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Abstract

Background The use of lasers in transoral surgery enables precise tissue in-
cision with minimal adverse effects on surrounding structures. Nonetheless,
the lack of haptic feedback during laser cutting impairs the surgeon’s percep-
tion of the incision depth, potentially leading to undesired tissue damage.

Methods This paper presents a novel approach, based on statistical regres-
sion analysis, to estimate the laser incision depth in soft tissue. User trials were
conducted in a laser surgery set-up, to verify the effectiveness of online
estimation of incision depth in supporting precise tissue cutting.

Results The estimation accuracy was verified on ex vivo muscle tissue, re-
vealing a root mean squared error (RMSE) of 0.1mm for depths ranging up
to 1.4mm. Online estimation of depth has the potential to significantly im-
prove the incision control of users.

Conclusions The proposed approach was successful in producing estima-
tions of laser cutting depth in ex vivo muscle tissue. Further investigation is re-
quired to validate this approach on other types of tissue. Providing depth
estimation during laser cutting allows users to perform more precise incisions.
Copyright © 2015 John Wiley & Sons, Ltd.
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Introduction

Laser technology is commonly employed in transoral surgery of the larynx (1).
The purpose of these interventions is the treatment of malignancies that may
occur in the upper aerodigestive tract, e.g. glottic cancer. Access to the surgical
site is obtained through a laryngoscope inserted into the mouth of the patient
(Figure 1). Diseased tissues are resected by incisions along their boundaries,
using a CO2 laser (1). The infrared beam emitted by these laser sources is
strongly absorbed by the water present in the tissue, resulting in simultaneous
cutting and coagulation (1). Clinicians determine the resection lines visually in
order to ensure the complete removal of the tumour. At the same time, sur-
geons try to limit the extent of healthy tissue involved, to preserve as much
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organ function as possible. The execution of accurate re-
sections requires precise control of the laser cutting depth.

In current surgical equipment, incisions are controlled
manually, moving the laser beam by means of a joystick
and activating it through a footswitch (1). Current tech-
nologies available for transoral laser microsurgery (TLM)
do not include any support for sensing the depth of laser
cuts. The quality of incisions relies entirely on the dexterity
and experience of clinicians. Extensive training is required
to develop an effective laser cutting technique. This in-
cludes both the acquisition of basic knowledge of the phys-
ical principles behind laser ablation of tissue and the
ability to manipulate the laser parameters and its exposure
time in order to provide adequate cutting (1,2). Laser pa-
rameters used in clinical practice to regulate the incision
depth include power, energy delivery mode, pulse dura-
tion and incision scanning frequency. The resulting depth
of incision depends on the combination of these parame-
ters plus the total time of laser exposure. However, no
standard recipe exists to determine the laser parameters
and the exposure time required to obtain an optimal inci-
sion. Physicians use different settings, depending on their
skills, experience and preferred technique (1).

In this paper, we present a novel approach to imple-
ment online estimation of laser incision depth during
cutting of soft tissues. The primary objective of this
research is to enhance the perception of clinicians through
the visualization of an estimated value of depth, thus
supporting and enhancing their decision-making
processes.

Different approaches have previously been proposed to
estimate the amount of tissue removed during laser abla-
tion. However, none of them fulfils the necessary require-
ments to offer online estimation of incision depth during
TLM. Methods based on mathematical modelling (3) and
numerical simulations (4) have provided a viable solution
to predict the ablation volume in hard tissue. Thesemethods
assume a specific tissue composition and their applicability
to soft tissue is yet to be verified. Furthermore, these ap-
proaches are computationally intensive and are thus not
straightforward to implement in online applications.

Alternative solutions, based on sensing, have been devel-
oped recently (5,6). Such solutions provide the capability
to track the ablation crater during laser irradiation, without
any a priori knowledge of the physical properties of tissue;
however, this approach requires the use of additional sens-
ing devices in the proximity of the ablation zone. This limits
their applicability in TLM due to space constraints, as the
small size of the larynx does not offer enough volume for
the introduction of additional equipment.

To overcome the limitations mentioned above, we pro-
pose to use a forward model, derived from the inputs used
by the surgeons, to estimate the incision depth. In this
paper we demonstrate that such a model can be obtained
through statistical regression methods, using data cap-
tured during controlled laser experiments. To demonstrate
the validity of this approach, we report on the generation
of a model of incision depth in ex vivomuscle tissue. Exper-
iments were conducted to explore the effects of different
laser parameters on soft tissue and acquire data for the re-
gression process. These experiments consisted of varying
one parameter at a time and examining the resulting inci-
sion depth. Experimental data were used to generate the
desired model, which served as the core of a prototype
depth-estimation system. Here we present the experimen-
tal evaluation of this system, aimed at assessing its effec-
tiveness in supporting precise laser incisions.

Materials and methods

We implemented a series of experiments under controlled
conditions, using a surgical laser source to study the ef-
fects of the laser parameters on the resulting incision
depth and to derive a model for online estimation.

Laser motion and activation were controlled by a com-
puterized system and the resulting incisions were exam-
ined under a microscope to measure their depths. Two
forms of target, gelatin phantom tissue and ex vivo
chicken muscle tissue, were used in the study. A measure-
ment protocol was implemented to obtain the input–
output pairs required to derive the forward model, based
on statistical regression techniques.

Figure 1. Mock set-up for transoral laser surgery of the larynx.
Here, the surgeon uses a recently developed user interface (14),
which allows him to visualize the surgical site through a head-
mounted display (HMD) while controlling the position of the
laser beam using a virtual scalpel (stylus and graphics tablet). A
laryngoscope is inserted into the mouth of the patient. Diseased
tissue is resected, firing the laser along an incision line. Forceps
are used to apply traction to the tissue while the laser incisions
are conducted
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Controlled incision of soft tissue

Incisions are produced by moving the laser beam along
desired cutting paths on the tissue. Laser scanning, as de-
scribed in (7), was used for this work: computer-
controlled motorized mirrors are used to deflect the laser
beam, enabling the automatic execution of preprogr-
ammed cutting patterns. High-frequency cycles of the
laser motion across the target tissue remove overlying
layers with each pass.

When targeting laser light on biological tissue, different
interactions may occur, e.g. thermal, photochemical,
photoablation and photodisruption. The type of laser–
tissue interaction depends on the power density (W/cm2)
and exposure time (s) (8). During laser cutting of soft
tissue, a thermal interaction occurs: the laser radiation
is absorbed by the tissue, resulting in a rise of temper-
ature and the eventual evaporation of the water mol-
ecules in the tissue. Ablation by vaporization is the
fundamental physical process governing laser incisions
in soft tissue (8). The dynamics of this process can be
controlled through the selection of appropriate laser
parameters.

Different parameters of the laser source can be manip-
ulated to influence the laser incision process. These
include laser power (P) and scanning frequency (ωs). In
addition, the laser light can be delivered either as a
continuous wave or through intermittent pulses. The
influence of these parameters and that of the exposure
time (texp) are studied by measuring the depths of inci-
sion obtained during controlled experiments. The results
of these experiments are presented and discussed later in
this paper.

The experimental set-up (Figure 2) uses a commercial
surgical laser source, a Zeiss Opmilas CO2 25 (wavelength
10.6μm, TEM00 beam profile), whose power is
configurable in the range 2–25W. In the system used in
this research, maximum power density is obtained when
the laser spot is focused with a radius of 250μm. Two
energy delivery modes are provided, continuous wave
(CW) and repeated pulse (RP), with the pulse durations
(τ) 0.05, 0.1, 0.2 and 0.5 s. The concept of energy deliv-
ery mode will be further described in the next section.
The CW/long-pulsed laser source used in this study has
been superseded in clinical practice by short-pulsed
(ms) lasers, which are known to produce more efficient
cutting and reduced thermal damage (1). However, the
use of this equipment does not limit the applicability
of the methodology developed here. The estimation
of incision depth proposed in this paper relies on a
forward model that maps the laser inputs to the
resulting incision depth. Thus, it can be applied to
any laser source, provided that an appropriate forward
model is used.

A motorized micromanipulator system previously de-
veloped in our laboratory (7) provides the controlled mo-
tion of the laser. This device regulates the motion of the
laser through a tip/tilt fast-steering mirror (S-334,
manufactured by PI GmbH, Germany), with a maximum
accuracy of 4μm at a distance of 400mm (normal operat-
ing distance) from the target. The laser source and the mi-
cromanipulator are both connected to a Digital Operation
Module (E-517, PI GmbH, Germany), which executes
high-level commands related to the motion and activation
of the laser. A user interface running on a GNU/Linux
workstation allows the user to select exposure time, inci-
sion length and scanning speed.

Tissue targets
Initial incision trials were conducted on tissue phantoms.
Cylindrical agar-based gel targets were produced to mimic
soft tissue. The constituents used to fabricate these targets
were deionized water and agar powder (B&V s.r.l., Italy);
the concentrations were 98% water and 2% agar. In soft
tissues, the absorption of infrared laser radiation is domi-
nated by the presence of free water molecules (8), there-
fore water was chosen as the main constituent of the
targets. Although different from tissue, these gels offer a
controlled medium on which the effects of the laser can
be reproducibly studied (9).

Figure 2. Experimental set-up. Tissue specimens were placed
within the target zone. An infrared thermal camera (FLIR
A655c) was used to monitor the temperature of tissue targets be-
fore the experiment. The laser beam was delivered on the target
through a passive articulated arm. A motorized micromanipula-
tor provided the means to control the laser motion
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In order to gather the data required to implement on-
line estimation of laser cutting depth, additional incision
trials were performed on fresh ex vivo chicken muscle tis-
sue. Like most soft tissues, chicken breast has a high water
content, which makes it a suitable target for CO2 laser ab-
lation trials. Before the experiments, tissue samples were
kept for 20min in an open refrigerated box at a controlled
temperature (7–12 °C), in order to preserve their moisture
and prevent degradation. To ensure identical initial tem-
peratures, the samples were monitored with an infrared
thermal camera (Figure 2). It is important to point out
that the ex vivomodel selected in this study does not pres-
ent the same laser absorption profile that would be found
in in vivo tissues, since the thermal effects of a laser on
living tissues are influenced by factors that are not present
in ex vivo models (8), e.g. heat convection due to blood
perfusion. Nonetheless, most of these factors can be
neglected at first approximation (8). The selection of an
ex vivomodel is consistent with the objective of this study,
i.e. to prove the concept of online depth estimation based
on statistical regression analysis.

Measurement of depth of incision
To examine the ablation craters, we used a digital micro-
scope (Olympus SZX16). In order to obtain a complete ex-
posure of the crater profile, the tissue targets were
sectioned into slices.

Agar-based targets were sectioned manually with a
blade. Ex vivo soft tissue targets required a more cautious
protocol, as manipulation and sectioning may induce de-
formation artifacts that alter the measurements process.
To preserve the structural properties of these samples
throughout the examination, a snap-freeze technique
(10) was used. This involves rapidly lowering the temper-
ature of samples to�70 °C, by means of dry ice. This tech-
nique increases the rigidity of the specimens, allowing for
sharp and clean slicing with minimum deformation. The
targets were sectioned with a cryostat microtome, which
performs the slicing while keeping the temperature of
the samples low (�30 °C).

The depth of the incision is defined as the distance from
the surface to the bottom of the incision crater (see
Figure 3). This was measured by manual segmentation
of the microscope images: the depth of the incision is es-
timated by contrasting its size in pixels against a reference
scale bar.

Effects of laser parameters

In this section we describe the experiments conducted 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.

Influence of energy delivery mode
Prior research in the domain of laser–tissue interactions
has established that the total amount of tissue removed
is proportional to the energy delivered to the tissue (8).
During TLM, the total energy transferred can be con-
trolled by selecting a combination of laser power, delivery
mode, pulse duration and exposure time.

A laser beam firing on the surface of a target produces a
local irradiation, i.e. power density (W/mm2), described by:

I ¼ P
A

where P (W) is the emission power of the laser source and A
(mm2) is the area covered by the laser radiation. The amount
of energy transferred to a target kept under irradiation for a
time texp is defined as the energy density E (J/mm2) (8).

Different delivery modes can be used to modulate the ir-
radiation process. In general, a delivery mode is defined by
a functionm(t), which affects the energy density being de-
livered to the target according to the following equation:

E ¼ ∫
texp

0
I m tð Þdt

An example is shown in Figure 4, where the effects of
CW and RP delivery modes are contrasted. Using pulsed
irradiation, the energy delivery process is slower, requir-
ing additional exposure time to produce the same amount
of energy density. When using the RP mode, the pulse du-
ration (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 pro-
duced according to the following modulating function:

Figure 3. Transverse profile of an incision produced on ex vivo
chicken tissue (P=3W, CW, ωs = 10Hz, texp = 3.5 s). The origin
of the reference frame is located at the middle of the incision
on the surface of the sample
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m tð Þ ¼ ∑
k

�1ð ÞkH t � kτð Þ; k ∈ N

where H(t) is the Heaviside step function.
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 scanning motion was 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=0.5 s) for
increasing values of energy. The experiment involved
three pairs of experimental conditions. For each pair, we
fixed the amount of energy involved; the assigned values
were 6, 10 and 15 J. We performed 10 repetitions for each
configuration, resulting in a total of 60 ablations. Agar-
based gel targets were used for this experiment.

Influence of scanning frequency
Surgeons produce incisions by means of scans, i.e. move-
ments of the laser beam along a trajectory on the surface
of the tissue. The robotic platform used in this research
(7,11) 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 motion of
the laser and the resulting depth of incision in hard tissue
(3). We wished to determine whether a similar relation-
ship 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=4.6mm). The scanning
frequency was controlled through the scan time, ts, which
defined the time needed to move the beam back and forth

along the predefined scan line. Three different values of
scan time were considered, 30, 50 and 100ms. We ex-
plored the effect of these speeds at increasing values of
exposure time, 3–6 s with increments of 1 s. For each com-
bination of scan time/exposure time, nine repeated trials
were executed, resulting in a total of 108 incisions. Con-
stant laser power (3W) and delivery mode (CW) were
used throughout the entire experiment.

Incision depth in ex vivo soft tissue

During real interventions, surgeons set the laser parame-
ters (power, delivery mode and scan time) before the ex-
ecution of an incision. Exposure time is the only input
which is manipulated online in order to control the cut-
ting process and the resulting incision depth. To prove
the concept of a system able to provide online estimation
of incision depth, here we derive a model of incision
depth based on the exposure time. Data used to produce
this model were 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 ¼ f texp
� �

Incisions were produced to obtain representative input–

output data pairs tiexp; d
i

n o
i¼1;…;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 expo-
sures can produce thermal damage to the tissue (12,13).
Surgeons aim to have an exposure time that is long
enough for cutting, but still sufficiently short to avoid ex-
tensive damage to the surrounding tissue. Values of expo-
sure time were chosen randomly in the selected range
(0.5–5 s). A total of 54 incision trials were performed
(P=3W, CW, ts=0.1 s, l=4.6mm).

Online estimation of incision depth

Online estimation of cutting depth was integrated in the
robotized system for laser surgery of the vocal folds, de-
scribed in (14). Instead of the micromanipulator used in
traditional TLM, this system uses a graphics tablet for
laser pointing (Figure 1). This system is equipped with a
binocular head-mounted display (HMD), which offers a
three-dimensional view of the surgical site.

For this paper, the user interface was customized to dis-
play the output of the depth prediction model. A graphical
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Figure 4. Power densities transferred to tissue by a laser source
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control element was added to the user visualization,
showing the progression of the incision depth. This informa-
tion is represented both numerically (mm) and graphically
through the use of a coloured bar gauge (Figure 5). Also,
the activation of the laser was done exclusively using the
footswitch.

An experiment was performed to assess the effective-
ness of the system in supporting precise laser cutting.
Three volunteers were involved in this study; they were
all members of the scientific staff at our institute and had
limited or no prior experience with laser incision of soft tis-
sue. The participants were asked to perform a simple task
involving control of the laser exposure time to create a spe-
cific depth of incision (d*=0.85mm). The incision path
was preprogrammed through software and kept constant
throughout the experiment. Laser parameters were config-
ured as follows: P=3W, CW, ts=0.1 s, l=4.6mm.

Each participant performed a total of six trials. In the
first three trials they were required to accomplish the task
relying on their visual perception only. During the three
subsequent trials, they were supported by online estima-
tion of depth.

Results

Influence of energy delivery mode

Results are presented in Figure 6. 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 de-
livery mode. Under fixed energy conditions, the CW
mode was found to produce, on average, deeper abla-
tions. The difference between the mean ablation depths
obtained in RP and CW was significant for values of
energy equal to 10 J (p=0.0125) and 15 J (p=0.0011).
In contrast, the difference was not significant at 6 J
(p=0.0823).

Table 1 shows the average depth of incision for all the
experiments; standard deviation (SD) 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 de-
pends linearly on the applied exposure time. A simple lin-
ear regression is able to model the relationship between
these two quantities (Figure 7) for both CW and RP. In
both cases, the fitting error (normalized mean squared
error, nMSE) is 0.02%.

Figure 5. Online estimation of cutting depth. A number indi-
cated the depth of incision (in mm). The same information is
represented visually by means of a coloured bar gauge. The top
limit of the gauge represents a safety threshold which triggers a
warning signal when a certain incision depth is exceeded. The
value of the threshold can be configured in the software

Figure 6. Results of ablation depth produced with different en-
ergy delivery modes in agar-based gel targets

Table 1. Mean (d), SD (σ) and coefficient of variation (cv) of ab-
lation depths produced on agar-based gel targets through dif-
ferent delivery modes

Energy (J) Delivery mode d (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 2.241 0.356 14.7

CW, continuous wave; RP, repeated pulse.
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Influence of scanning frequency

Results are shown in Figure 8 [note that one of the targets
belonging to the experimental unit (texp = 6s, ts=30ms)
was accidentally destroyed during manipulation]. De-
pending on the scan time, different depths of incision
were obtained. The collected data show that there is a cor-
relation between scan time and the depth of the resulting
incision cavity. Specifically, longer scan times were ob-
served to produce deeper incisions.

Statistics of variability for these experiments are re-
ported in Table 2. With respect to the energy delivery
mode experiment, the results are more uniform: observed
SDs are one order of magnitude smaller, while the coeffi-
cients of variation are all below 13%.

The combined influence of scan time and exposure time
on the depth of incision is presented in Figure 9. A simple
linear regression of data fits the dataset with a nMSE of
0.6%. A Gaussian mixture regression (15) was also evalu-
ated, resulting in a fitting error of 0.8%.

Incision depth in ex vivo soft tissue

The results are shown in Figure 10. It can be seen that the
relationship between laser exposure time and incision
depth is linear in this region of the input space. Collected
data were 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 esti-
mation of the training set with RMSE=0.14mm. The es-
timated 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
RMSE=0.10mm was obtained.
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Figure 8. Incision depths produced through different combina-
tions of laser scan time/exposure time in agar-based gel targets

Table 2. Mean (d), SD (σ) and coefficient of variation (cv) of ab-
lation depths produced on agar-based gel targets through dif-
ferent values of scan time (ts) and exposure time (texp)

texp (s) ts (ms) d (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
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Figure 9. Models of incision depth in agar-based gel targets for
different combinations of scan time/exposure time
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Online estimation of incision depth

A comparison of the incision depths produced with and
without the support of the online estimation system is
shown in Figure 11. None of the users obtained incisions
closer than 0.25mm to the assigned target depth
(0.85mm) during the non-assisted trials. Conversely, with
the support of the online estimation system, users pro-
duced incisions much closer to the assigned target. Devia-
tions from the target depth are summarized in Table 3.

Discussion

The collected evidence shows that online estimation of la-
ser 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 methodology
allowed the creation of a model able to estimate the laser
incision depth in ex vivo chicken muscle tissue. A linear re-
gression was found to adequately model the relationship
between exposure time and the laser incision depth. The
model achieved a validation accuracy of 0.1mm over inci-
sions up to 1.4mm deep produced on fresh ex vivo tissue.
The quality of the depth measurements was found to be a
crucial aspect of the modelling methodology. Errors in the
data can affect the function approximation task, produc-
ing inaccurate models. Although different from other
methods found in the literature, e.g. confocal microscopy
(4,16), optical coherence tomography (17) and inline co-
herent imaging (5), the protocol described in this paper
provides a good resolution for the measurement of inci-
sion depths in the range of tenths of millimeters.

The proposed estimation method does not require any
additional sensing device, thus it is appropriate for TLM.
Considering the resection margins typically employed dur-
ing TLM, we observe that the accuracy of the model is
compatible with the requirements of these interventions.
Surgeons aim to reach a minimum of 5mm in resection
depth to achieve surgical radicality (18,19), i.e. to ensure
the removal of the whole tumour. Smaller margins, down
to 1mm, are used in those cases where function preserva-
tion is considered, including the treatment of glottic can-
cer (18,19). However, it is important to point out that
the reported accuracy was obtained on muscle tissue. Al-
though 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 during
TLM, e.g. epithelium, muscle, adipose and fibrous tissues.
These tissues present different optical properties (20),
resulting in different laser absorption characteristics. This
may mean that the ablation rates (mm/s) of these tissues
differ from the linear relationship that we have re-
ported in this study for muscle tissue. The implementa-
tion of online estimation of incision depth in a real-case
TLM scenario will require the availability of models able
to account for the behaviour of different types of tis-
sues. Based on these observations, further experimental
work is required to study the ablation rate of different
tissues and to find appropriate regression models.
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Figure 11. User control of incision depth, with and without the
support of the online estimation system. Measures of spread
(SD) are graphically represented for each sequence of trials

Table 3. Deviations (RMSE) from the assigned incision depth
obtained by users, with and without the assistance of online
depth estimation (values in mm)

User Unassisted Assisted

1 0.34 0.10
2 0.48 0.07
3 0.71 0.03
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Online learning methods will be evaluated to enable
the improvement of models through the addition of
new data.

All laser trials reported here present some degree of
variability in the results, which can negatively affect the
accuracy of the online depth estimation. This phenome-
non has been observed in similar studies (3,4,16) and
can be attributed to different factors. For example, insta-
bilities of the laser source may affect the output power
of the beam, producing deviations from intended values.
Another limiting factor is represented by the non-
homogeneous composition of biological tissue. These al-
terations influence the thermal interaction between laser
radiation and tissue (8), thereby hindering the repeatabil-
ity of laser incisions. However, the levels of variability ob-
served in this 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 system provides reliable estimations despite the
mentioned repeatability issues.

At the present time, no other real-time assistive system
exists to monitor and inform surgeons about the effects of
the laser on tissues during the execution of incisions. Cut-
ting trials provided evidence that online estimation of
depth is beneficial to users who have no prior experience
with laser operations. Providing depth estimations during
the execution of laser incisions allowed inexperienced
users to perform precise tissue cutting. Our future re-
search efforts will be orientated towards the evaluation
of the online estimation of laser cutting depth in a clinical
environment.
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