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Abstract—This paper reports on a study whose goal is to
control the tissue temperature at a specific spot during laser
surgery, for the purpose of, e.g., inducing coagulation or sealing
blood vessels. We propose a solution that relies on the automatic
adjustment of the laser focus (and thus how concentrated the
laser beam is), combined with the use of an infrared thermal
camera for non-contact temperature monitoring. One of the
main challenges in the control of thermal laser-tissue interactions
is that these interactions can be hard to predict due to the
inherent variability in the molecular composition of biological
tissue. To tackle this challenge, we explore two different control
approaches: (1) a model-less controller using a Proportional-
Integral (PI) formulation, whose gains are set via a tuning
procedure performed on laboratory-made tissue phantoms; and
(2) a model-based controller using an adaptive formulation that
makes it robust to tissue variability. We report on experiments,
performed on four types of tissue specimens, showing that both
controllers can consistently achieve temperature tracking with a
Root-Mean-Square Error (RMSE) ~ 1°C.

Index Terms—Surgical Robotics; Laser Surgery; Laser Focus;
Laser-Tissue Interactions.

I. INTRODUCTION

ASERS are an important tool in modern medical practice.

Within the context of surgery, lasers are frequently used
as a cutting instrument, e.g., to excise tumors. Several research
groups have recently developed robotic systems for laser
surgery [1]-[8], with the goal of providing enhanced laser
aiming and patient safety. Within this area of research, one
of the problems that has received considerable attention is the
automatic control of the laser focus. Briefly, laser focusing
refers to the process of optically adjusting a laser beam so
that it is concentrated in a small, well-defined spot — see
Fig. 1. In surgical applications, tight laser focusing is desirable
to maximize cutting precision; yet, focusing can be hard to
perform manually, as even slight variations (< 1 mm) in the
focal distance can significantly affect the spot size. Motivated
by these challenges, Kundrat and Schoob [9], [10] recently
introduced a technique to robotically maintain constant focal
distance, thus enabling accurate, consistent cutting. In another
study, Geraldes and colleagues [11] developed an automatic
focus control system based on a miniaturized varifocal mirror,
and they obtained spot sizes as small as 380 pm.
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Fig. 1. The goal of laser focusing is to create a spot size of prescribed radial
width, w, via the control of d 1 i.e., the distance between the laser beam’s
focal point and the tissue surface. (Left) In free beam systems, the location of
the focal point depends on the optical characteristics of the beam, including
the effect of any lenses that may be employed to focus the light. (Right) In
fiber-based systems, laser light diverges immediately upon exiting the fiber,
with an angle determined by the numerical aperture of the fiber itself. In this
manuscript, we study how regulating d; can be used to produce controlled
single-spot tissue heating.

Whereas previous work has mainly dealt with the problem
of creating and maintaining small laser spots, in this paper
we explore the converse problem, i.e., to defocus the laser
beam in a controlled manner. In clinical practice, physicians
defocus a laser beam whenever they wish to change its effect
from cutting to heating [12]-[14] e.g., to thermally seal a blood
vessel. To the best of our knowledge, no previous work has
studied the problem of robotically regulating the laser focus
to achieve controlled tissue heating, which is precisely the
contribution of the present manuscript.

This manuscript is structured as follows: after a review
of related work, we briefly describe the physics of thermal
laser-tissue interactions and then discuss possible approaches
to regulate tissue heating through laser defocusing. Laser-
tissue interactions are generally considered hard to control
due to the inherent inhomogeneity of biological tissue, which
can create significant variability in its thermal response to
laser irradiation [15]. To tackle this challenge, we investigate
two distinct approaches: (1) a model-less strategy employing
a Proportional-Integral (PI) controller, whose gains are set
through a tuning procedure that uses laboratory-made tissue
phantoms; and (2) a model-based approach based on an
adaptive controller [16], whose formulation makes it robust
to tissue variability. We report experimental evidence showing
that both of the proposed controllers can achieve accurate
temperature tracking on different types of tissue, without
requiring prior knowledge of the tissue’s physical properties.
The benefits and limitations of each control approach are
discussed at the end of the paper.



II. RELATED WORK

The problem of modeling and controlling the thermal in-
teractions that occur during robotic laser surgery has not been
thoroughly explored until now [1]. Previous research by Pardo,
Fichera, and colleagues [17]-[19] sought to use data-driven
methods to characterize the thermal response of the tissue,
with the overarching goal of building an automatic emergency
laser cut-off system, i.e., a system capable of preventing
accidental tissue overheating (and thus thermal injuries) [2].
The work we describe in this manuscript extends previous
research by exploring, for the first time, technical approaches
to robotically regulate the tissue temperature, rather than
simply implementing an emergency shut-off.

Outside the scope of robotic surgery, related work has
been carried out for the development of laser ablation thera-
pies, particularly Laser Interstitial Thermal Therapy (LITT),
a minimally-invasive procedure used to treat tumors not
amenable to surgical resection [15]. LITT uses laser light,
guided by an optical fiber directly inside a tumor, to thermally
destroy diseased tissue from within. Until now, most of the
effort in this area of research has focused on the development
of temperature sensing technology [20]. Temperature control
is typically implemented by modulating the laser intensity
with simple On-Off or PID controllers [21]-[23], with control
parameters tuned ad-hoc for specific tissue types. The work we
describe herein seeks to advance our ability to control thermal
laser-tissue interactions through the synthesis of controllers
that are tissue-agnostic, i.e., controllers able to regulate tem-
perature without requiring prior knowledge of either the tissue
type or its physical properties.

III. MATERIALS AND METHODS
A. Problem Formulation

Consider a scenario where a tissue specimen is exposed in
air to a laser beam of intensity I (W cm™2). The problem we
wish to solve is to control the temperature around the point of
incidence of the laser by regulating the spot size of the beam,
i.e., its radial width w, as illustrated in Fig. 1.

In general, thermal laser-tissue interactions can be modeled
as the result of a heating process, with the addition of a heat
dissipation term [1], i.e.,

. oT (z,y,t)

ot
Here, x and y are the coordinates of a Cartesian reference
system on the tissue surface and ¢ represents time; 1" is the
tissue temperature and c,, k, and u, are three tissue-specific
physical parameters: namely, ¢, is the volumetric heat capacity
(Jem™3 °C_1), k is the thermal conductivity (W cm ™! OC_l),
and p, is the coefficient of absorption of the laser (cm™!). We
note that these parameters are rarely known with certainty, as
different types of tissue will generally have different physical
properties, and significant variations are possible even within
specimens of the same tissue type [24], [25]. Our goal in this
study is to synthesize controllers able to regulate the dynamics

in Eq. (1) without explicit knowledge of these properties.

Most surgical laser systems emit beams with Gaussian-
shaped intensity, as illustrated in Fig. 2, and the temperature

= pal(z,y) + k V2T (2,y,t). (1)
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Fig. 2. (Left) 1D and (Right) 2D normalized irradiance profiles for a Gaussian
laser beam I(z,y). Light intensity is the strongest at the center of the beam
(Ipeak) and fades radially.

distribution created by these lasers follows a similar bell-
shaped profile. Based on this, we formulate our control objec-
tive as the problem of regulating the peak surface temperature
Tpeax» which is normally observed at the center of the beam,
where the light intensity reaches its maximum value Jpeq. For
a Gaussian beam, I, is related to the radial width w by the
following relation [1]:
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where P is the laser optical power.

In this study, the beam’s radial width w is controlled by
adjusting the working distance dy, i.e., the distance between
the focal point of the laser and the tissue surface (refer to
Fig. 1). This is accomplished by moving the laser delivery
apparatus closer to (or further away from) the tissue, using a
robotic manipulator. The relation between w and dy is given
by the following model of beam divergence [1]:
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where wy is the beam waist (i.e., the beam’s radial width at the
focal point) and A is the laser wavelength. Combining Egs. (2)
and (3) yields the following relation, which we use to control
dy based on a desired value of peak intensity Ipeak:
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B. Experimental Setup

To control the tissue temperature, we synthesized two
controllers: a PI controller (described in Sec. IV below) and
an adaptive controller (refer to Sec. V). We verified each
controller’s performance with experiments on ex-vivo tissue,
using the setup shown in Fig. 3.

We carried out experiments on four different types of tissue:
soft tissue phantoms (agar gelatin) and ex-vivo chicken muscle,
bovine liver, and bovine bone. The latter three specimens
were sourced from a local butcher shop, while the agar tissue
phantoms were fabricated in our laboratory using a mixture
of 2% agar powder (Sigma-Aldrich Chemie, Germany) and
98% deionized water. In each experiment, we prescribed a
temperature profile 7,.(¢) which first linearly ramps up to
50 °C, then remains constant for 60 seconds. We carried out
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Fig. 3. Experiments used a surgical CO2 laser, the Lumenis AcuPulse
(Lumenis, Israel), whose beam is delivered through an articulated (passive)
arm. For this laser, the beam waist wq is 0.21 mm. The output power is set
through a control panel; all experiments reported in this manuscript used a
power level of 1 W. The beam’s focus (i.e., the radial width w measured at
the tissue surface) was controlled by moving the laser handpiece closer to (or
further away from) the tissue surface with a Panda robotic arm (Franka Emika,
Germany). The tissue surface temperature was monitored with an A655sc
thermal camera (Teledyne FLIR, Oregon, USA) at a rate of 100 frames per
second (fps) and spatial resolution of 60 p'cx—nils. Theak Was taken as the pixel
recording the highest temperature.

five repetitions for each tissue type, for a total of 20 experiment
runs per controller.

IV. PI CONTROLLER

As a first attempt to control the tissue heating, we consider
a simple PI controller:

t
Ipeak(t) = kpe(t) + kl/ 6(7’) dr. (@)
0

Here, k, and k; are positive gains, and the error term e(t) is
defined as e(t) = T’.(t) — Theak (t). The equation above is used
in conjunction with Eq. (4) to regulate the working distance
dy.

A. Controller Tuning

The controller gains k, and k; were tuned by applying
repeated laser pulses on agar tissue phantoms, and by manually
adjusting their values in an attempt to minimize the settling
time and overshoot of the thermal response. The rationale for
tuning the controller on agar phantoms is that the absorption of
infrared laser light (such as the one emitted by our CO, laser)
in biological tissue is primarily driven by the presence of water
in the tissue itself. As agar phantoms are primarily made of
water, they offer a controlled and convenient medium to mimic
the thermal response of biological tissue to laser irradiation.
We found that k, = 0.3 and k; = 0.008 provided reasonable
temperature tracking on the agar phantoms.

B. Controller Performance

Results are shown in Fig. 4 and summarized in Table I.
We found the PI controller to be robust to variations in tissue
type, with the most accurate tracking performance obtained

on chicken muscle (average RMSE across the five trials: 0.74
°C), while the highest error was observed on bovine bone
(average RMSE: 1.07 °C).

V. ADAPTIVE CONTROLLER

While the PI controller exhibits reasonable accuracy, we
wish to investigate whether a model-based controller could
provide better performance. To overcome the lack of knowl-
edge of the tissue’s physical properties in Eq. (1), here
we consider model-reference adaptive control (MRAC), i.e.,
a family of well-known control methods for systems with
uncertain or unknown parameters [16]. The control law we
propose is:

Ipea.k(t) = &yTpeak(t) + &ff(T(x, Y, t)) + &rTr(t)’ (6)

where f(T(x,y,t)) numerically approximates the dissipation
term in Eq. (1). In the equation above, a,, df, G, are three
adaptive parameters whose values are dynamically adjusted
over time to minimize the tracking error. In addition to the
control law, the synthesis of an MRAC controller requires the
specification of a reference model, i.e., a model describing the
dynamics that the adaptive controller should seek to create by
adjusting d,, ay, a,. Here, we consider the following first-
order reference model and corresponding error e(t):

T (t) = —am T (t) + b T1(t),
e(t) = Theak(t) — Ton (1),
with a,, and b,, being strictly positive constants. With these

definitions, we can formulate the update rules for the adaptive
parameters as:

)

ay = =y e(t) Tpeax (1),
iy = =y e(t) f(T(2,y,1), ®)
a _’71” e(t) TT‘ (t)’

with 7y, vf, v being three adaptive update gains.
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A. Controller Initialization

In general, the tracking accuracy of an adaptive controller
can be enhanced if a reasonable estimate of the unknown
system parameters is available. We initialize our controller
based on the physical properties k, c,, and p, of the agar
tissue phantoms produced in our laboratory (as we have seen
in the previous section, agar phantoms provide a medium that
can mimic the thermal response of tissue to laser irradiation).
The calculations used the following three empirical relations
from the literature on laser-tissue interactions [15], [24]:

¢y = (1.55 + 2.8w)p,
k = 0.0006 + 0.0057w, 9)

Ha = Wlhaw,

where p is the tissue density (), w is the water content,
and pi4,, 1s the absorption coefficient of water. The following
approximations were obtained: ¢, = 5.11 Jem 3°C™ 1,
k = 0.0062 Wem—°C™!, and g, = 784 cm™ 1.



PI Controller Temperature Results
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Fig. 4. PI controller results. Of the five trials performed on each tissue type, here we report temperature tracking accuracy (left y-axis) and the robot height
setpoint (right y-axis) where we observed the median within-group RMSE.

Adaptive Controller Temperature Results
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Fig. 5. Adaptive controller results. Of the five trials performed on each tissue type, here we report temperature tracking accuracy (left y-axis) and the robot
height setpoint (right y-axis) where we observed the median within-group RMSE.

TABLE I
THE MEAN (STD) ROOT MEAN SQUARED ERROR (°C) OF EACH
CONTROLLER’S TEMPERATURE TRACKING ACCURACY FOR EACH

experienced a performance degradation on bovine tissue, and
especially bone, where we observed larger RMSEs and gen-
erally noisier control signals. We note that, due to its inertia,

MATERIAL. . .
| | the robot arm used in our setup certainly does not have the
Agar Muscle Liver Bone : foho
BT Contral 08T (0,00 074 008 | 102 0.05) | 1707 035 b:':lndWldth t.o accurately follow.such high-frequency control
Adaptive Control | 0.79 (0.05) | 0.82 (0.08) | 1.08 (0.31) | 1.89 (0.84) Signals, which may have contributed to worse temperature

tracking. In future studies, such a limitation could be overcome
by adopting mechatronic laser focusing systems, such as the

B. Controller Performance

Temperature tracking results are reported in Fig. 5 and
Table 1. The adaptive controller generally showed robustness
to variations in tissue type, with the exception of bone, where
we observed a noticeably higher error (average RMSE across
the five trials: 1.89 °C).

VI. DISCUSSION

In general, our findings suggest the viability of regulating
the tissue temperature at a single spot by adjusting the spot
size. On soft tissue specimens (agar phantoms, chicken muscle,
and bovine liver), both the proposed PI and adaptive con-
trollers were able to consistently achieve temperature tracking
with an RMSE of ~ 1°C or lower. Both controllers also

one described in [11], in place of a traditional robotic arm.

The degraded performance of the PI controller on bovine
bone could be further explained in light of the peculiarity
of bone tissue, which is significantly different in composi-
tion (especially water content) than the agar gels used for
controller tuning. For what concerns the adaptive controller,
we believe that its performance on bone can be attributed to
the fact that its control law does not include a proportional
term (see Eq. (6)). Lacking such a term, the controller will
respond more slowly to an increase in the temperature error,
leading to a larger error overall. Additionally, several modeling
assumptions were made in the formulation of the temperature
dynamics (Eq. (1)), which could have affected the performance
of the adaptive controller. Among other things, we neglected



optical effects such as reflectance, refraction, and scattering
which may occur in the tissue. While these effects are often
assumed to be negligible in first approximation [15], they can
reduce or otherwise alter the intensity of the laser beam, and
thus the resulting thermal dynamics. Future studies will have
to be conducted to see if accounting for these effects can lead
to improved temperature tracking accuracy.

Future clinical translation of the temperature control meth-
ods proposed in this manuscript has the potential to en-
hance robotic laser procedures. Specific targets include, among
others, Fetoscopic Laser Coagulation [8], and Laser Tonsil
Ablation [26]. The former is a procedure used to seal abnormal
blood vessels that create a blood flow imbalance between
unborn twins. The latter is an experimental surgical procedure
whose purpose is to remove the tonsils, e.g., to resolve obstruc-
tive sleep apnea. In both procedures, the operating physician
has to control the application of the laser to create tissue
coagulation. We envision the creation of a technology that
allows the physician to prescribe a certain temperature target,
which would then be robotically maintained for a prescribed
duration. While the thermal camera used in this work would
likely be impractical to use in a minimally invasive surgery
setting, we believe that it would be possible to implement the
proposed method using a miniaturized non-contact infrared
imager, such as the FLIR Lepton (Teledyne FLIR, Oregon,
USA).

VII. CONCLUSION

This paper presented a novel method to implement single-
spot temperature control in robotic laser surgery. The proposed
method controls tissue heating by robotically regulating the
laser focus. We experimentally evaluated and compared two
different control approaches, a PI controller, and an adaptive
controller, both of which were able to achieve temperature
tracking with a Root-Mean-Square Error (RMSE) of ~ 1°C
on different tissue types.

REFERENCES

[1] H. C. Lee, N. E. Pacheco, L. Fichera, and S. Russo, “When the end
effector is a laser: A review of robotics in laser surgery,” Advanced
Intelligent Systems, vol. 4, no. 10, p. 2200130, 2022.

[2] L. S. Mattos, A. Acemoglu, A. Geraldes, A. Laborai, A. Schoob,
B. Tamadazte, B. Davies, B. Wacogne, C. Pieralli, C. Barbalata et al.,
“uralp and beyond: Micro-technologies and systems for robot-assisted
endoscopic laser microsurgery,” Frontiers in Robotics and Al, vol. 8, p.
664655, 2021.

[3] P. A. York, R. Pefia, D. Kent, and R. J. Wood, “Microrobotic laser
steering for minimally invasive surgery,” Science Robotics, vol. 6, no. 50,
p. eabd5476, 2021.

[4] D. Kundrat, R. Graesslin, A. Schoob, D. Friedrich, M. Scheithauer,
T. Hoffmann, T. Ortmaier, L. A. Kahrs, and P. Schuler, “Preclinical
performance evaluation of a robotic endoscope for non-contact laser
surgery,” Annals of Biomedical Engineering, vol. 49, pp. 585-600, 2021.

[5] D. V. A. Nguyen, C. Girerd, Q. Boyer, P. Rougeot, O. Lehmann, L. Tav-
ernier, J. Szewczyk, and K. Rabenorosoa, “A hybrid concentric tube
robot for cholesteatoma laser surgery,” IEEE Robotics and Automation
Letters, vol. 7, no. 1, pp. 462-469, 2021.

[6] G. Fang, M. C. Chow, J. D. Ho, Z. He, K. Wang, T. Ng, J. K.
Tsoi, P.-L. Chan, H.-C. Chang, D. T.-M. Chan et al., “Soft robotic
manipulator for intraoperative mri-guided transoral laser microsurgery,”
Science Robotics, vol. 6, no. 57, p. eabg5575, 2021.

[7]

[8]

[9]

[10]

(11]

[12]

[13]

[14]

[15]

[16]

(17]

(18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

G. Ma, W. A. Ross, I. Hill, N. Narasimhan, and P. J. Codd, “A
novel laser scalpel system for computer-assisted laser surgery,” in 2079
International Conference on Robotics and Automation (ICRA). 1EEE,
2019, pp. 386-392.

A. Hernansanz, J. Parra, N. Sayols, E. Eixarch, E. Gratacds, and
A. Casals, “Robot assisted fetoscopic laser coagulation: Improvements
in navigation, re-location and coagulation,” Artificial Intelligence
in Medicine, vol. 147, p. 102725, 2024. [Online]. Available:
https://www.sciencedirect.com/science/article/pii/S0933365723002397
D. Kundrat, A. Schoob, T. Piskon, R. Grisslin, P. J. Schuler, T. K.
Hoffmann, L. A. Kahrs, and T. Ortmaier, “Toward assistive technologies
for focus adjustment in teleoperated robotic non-contact laser surgery,”
IEEE Transactions on medical robotics and bionics, vol. 1, no. 3, pp.
145-157, 2019.

A. Schoob, D. Kundrat, L. Kleingrothe, L. A. Kahrs, N. Andreff,
and T. Ortmaier, “Tissue surface information for intraoperative incision
planning and focus adjustment in laser surgery,” International journal
of computer assisted radiology and surgery, vol. 10, pp. 171-181, 2015.
A. Geraldes, P. Fiorini, and L. S. Mattos, “A focus control system
based on varifocal mirror for co 2 fiber-coupled laser surgery,” IEEE
Transactions on Medical Robotics and Bionics, vol. 3, no. 4, pp. 878—
887, 2021.

P. Bonan, I. Fusco, N. Bruscino, F. Madeddu, M. Troiano, A. Verdelli,
D. Piccolo, and G. Rampino, “Laser-assisted blepharoplasty: An innova-
tive safe and effective technique,” Skin Research and Technology, vol. 29,
no. 5, p. e13351, 2023.

N. C. Giglio, H. M. Grose, and N. M. Fried, “Reciprocating side-firing
fiber for laser sealing of blood vessels,” in Diagnostic and Therapeutic
Applications of Light in Cardiology 2022, vol. 11936. SPIE, 2022, p.
1193602.

M. Taratkin, C. Netsch, D. Enikeev, A. J. Gross, T. R. Herrmann,
D. Korolev, E. Laukhtina, P. Glybochko, and B. Becker, “The impact
of the laser fiber-tissue distance on histological parameters in a porcine
kidney model,” World Journal of Urology, vol. 39, pp. 1607-1612, 2021.
M. H. Niemz, Laser-Tissue Interactions: Fundamentals and Applica-
tions. Springer International Publishing, 2019.

J.-J. E. Slotine, W. Li et al., Applied nonlinear control.
Englewood Cliffs, NJ, 1991, vol. 199, no. 1.

L. Fichera, D. Pardo, and L. S. Mattos, “Modeling tissue temperature
dynamics during laser exposure,” in Advances in Computational Intel-
ligence, 1. Rojas, G. Joya, and J. Cabestany, Eds. Berlin, Heidelberg:
Springer Berlin Heidelberg, 2013, pp. 96-106.

D. Pardo, L. Fichera, D. Caldwell, and L. Mattos, “Learning temperature
dynamics on agar-based phantom tissue surface during single point cog
laser exposure,” Neural Processing Letters, pp. 1-16, 10 2014.

L. Fichera, Learning the Temperature Dynamics During Thermal Laser
Ablation. Cham: Springer International Publishing, 2016, pp. 43-62.
[Online]. Available: https://doi.org/10.1007/978-3-319-30330-7_4

P. Saccomandi, E. Schena, and S. Silvestri, “Techniques for temperature
monitoring during laser-induced thermotherapy: An overview,” Interna-
tional Journal of Hyperthermia, vol. 29, no. 7, pp. 609-619, 2013.

S. Korganbayev, A. Orrico, L. Bianchi, M. De Landro, A. Wolf,
A. Dostovalov, and P. Saccomandi, “Closed-loop temperature control
based on fiber bragg grating sensors for laser ablation of hepatic
tissue,” Sensors, vol. 20, no. 22, 2020. [Online]. Available: https:
/Iwww.mdpi.com/1424-8220/20/22/6496

S. Korganbayev, A. Orrico, L. Bianchi, D. Paloschi, A. Wolf, A. Dos-
tovalov, and P. Saccomandi, “Pid controlling approach based on fbg
array measurements for laser ablation of pancreatic tissues,” IEEE
Transactions on Instrumentation and Measurement, vol. 70, pp. 1-9,
2021.

A. Orrico, S. Korganbayev, L. Bianchi, M. De Landro, and P. Sacco-
mandi, “Feedback-controlled laser ablation for cancer treatment: com-
parison of on-off and pid control strategies,” in 2022 44th Annual
International Conference of the IEEE Engineering in Medicine Biology
Society (EMBC), 2022, pp. 5012-5015.

S. L. Jacques, “Optical properties of biological tissues: a review,”
Physics in Medicine & Biology, vol. 58, no. 11, p. R37, 2013.

P. A. Hasgall, F. Di Gennaro, C. Baumgartner, E. Neufeld, B. Lloyd,
M. C. Gosselin, D. Payne, A. Klingenbock, and N. Kuster. (2022,
Feb) IT’IS database for thermal and electromagnetic parameters of
biological tissues. [Online]. Available: itis.swiss/database

N. E. Pacheco, S. Gao, K. Cleary, R. Shah, H. Zhang, and L. Fichera,
“Photoacoustic image guidance for laser tonsil ablation: approach and
initial results,” in Medical Imaging 2024: Image-Guided Procedures,
Robotic Interventions, and Modeling, vol. 12928.  SPIE, 2024, pp.
278-282.

Prentice hall



