
Chapter 5
Modeling the Laser Ablation Process

This chapter focuses on the problem of modeling the laser ablation process from a
geometrical point of view. The objective is to create a model capable of describing
the laser incision depth based on the knowledge of the laser parameters and inputs.
The discussion starts with a statement of the problem, which is defined in terms of a
supervised regression. Our approach is compared with existing heuristic models for
the prediction of ablation depth.

Multiple parameters influence the laser ablation process. With regard to the sur-
gical equipment in use today, these are laser power, delivery mode, pulse duration,
scanning frequency. To fully understand the effects of these parameters, first we
report on controlled experiments where only one parameter at a time is modified and
the resulting depth of incision is examined.

The incision depth is modeled as a function of the laser exposure time. The inverse
model is also extracted, which allows to calculate the exposure time required to reach
a given incision depth. This inverse model is used in a feed forward setting, to prove
the concept of the automatic incision of soft tissue. In addition, we demonstrate
how the model can be used to implement the automatic ablation of entire volumes
of tissue, through the superposition of controlled laser incisions. The chapter is
concluded by a discussion of the findings for the depth estimation model, whose
accuracy is considered from a clinical perspective.

5.1 Preliminary Considerations

The hypothesis formulated in Sect. 3.4 seeks to find a function f that relates the depth
of the etch created by thermal laser ablation with the laser parameters. The geometry
of the problem is illustrated in Fig. 5.1, which shows the creation of an incision
by means of laser scans on a tissue target. The same simplifying assumptions used
for temperature modeling are made here, i.e. that the slab of tissue presents a flat
surface and that the laser is normally incident with respect to it. Without any loss
of generality, here we restrict the motion of the laser to a straight line l, facilitating
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Fig. 5.1 Laser incision of
soft tissue: rapid scans of the
laser beam along an incision
line l vaporize overlying
layers of tissue with each
pass. This process creates a
crater on the surface of
tissue, with depth d

the description of the methodology. The depth d of the incision depends on the
combination of the following laser parameters: the laser power P , pulse duration
τ , beam scanning frequency ωs , plus the total laser exposure time texp. Because of
the continuous nature of the output variable d, our problem is formulated in terms
of a supervised regression problem: input/output data pairs are collected in order to
understand and model the relation between the laser parameters and the resulting
ablation depth.

Although the process we seek to model involves nonlinear physical phenomena,
simple linear models exist in the literature, that provide predictions for the ablation
depth based on the amount of laser energy delivered to the tissue [1].The analysis of
these models provides useful directions to understand the nature of function f and,
thus select an appropriate regression method for its approximation.

Prior research in the domain of laser-tissue interactions has established that the
amount of material removed by thermal ablation depends primarily on the spatial
distribution of energy density E [1, 2]. Estimations for the laser ablation depth can be
computed by means of simple heuristic models. These are based on the assumption
that material removal occurs as a continuous steady-state process, i.e. at a fixed,
time-invariant rate. This assumption is legitimate if long laser pulses are used, i.e.
τ > 1µs [1].

In a steady-statemodel, the removal of a unitmass of tissue requires the absorption
of a fixed amount of energy, quantified by the ablation enthalpy habl (J · kg−1).
Assuming a tissue with uniform density ρ, the relation between the depth of ablation
d and the applied energy density E is described by [1]

d = E − Eth

ρ · habl
, (5.1)
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where Eth is the ablation threshold, i.e. the minimum amount of energy required to
initiate the material removal process. Such threshold depends on the coefficient of
absorption of tissue μa , according to the following relation

Eth = ρ · habl

μa
. (5.2)

Because of their simplicity, thesemodels allow for a rapid, albeit rough estimation
of the ablation depth. In practice, their application requires a prior determination of
the ablation enthalpy habl , which is not straightforward to accomplish. Based on
Eq.5.1, this quantity can be estimated as the slope of a linear fitting between the
ablation depth and the energy density,

habl = ΔE

ρΔd
. (5.3)

Nonetheless, this empirical method assumes that the energy density E emitted by
the laser is entirely absorbed in the tissue: this assumption may not hold under all
circumstances, since numerous factors exist that induce attenuations or alterations
of the laser beam. For instance, previous studies have shown that absorption losses
in the ablation plume can attenuate the laser energy up to 40 % of its theoretical
value [1].

Despite the applicability issues mentioned above, steady-state models provide a
basic understanding of the energetics of thermal ablation processes. These models
postulate a linear relation between the ablation depth and the laser energy density
E. This is surprising, especially in the light of our knowledge of the mechanisms
involved in thermal ablation processes: the deposition of laser energy within tissue
determines the onset of complex physical interactions, most of which are nonlinear
in nature. Nonetheless, experimental studies show that under specific circumstances
the relation between laser energy and ablation depth can be as simple as a linear
function [3, 4], suggesting that the magnitude of nonlinear effects is neglectable.

5.2 Influencing Parameters

Our approach aims to extend the framework of steady-state models, investigating the
individual contribution of each of the laser parameters. Understanding and modeling
these contributions will allow for the creation of more explicit models of ablation
depth, that use the same set of inputs used by clinicians during surgery, thus being
straightforward to implement in a surgical context.

In this section we describe the experiments carried out to determine the influence
of the energy delivery mode and the frequency of the laser scanning motion on the
depth of incision produced by the laser exposure.
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5.2.1 Influence of Energy Delivery Mode

Laser sources allow to control the rate of energy transfer by means of different
delivery modes. In general, a delivery mode is defined by a function m(t), which
affects the energy density being delivered to the target according to the following
equation:

E =
∫ texp

0
I m(t) dt. (5.4)

An example is shown in Fig. 5.2, where the effects of two different delivery modes
are contrasted: Continuous Wave (CW) and Repeated Pulse (RP). Using pulsed
irradiation, the energy delivery process is slower, thus requiring additional exposure
time to produce the same amount of energy density. When using the RP mode, the
pulse duration (τ ) needs to be configured. The laser source used in our experiments
does not allow for an arbitrary value of duty cycle. Given a pulse duration, laser
pulses are produced according to the following modulating function

m(t) =
∑

k

(k)−1H(t − kτ), k ∈ N, (5.5)

where H(t) is the Heaviside step function.
Here, the quantification of the effects of delivering the same amount of energy

through different delivery modes was performed experimentally. To exclude the
effects of laser motion on the resultant depth, single point incisions were performed,
i.e. no scanningmotionwas applied to the laser beam, (ωs =0). For these experiments,
laser power was kept constant (P = 2W). We compared the effects of CW and RP
(τ = 0.5s) for increasing values of energy. The experiment involved three pairs

Fig. 5.2 Power densities transferred to tissue by a laser source (I = 1 W · mm−2) by means of
Continuous Wave (CW) and Repeated Pulse (RP) modes. For the RP mode, a pulse duration of
0.5 s and a duty-cycle of 50% are considered. Reproduced from [5] with kind permission from John
Wiley & Sons, Ltd
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of experimental conditions. for each pair, we fixed the amount of energy involved.
Experimental units were determined on the basis of actual values of energy used
during real surgical interventions. Assigned values were 6, 10 and 15 joules. We
performed ten repetitions for each configuration, resulting in a total of sixty ablations.
Agar-based gel targets were used for this experiment.

Results

The examination of the produced ablation craters is illustrated in Fig. 5.3. Results
are presented in Fig. 5.4. As expected, increasing energy densities resulted in deeper
ablation craters. The experiment revealed that the ablation depth depends not just
on the applied energy density, but also on the delivery mode. Under fixed energy
conditions, the CW mode was found to produce, on average, deeper ablations. The
difference between the mean ablation depths obtained in RP and CWwas significant
for values of energy equal to 10J (p = 0.0125) and 15J (p = 0.0011). In contrast, the
difference was not significant at 6J (p = 0.0823).

Fig. 5.3 Ablation crater
produced on 2% agar-based
gel target. The resulting
depth of incision d is
indicated

Fig. 5.4 Results of ablation
depth produced with
different energy delivery
modes in agar-based gel
targets. Reproduced from [5]
with kind permission from
John Wiley & Sons, Ltd
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Table 5.1 Mean (d̄), standard deviation (σ ) and coefficient of variation (cv) of ablation depths
produced on agar-based gel targets through different delivery modes

Energy (J) Delivery Mode d̄ (mm) σ (mm) cv (%)

6 CW 1.619 0.266 16.4

RP 1.410 0.162 11.4

10 CW 2.215 0.267 12.0

RP 1.869 0.206 11.0

15 CW 3.075 0.254 8.2

RP 2.421 0.356 14.7

Reproduced from [5] with kind permission from John Wiley & Sons, Ltd

Fig. 5.5 Models of ablation
depth in agar-based gel
targets for Continuous Wave
(blue) and Repeated Pulse
mode (RP, red). Reproduced
from [5] with kind
permission from John Wiley
& Sons, Ltd

Table5.1 shows the average depth of incision for all the experiments; standard
deviation and coefficient of variation are also listed. Observed variabilities have a
marginal significance, as the coefficients of variation are all well below 20%.

Further analysis of experimental data reveals that, once a delivery mode has been
fixed, the ablation depth depends linearly on the applied exposure time. A simple
linear regression is able to model the relation between these two quantities (Fig. 5.5)
for both CW and RP. In both cases, the fitting error (normalized mean squared error,
nMSE) is 0.02%.

5.2.2 Influence of Scanning Frequency

Surgeons produce incisions by means of scans, i.e. movements of the laser beam
along a trajectory on the surface of the tissue. The robotic platform used in this
research [6, 7] offers automatic laser scanning, allowing for fast scans at a controlled
frequency. Prior research has shown that there is a correlation between the speed of
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motion of the laser and the resulting depth of incision in hard tissue [4]. We wish
to determine if a similar relation holds true for soft tissue. Therefore, an experiment
was performed to determine the influence of the laser scanning frequency on the
depth of the resulting incision.

The laser beam was fired on the flat surface of agar-based gel targets, while it
was automatically scanning along a line of fixed length (l = 4.6 mm). The scanning
frequency was controlled through the scan time (ts), which defined the time needed
to move the beam back and forth along the pre-defined scan line. Three different
values of scan time were considered: 30, 50 and 100 ms. We explored the effect
of these speeds at increasing values of exposure time: 3–6s with increments of 1 s.
These values of scan time and exposure time are consistent with values typically used
during surgery. For each combination of scan time/exposure time, nine repeated trials
were executed, resulting in a total of 108 incisions. Constant laser power (3W) and
delivery mode (CW) were used throughout the entire experiment.

Results

Results are shown in Fig. 5.6. Depending on the scan time, different depths of incision
were obtained. The collected data shows that there is a correlation between scan
time and the depth of the resulting incision cavity. Specifically, longer scan times are
observed to produce deeper incisions.

Statistics of variability for these experiments are reported in Table5.2. With
respect to the energy delivery mode experiment, results are more uniform: observed
standard deviations are one order of magnitude smaller, while the coefficients of
variation are all below 13%.

Fig. 5.6 Incision depths
produced through different
combinations of laser scan
time/exposure time in
agar-based gel targets.
Reproduced from [5] with
kind permission from John
Wiley & Sons, Ltd
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Table 5.2 Mean (d̄), standard deviation (σ ) and coefficient of variation (cv) of ablation depths
produced on agar-based gel targets through different values of scan time (ts )

texp (s) ts (ms) d̄ (mm) σ (mm) cv (%)

3 30 0.50 0.064 12.91

50 0.63 0.037 5.9

100 0.86 0.073 8.54

4 30 0.52 0.028 5.4

50 0.77 0.056 7.32

100 0.75 0.041 5.6

5 30 0.65 0.03 4.57

50 0.69 0.045 6.69

100 0.78 0.065 8.4

6 30 0.59 0.066 11.27

50 0.72 0.081 11.27

100 1.04 0.072 6.99

Reproduced from [5] with kind permission from John Wiley & Sons, Ltd

Fig. 5.7 Models of incision
depth in agar-based gel
targets for different
combinations of scan
time/exposure time.
Reproduced from [5] with
kind permission from John
Wiley & Sons, Ltd

The combined influence of scan time and exposure time on the depth of incision is
presented in Fig. 5.7. A simple linear regression of data fits the dataset with an error
(normalized mean squared error, nMSE) of 0.6%. AGaussian mixture regression [8]
was also evaluated, resulting in a fitting error of 0.8%.

5.3 Incision Depth in Ex-Vivo Soft Tissue

During real interventions, surgeons set the laser parameters (power, delivery mode,
scan time) before the execution of an incision. Exposure time is the only variable
which is manipulated on-line in order to control the cutting process and the resulting
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incision depth. In this section, we focus on the relation between incision depth and
exposure time, with the aim of modeling it. Data used to produce this model was
collected during experiments involving laser incision of ex-vivo soft tissue (chicken
breast).

We propose that a function f exists, mapping the laser exposure time texp to the
resulting depth of incision d,

d = f (texp) (5.6)

Incisions were produced to obtain representative input/output data pairs
({t i

exp, di }i=1,...,m) from which the function f could be estimated.
The input range for these experiments was selected in order to include values

of exposure time typically used during real laser microsurgeries. The maximum
exposure time in those cases is restricted by the fact that long exposures can produce
thermal damage to the tissue [9, 10]. Surgeons aim to have an exposure time that is
long enough for cutting, but still sufficiently short to avoid extensive damage to the
surrounding tissue. Values of exposure time were chosen randomly in the selected
range (0.5 5 s). A total of 54 incision trials were performed (P = 3W , Continuous
Wave, ts = 0.1 s, l = 4.6mm).

Results

Typical incision craters observed during the examination of samples are shown in
Fig. 5.8. The results are shown in Fig. 5.9. It can be seen that the relation between laser
exposure time and incision depth is linear in this region of the input space. Collected
data was randomized and divided into a training set and a validation set of 28 and
26 data points respectively. A simple least square minimization produced a linear
estimation of the training set with Root Mean Square Error (RMSE) = 0.14mm. The
estimated rate of change of the depth was 0.28mm/s for the specific laser parameters
used. The accuracy of this model was evaluated on the validation set, where an error
(RMSE) of 0.10mm was obtained.

Fig. 5.8 Incision profiles produced with increasing exposure times (2.5, 3.5 and 4.5 s) and constant
power density, scanning frequency and length. In order to get a complete exposure of the crater
profile, targets were sectioned into thin slices (30 µm) with a cryostat microtome. Reproduced
from [11]
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Fig. 5.9 Depth of incision in
ex-vivo soft tissue for
different exposure times.
Reproduced from [5] with
kind permission from John
Wiley & Sons, Ltd

5.4 Inverse Model of Depth

Based on the linear model of depth derived in the previous section, here we create
an inverse model, capable of estimating the exposure time (t̃exp) required to achieve
desired incision depths (a∗),

t̃exp = f −1(a∗). (5.7)

This model is straightforward to obtain from the linear regression approximating
Eq.5.6. Implementing this model in the system, the exposure time is automatically
controlled given a reference instead of an action.

In order to verify the quality of the estimations, five controlled experiments were
conducted to estimate the prediction error. Table5.3 shows the depths automatically
obtained by the system when requiring a certain depth and using the inverse model.
Discrepancies between the desired and the actual depths yield an error (RMSE) of
0.12 mm (Fig. 5.10).

Table 5.3 Results of the five automatic laser incision trials

a∗ (mm) t̃exp (s) d (mm)

0.58 2.47 0.66

0.68 2.88 0.61

0.77 3.28 0.76

0.87 3.69 0.93

0.97 4.10 0.95

The desired depth a∗ is mapped to the required exposure time t̃exp through an inverse model. The
achieved depth d is reported in the rightmost column. Adapted from [12]
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Fig. 5.10 Tissue ablation by
incision superposition. Two
(or more) incisions can be
executed next to each other
to ablate entire volumes of
tissue

5.5 Ablation by Incision Superposition

Besides resecting tissue specimens and performing incisions, surgeons often require
to completely eliminate blocks of tissue as part of surgical procedures. In the medical
vocabulary this is known as ablation. This section presents a methodology to create
controlled ablations based on the superposition of multiple incisions (see Fig. 5.10).
The methodology uses the models of ablation depth derived in the previous section.

5.5.1 Ablation Model

Observing the linearity of the relationship between exposure time and incision depth,
and assuming other thermal effects can be neglected (e.g., melting, carbonization)
we hypothesize that the total effect of the laser exposure can be described as the sum
of elemental exposures. In the case of using n incisions in parallel, the contour of
the transverse plane h(x) is then given by,

h(x) =
n∑
i

ai · exp
(−(x − bi )

2

2σ 2
i

)
(5.8)

where bi represents the distance from the origin to the center of the i th incision.
Fig. 5.11 shows an ablation generated adding four incisions. Using the model in
(5.8) different strategies can be used to obtain the desired ablation depending on the
required characteristics. One such strategy is described below.
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Fig. 5.11 Ablation by incision superposition. The graph on the left illustrates the concept: here,
four incision profiles (solid blue lines) are combined to produce a larger ablation, whose profile is
represented by the dashed red line. The figure on the right shows the transverse plane of an ablation
cavity obtained by superimposing incisions on chicken muscle tissue. Adapted from [12]

5.5.2 Controlled Ablation

It can be shown that the sum of two identical Gaussians separated by a distance equal
to the double of its standard deviation, i.e., b1 = 0, b2 = 2σ , results in a function
whose maximum value is located in (x = σ) and is given by,

h(σ ) = 2 · a√
exp(1)

(5.9)

Furthermore, it can be shown that the value of h(x) is constant in an interval of the
input space centered around (x = σ ), i.e. the function here presents a flat profile.1

These conditions can be used to perform a controlled ablation through the super-
position ofmultiple incisions. A desired ablation depth (h∗) ismapped to the required
incision amplitude using (5.9). The required exposure time can be obtained using the
inverse model,

texp = f −1

(√
exp(1) · h∗

2

)
(5.10)

5.5.3 Ablation Assessment

In order to analyze the characteristics of the ablations, samples are examined under
a microscope and differences among the profiles are analyzed. Repeatability of the
ablation process can be studied defining a metric to compare among them. Ablation
profiles are segmented, measuring the values for total width as well as depth in three
different points of the crater (25, 50 and 75% of the total width). Such metrics are
described in Fig. 5.12.

1A proof is given in Appendix C.
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Fig. 5.12 Magnified view of an ablation profile created using the proposed automatic method.
The depth of ablation is sampled in regular intervals along the ablation width. These measures are
compared in order to evaluate the flatness of the ablation. Adapted from [12]

5.5.4 Results

Controlled Ablation

Four controlled ablations were created using the presented methodology. Given a
desired ablation depth h∗ = 1.0 mm, two incisions in parallel are required with a
depth of a∗ = 0.824 mm, which corresponds to an exposure time of texp = 3.4
s. Incisions must be separated a distance two times the estimated incision spread
b2 = 2 × σ . An error (RMSE) of 0.17 mm was observed between the target depth
h∗ and the depths resulting from the ablations.

Ablation Assessment

The relative variability of the ablationswas assessed comparing fourteen (14) ablation
samples. Distribution of the observed ablation depths (d1, d2, d3) are graphically
compared in Fig. 5.13. The mean ablation width was 1.62mm.

Fig. 5.13 Variability of the
ablation depth at different
points of the crater. The
means are 0.72, 0.80 and
0.74mm for d1, d2 and d3,
respectively. Adapted
from [12]
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5.6 Discussion

The collected evidence shows that estimation of laser cutting depth in soft tissue can
be enabled by a function that maps the laser exposure time to the resulting ablation
depth. Such a function was extracted from experimental data. The described method-
ology allowed the creation of a model able to estimate the laser incision depth in
ex-vivo chicken muscle tissue. A linear regression was found to adequately model
the relation between exposure time and the laser incision depth. The model achieved
a validation accuracy of 0.1mm over incisions up to 1.4mm deep produced on fresh
ex-vivo tissue. The inverse model was used to control the laser incision depth, and
to implement a strategy to perform controlled tissue ablation. The quality of the
depth measurements was found to be a crucial aspect of the modeling methodology.
Errors in the data can affect the function approximation task, producing inaccurate
models. Although different from other methods found in the literature (e.g. confocal
microscopy [13, 14]) Optical Coherence Tomography [15], Inline Coherent Imag-
ing [16]), the protocol used in our research work presents a suitable resolution for
the measurement of incision depths in the range of tenths of millimeters.

The proposed estimation method does not require any additional sensing device,
thus it is appropriate for Transoral Laser Microsurgery (TLM). Considering the
resection margins typically employed during TLM, we observe that the accuracy of
the model is compatible with the requirements of these interventions. Surgeons aim
to reach aminimumof 5mm in resection depth to achieve surgical radicality [17, 18],
i.e. to ensure the removal of the whole tumor. Smaller margins, down to 1mm, are
used in those caseswhere function preservation is considered, including the treatment
of glottic cancer [17, 18]. However, it is important to point out that the reported
accuracy was obtained on muscle tissue. Although it was used in the development of
the proof-of-concept system, this type of tissue is not representative of the variety of
tissues that are encountered duringTLM, e.g. epithelium,muscle, adipose andfibrous
tissues. These tissues present different optical properties [19], resulting in different
laser absorption characteristics. This may mean that the ablation rate (mm/s) of these
tissues differ from the linear relation that we have reported in this study for muscle
tissue. The implementation of on-line estimation of incision depth in a real-case
TLM scenario requires the availability of models able to account for the behavior
of different types of tissues. Based on these observations, further experimental work
might be required to study the ablation rate of different tissues and to find appropriate
regression models.

All laser trials reported here present somedegree of variability in the results, which
can negatively affect the accuracy of the on-line depth estimation. This phenomenon
has been observed in similar studies [4, 13, 14] and can be attributed to different
factors. For example, instabilities of the laser source may affect the output power
of the beam, producing deviations from intended values. Another limiting factor is
representedby the inhomogeneous compositionof biological tissue.These alterations
influence the thermal interaction between laser radiation and tissue, thereby hindering
the repeatability of laser incisions. However, the levels of variability observed in this
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study were sufficiently small not to affect the reliability of the depth estimation.
Errors observed during the ex-vivo incision trials support the conclusion that the
model provides reliable estimations despite the mentioned repeatability issues.
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