changes. In the shadowgram, the 

variances in light intensity are proportional to the second spatial derivative or Laplacian of the 

refractive index field in the transparent medium under investigation. The main drawback of this 

technique is that when the distance from the transparent disturbance to the generated shadow is 

too large, the shadow no longer produces meaningful information about the disturbance that 

caused it. Therefore, shadowgraph techniques are primarily sensitive to sharp variations of 

acoustic pressure, while gradual ASW pressure differences are lost [50].  

     Schlieren techniques are more sensitive and can measure an entire waveform [71]. In 

contrast to shadowgraph, the Schlieren technique requires a sharp cut-off of the refracted light, 

such as a knife-edge. Figure 8b shows a simple schlieren set-up using a knife-edge positioned 

at the focal point of the second lens. When introducing an object such as acoustic pressure in 

the field-of-view, light rays bend away from their initial paths. The refracted rays are no longer 

on the focal spot of the optical setup. The rising-deflected ray illuminates a spot on the screen, 

while the falling-deflected ray touches the knife-edge, producing a dark spot against a bright 
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background. Thus, the vertical gradient of the refractive index is transformed into an amplitude 

difference. In general, as light intensity changes, the illuminance of the Schlieren image 

corresponds to the first derivative of the refractive index in a direction perpendicular to the 

knife-edge. 

 
Figure 8. Phase-detection system: (a) schematic of a shadowgraph and (b) a Schlieren setup. 

 

❑ Interferometry 

Interferometer-based methods offer the highest sensitivity [72-75]. The physical characteristics 

of the propagated ASWs (i.e. displacement, pressure) cause spatiotemporal variations of the 

light’s RI. Changes to the RI causes variation in the physical characteristics of the interrogating 

beam (i.e. optical path length, wavelength, phase) in the optical interferometer system. A 

photodetector identifies the altered characteristics and converts them into a voltage signal 

corresponding to the pressure of the ASW. Consequently, the NEP of an interferometric ASW 

detector is based on the efficiency with which ASW variations are converted into alterations in 

light characteristics in the interferometer system, and also on the sensitivity of the optical 

detector system to detect those alterations [51]. Recently, it has been demonstrated that a laser 

Doppler vibrometer (LDV) provides a bandwidth beyond 10 MHz, which is suitable for 

measuring the spatial pressure distribution of ASWs [23]. Nevertheless, a cheaper solution of 

comparable performance is also possible with the Michelson interferometer (MI), Mach-

Zehnder interferometer (MZI), fiber Bragg grating (FBG), or Fabry-Pérot interferometer (FPI)  

[19, 76, 77].  

     In the MI and MZI, a continuous wave (CW) laser source provides the light source. A beam 

splitter divides the incident laser beam into an interrogating beam and a reference beam, each 

with the same path length (Fig. 9). The two beams are combined at the interferometer output 

and their interference can be detected by a photodiode; ASW-induced variations in the 

interrogating beam path produce comparative variations in the intensity of the recombined beam 

[78, 79]. The two beam interferometers are typically applied in free space or fiber-based designs 

[80-83]. For fiber-based MZIs, ASW signals with a bandwidth of 5 MHz and sensitivities less 

than 180 Pa were observed [84]. With such limited sensitivity, this method can only be used for 

low bandwidth ASW signals and is inadequate for optoacoustic spectroscopy.  In order to enhance 

the sensitivity and bandwidth, a free-beam MZI was developed with a sensitivity of 100 Pa and 

a bandwidth of 17 MHz [80]. 
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Figure 9. Interferometric ASW detectors: (a) Phase detection in a Michelson interferometer 

and (b) in a Mach–Zehnder interferometer.  

 

     An alternative approach to improving sensitivity and bandwidth is to detect ASWs in an optical 

resonator or cavity. In this setup, the interrogating beam is confined to a small volume resonator, 

extending the interaction between the ASW and the beam, thereby enhancing the sensitivity of 

the beam to acoustic or shock variations. Furthermore, it is well known that ASWs propagating 

either parallel or perpendicular to the interrogating beam can be detected using an optical 

resonator, depending on the geometry. Thus, using a micron-scale resonator allows 

miniaturization of the complete sensor system, since the ASW variation disturbs only the beam 

within the optical resonator. The most sensitive and compact optical sensor with a large 

bandwidth is currently the Fabry-Perot interferometer (FPI). FPI sensitivities are less than 50 Pa 

and bandwidths are as much as 40 MHz [85]. The most recent Fabry-Pérot-based sensors include 

a diaphragm (membrane) and an in-line fiber etalon [86, 87]. The diaphragm is flexible and 

subject to deformity caused by the mechanical effects of the ASW. Another sensor design uses 

a movable part to sense the inbound ASWs. However, the diaphragm has an intrinsic self-

resonant frequency, an undesirable trait that induces bumpiness in the frequency response of the 

sensor [88]. In contrast, the fiber-coupled Fabry-Pérot etalon is a diaphragm-free optical 

microphone. The undesirable self-resonant frequency is therefore not an issue with this device. 

The etalon uses two stable mechanical parts, while the incoming ASW is detected in the optical 

cavity between the mechanical parts (Figure 9a). The sensor measures pressure via refractive 

index changes of the medium in the optical cavity, which are directly proportional to the density 

changes produced by the incoming ASW. The sensor is mechanically stable and easy to calibrate 

[87, 89].  

     Another compact optical sensor for detecting ASWs with both high sensitivity and bandwidth 

uses fiber Bragg grating (FBG) (Figure 10b). The FBG-based sensor can deliver a sensitivity 

of 100 Pa and bandwidths up to 77 MHz [51]. Therefore, both FBG or FPI are suitable for 

measuring phase objects, such as ASW fields, for tissue classification during laser cutting. ASW 

properties measured by the FBG or FPI sensors can be used to optimize tissue classification 

during laser ablation and serve as an optoacoustic feedback system [41]. Due to its compact 

size, potential applications ideally include minimally invasive measurements, such as for 

medical endoscopy. 
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Figure 10. Resonator geometries for ASW detection: (a) Fiber-coupled Fabry-Pérot 

etalon is a diaphragm-free optical microphone and (b) a phase-shifted fiber Bragg grating 

based sensor. The optical beam in the resonator is blue.  
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Chapter 3 
 

 

3. Investigating Classification Performance of Acoustic 

Waves for Feedback System  

 

3.1. Mahalanobis distance-based method 

Introduction 

We initially classified four tissue types — hard and soft bone, muscle, and fat from a proximal 

and distal fresh porcine femur — during laser ablation by measuring the acoustic shock waves 

(ASWs) generated with a conventional air-coupled transducer and by processing the 

information (average of three spectra) using principal component analysis combined with the 

Mahalanobis distance-based method. It was possible to classify ablated hard bone from 

surrounding tissues.  

 

Publication. The findings were published in1New Trends in Medical and Service Robotics, 

MESROB 2020 [2].2 

 

 

                                                           
1Doi.: 10.1007/978-3-030-58104-6_23. 
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3.2. Comparing Machine Learning-Based Methods 

Introduction 

We compared the performance of several machine learning-based methods and extended the 

number of tissue types to classify, from four to five, during laser ablation. Overall, the error rate 

when classifying hard tissue from soft tissue types was lowest (best) with the artificial neural 

network but classification between soft tissues remained a challenge. 

 

Publication. An account of the proposed approach was published in32020 Lasers in Surgery and 

Medicine, with peer review [90].  

                                                           
3https://doi.org/10.1002/lsm.23290  

https://doi.org/10.1002/lsm.23290
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Chapter 4 

 

4. Wideband Optoacoustic Feedback System for Tissue 

Classification 

 

Introduction 

The publication presented in this chapter described a new method of tissue classification during 

laser osteotomy. We recorded the acoustic shock waves generated by tissue ablation using a 

custom Mach-Zehnder interferometer. The resulting waveforms were transformed into the 

frequency domain. The amplitudes of the spectra were split into discrete frequency bands, 

which were then used as input for principal component analysis (PCA) to characterize the 

signals. Overall, the method proved to robustly classify hard bone and soft tissue but it is not 

ideal for classifying soft bone and fat tissue. However, when comparing tissue classification 

performance, the ASWs measured by the custom Mach-Zehnder interferometer produced fewer 

classification errors when distinguishing between soft tissue types than the air-coupled 

transducer. 

 

Publication. The proposed method was published in42019 IEEE Transactions on Ultrasonics, 

Ferroelectrics, and Frequency Control, with peer review [4].

                                                           
4https://doi.org/10.1109/TUFFC.2019.2923696 

https://doi.org/10.1109/TUFFC.2019.2923696
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Chapter 5 
 

5. Miniaturized Optoacoustic Feedback System for 

Minimally Invasive Laser Surgery 

 

Introduction 

Based on the interferometer approach, we designed and built a fiber-coupled Fabry-Pérot etalon 

sensor as an alternative and compact optical sensor for measuring acoustic shock waves 

(ASWs). A miniaturized etalon cavity was built to fit into a 5 mm diameter endoscope for 

minimally invasive smart laser osteotome. The collected data were subsequently investigated 

by looking at the amplitude frequency band to find the lowest classification error. Tissue 

classifications were carried out using the best-performing machine learning method as 

described in the previous chapter — principal component analysis (PCA) combined with an 

artificial neural network (ANN) —. The best classification accuracy (100 %) was found for hard 

bone, while the worst accuracy (88.89 %) was found for fat. 

 

Publication. The proposed design was published in52020 Sensors and Actuators A: Physical, 

with peer review [91].

                                                           
5Doi.: 10.1016/j.sna.2020.112394 
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Chapter 6 
 

6. Optoacoustic Sciatic Nerve Detection for Minimally 

Invasive Smart Laser Surgery 

 

Introduction 

With the proposed feedback detection system, it was possible to classify five tissues types —

hard bone, soft bone, fat, muscle, and skin — extracted from proximal and distal fresh porcine 

femurs. In this work, we enhanced the feedback system by adding sciatic nerve tissue and 

classifying it against the five tissue types using laser-generated acoustic shock waves (ASWs). 

Tissue classification was carried out using the best-performing machine learning method as 

described in a previous chapter — principal component analysis (PCA) combined with an 

artificial neural network (ANN).  

 

Publication. An account of this experiment is ready for submission to62020 Journal of 

Biophotonics, with peer review.

                                                           
6https://onlinelibrary.wiley.com/journal/18640648 

https://onlinelibrary.wiley.com/journal/18640648
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Chapter 7 

 

 

7. Discussion and Conclusions  

7.1. Discussion 

This work aimed to develop an optoacoustical feedback system to fit into an endoscope and to 

design an efficient optical detection method of ASWs for tissue classification in smart laser 

surgery. The novelty of this Ph.D. research was measuring the generated ASWs using advanced 

optical technologies and extracting important features for tissue classification. To achieve this 

goal, ASWs were characterized for hard and soft bone, muscle, fat, and skin from five, fresh 

proximal and distal porcine femurs during laser ablation [15]. 

In a first approach (Chapter 3), an optoacoustic system was developed and ASWs were 

collected using standard ACT. Following that, an appropriate algorithm for classifying tissues 

based on the ASWs measured was identified and implemented. It was found that PCA combined 

with an ANN performed best, compared to the Mahalanobis distance and support vector 

machine-based method. This method (PCA+ANN), however, suffers from higher classification 

error due to the limited bandwidth of commercially available microphone transducers (typically 

less than 1MHz) [19].  

In the second approach (Chapter 4), the sensitivity of ASW-based classification was enhanced 

by developing a custom-made, free-space Mach-Zehnder interferometric sensor. The results of 

this optical method achieved bandwidths up to 2.5 MHz, making it very sensitive to abrupt 

changes in pressure [4, 25]. The results also demonstrated that Mach-Zehnder interferometer-

based optoacoustic measurement, combined with Mahalanobis distances, produced fewer errors 

than when ASWs were measured by ACT. In other words, optical methods performed better 

than standard ACTs for measuring ASWs. 

    Miniaturization of the ASW feedback sensor is also essential so that it can fit into the 

endoscope currently being developed by our collaborators [92-94]. Early iterations of the 

feedback system were designed with a microphone and Mach-Zehnder interferometer in free 

space and were bulky [15, 24, 25]. Therefore, the final aim was to develop a compact 

optoacoustic feedback sensor capable of classifying tissues during laser osteotomy. The compact 

sensor was meant to have at least the same usable bandwidth of the previous sensor design [4]. 

Therefore, in the third approach (Chapter 5), we built the first prototype of a miniaturized 

optoacoustic system using fiber optics. Currently, the cavity of the custom-made, fiber-coupled 

Fabry-Pérot etalon sensor can fit into a 5 mm×5 mm endoscopic robot for minimally invasive 

smart laser surgery. It should be noted that the bandwidth (frequency response) of the optical 

sensor was up to 4.5 MHz (higher than the one in free space). The corresponding directivity 

response measured showed that the polar plot presented a relatively flat directional response 

over a 360º angle. Furthermore, tissue classifications using the ANN-based method showed 

comparative performance when collecting ASWs with both optical methods. Therefore, optical 

methods are a promising technique for simultaneously differentiating tissue types. 
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    The feedback detection method proposed here has been designed and customized to classify 

tissues extracted from femurs. However, it is possible to train the system to differentiate tissues 

from other body parts, such as skull, lungs and other nerves. Chapter 6 gives evidence of this 

possibility, where sciatic nerve tissue was classified against other tissue types, using laser-

generated ASWs.  

 

7.2. Further Research 

Despite indicating that the method is already well-suited for application in laser surgery, there 

are still numerous opportunities for enhancing it. For example, it is likely possible to make the 

optoacoustic sensor system fully automatic. Similarly, the set of data from the ASWs measured 

by the custom-made miniaturized sensor could be used to train the ANN for automatic tissue 

classification. To classify the measured data in real-time, machine learning combined with 

parallel computing, such as CUDA, could be explored. 

    Furthermore, incision depth was monitored and reported during laser ablation using ACT 

[18, 21]. Collecting data with the optical sensor for depth control could be one area for research. 

Incision depth could be useful, complementary information for the feedback mechanism and, 

therefore, could be integrated into the current feedback system to simultaneously classify the 

ablated tissue and monitor incision depth in real time. This research has already been started by 

another member of the same project and can be understood as a prolongation of the current 

work [95]. Additionally, during laser ablation, carbonization can occur on the surface of the 

ablated tissue; to avoid it, feedback to classify normal from carbonized bone tissue is desirable. 

Last but not least, in real scenarios, tissues are connected to each other, therefore, transitioning 

between two tissues types (i.e. hard and soft bone) should be investigated.  

  

7.3. Conclusion 

Based on the results of the hardware and software developed, it is very likely that this method 

can be used in laser surgery applications. When comparing the accomplishments of this work 

to the goals of the Ph.D. thesis, indeed, a method was found to successfully ablate and classify 

tissues in ex-vivo experiments. Nevertheless, it is not yet possible to implement the method in 

real time, even though the computational time has already been considerably enhanced across 

publications. Instead, the practicability of the method was proved in ex-vivo experiments. To 

make the proposed approaches accessible to the scientific community, unused results will 

continue to be published in high impact scientific journals. 
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Appendix 

 

 

Optoacoustic Feedback Systems Using Air-Coupled Transducer 

or Fiber Brag Grating in Long-Pulsed Laser Ablation 

 

Introduction 

The publication presented in this appendix is based on results obtained from an optoacoustic 

system established by a scientific collaborator. In this experimental system, we ablated porcine 

bones with a 1-micron pulsed fiber laser, delivering long pulses at the millisecond range. We 

also measured acoustic shock waves generated during the ablation process using an air-coupled 

transducer and fiber Bragg grating, to identify the type of tissue (muscle or bone) to be ablated. 

Principal component analysis of the measured acoustic waves and Mahalanobis distances were 

used to differentiate bone and muscle under wet conditions. Bone and muscle ablated in wet 

conditions demonstrated a classification error of less than 6.66 % and 3.33 % when measured 

by a microphone and a fiber Bragg grating, respectively. 

 

Publication. The findings were published in72019 MDPI Materials Journal, with peer review 

[24].

                                                           
7DOI: 10.3390/ma12081338. 
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