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ABSTRACT

Laser osteotomy offers high precision and contact-free bone cutting but remiains limited by slower cutting speeds and shallower
ablation depths compared to mechanical tools. In this study, we sysiematically investigated the influence of spatial beam
intensity distribution on bone ablation performance by comparing Er:YAG laser with tophat and Gaussian intensity distribution
under identical operating conditions. Using bovine femur cortical bone and optimized water—air cooling, the tophat intensity
distribution achieved a maximum ablation depth of 44.51 mm and a maximum average material removal rate of 0.42 mm?/s,
outperforming the Gaussian intensity distribution (26.51 mm, 0.24 mm?/s). In dry surface ablation, the tophat profile reached
1.58 mm?>/s40.04 mm?/s, though with increased carbenization. Compared to previously reported Er:-YAG outcomes under
optimized ablation conditions, the cutting depth achieved in this work represents more than a twofold improvement, bringing
performance close to the planar cut dimensions required during distal femur resurfacing of a total knee arthroplasty (TKA).
Scanning electron microscopy and Faman analyzes confirmed minimal compositional change after laser ablation, indicating
minimal thermal damage. A steady-state model was utilized to characterize the ablation process and determine the theoretical
maximum ablation depth. These findings demonstrate clear ex vivo improvements by using a tophat profile in Er:YAG systems,
which have the potential for clinical adoption.

Keywords: laser-tissue interactions, laser ablation, tophat intensity distribution, Gaussian intensity distribution

Introduction

Osteotomy (oste= bone, tomy= cut) has a rich history, evolving from early civilizations to the era of modern precision surgery.
Despite significant advancements in medical technology, the fundamental principle of bone cutting has remained unchanged,
such as applying mechanical pressure and friction. Conventional tools such as oscillating and reciprocating saws, rotary burrs
and drills, and osteotomes are still routinely used in bone surgery due to their reliability and ease of use!. However, these
tools can introduce substantial mechanical and thermal stresses into the bone, often resulting in irreversible tissue damage.
Due to these induced thermal and mechanical stresses, bone debris is smeared on bone surfaces and patient recovery times
are prolonged”3. With an increasing demand for less invasive procedures and faster recovery, both patients and surgeons are
seeking advanced surgical techniques that reduce trauma and accelerate recovery. Consequently, alternative methods have been
actively explored to overcome the limitations of traditional mechanical osteotomy and improve clinical outcomes in orthopedic
surgeries.

In recent years, a growing amount of research challenges conventional osteotomy methods by demonstrating that contact-
free modalities can achieve comparable or superior precision while decreasing thermal and mechanical damage*. Emerging
technologies such as piezoelectric systems®~, water jet devices®?, and lasers®!%!! have been developed to address the
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limitations of mechanical tools in osteotomy. Among these technologies, the unique features of laser technology, though not
recently introduced, continue to offer distinct advantages, including non-contact operation, high precision, reduced collateral
damage, and the ability to create customized cutting geometries!%!% 13, Since its first application in bone cutting!4, laser
osteotomy has been subject to extensive research to adapt and optimize laser parameters for orthopedic surgeries. Furthermore,
the light-based nature of laser facilitates integration with optical feedback systems, enhancing both safety and precision of laser
procedures beyond those achievable with manual surgical techniques'>~'8.

Bone tissue consists of approximately 6570 % hydroxyapatite, 20-25 % collagen, and 1015 % water'?, therefore, mid-
infrared wavelengths are particularly effective for bone ablation, as both water and hydroxyapatite absorb strongly in this range'”.
When irradiated, once the laser energy density exceeds the laser ablation threshold, which is defined as the minimum laser
energy density required to initiate material removal, melting, decomposition, spattering, or vaporization, initiate photothermal
ablation that removes hard tissue. Several lasers have been evaluated for bone ablation, including CO,, Er:YAG, and Ho: YAG
lasers, each operating at wavelengths that target specific absorption bands of water and hydroxyapatite. Additionally, ultrashort-
or nanosecond-pulsed lasers, such as Yb:glass (with a Yb:KYW disk amplifier system)20, C0O,2!, and Nd: YAG lasers?? have
also been investigated for their ability to minimize thermal effects and reduce dependence on wavelength-specific absorption®.
In laser—tissue interactions, residual heat that remains in the tissue after removal of the material can cause thermal damage.
Depending on temperature and duration, this damage can be reversible or irreversible. Reversible thermal effects involve
temporary changes, such as tissue desiccation, while irreversible effects occur when the temperature is sufficiently high to
cause permanent damage to the tissue’*. The thermal damage zone is defined as the region of irreversible thermal injury
surrounding the ablation crater. This zone is associated with permanent tissue alterations, including cellular necrosis and cell
death. Histological evaluation of bone tissue has shown that after irradiation with pulsed mid-infrared lasers, using microsecond
or nanosecond pulse durations, viable osteocytes can still be observed in close proximity to the cutting edge!>2!-2%-2_ This
indicates that the thermal damage zone is confined to a narrow region adjacent to the ablation area.

Despite advances in laser osteotomy, the prolonged procedure time and limited cutting depth compared to mechanical tools
remain a major drawback of this technique!®. Previous studies on TKA report that the bone preparation step using conventional
tools such as the saw blade typically takes between 10 min to 17 min, and an average working time of 15 min. Based on current
estimates of the amount of removed bone, the bone removal rate during TXA is approximately 11 mm?3/s>’-3!. The maximum
cutting depth required for TKA is approximately 70 mm?®. However, the bone removal rate and depth achieved with laser
osteotomy remains far below that of conventional tools. Ran, T. et al. demonstrated the application of CO; lasers in TKA,
where simulated five-box cuts on distal ovine femurs were completed in approximately 1.5h3%33 and the average removal rate is
around 0.30 mm?>/s. However, conventional mechanical tools complete the bone preparation part in about 15 min, highlighting
that the cutting speed®* is a major barrier to clinical adoption. The Ho:YAG laser, with an operating wavelength of around
2.1 um, shows promise due to the high absorption of water at this wavelength. A recent study reported that with optimized
water cooling, the Ho:YAG laser can achieve a maximum ablation depth of 4 mm?™. Similarly, an ultrashort pulsed Yb-doped
fiber laser has a pulse duration of 10 ps, and offers exceptional precision and minimal collateral damage, making it a strong
candidate for high-precision bone surgeries; however, the ablation rate and ablation depth of ultrashort pulsed lasers have
recently been reported to be 0.18 mm?>/s and 2.8 mm, respectively>®. The ablation rate in another Yb:KGW ultrafast laser
with a pulse duration of 250 fs reached 0.99 mm?>/s without obvious thermal damage, which is about 19 times higher than the
previously reported results’’. Representative parameters of different laser systems used for osteotomy, including wavelength,
maximum ablation depth, pulse duration, and removal rate, are summarized in Table 1.

Laser type Wavelength [um] | Max depth [mm)] Pulse duration Removal rate [mm?>/s]
Er:YAG®® ~2.94 ~21 350 us ~0.17
Er,Cr:YAG® ~2.78 ~8 140 ps ~0.40
Ho:YAG>> %0 ~2.10 ~4 600 us ~0.94
Yb-doped fiber® ~1.064 ~2.8 10ps ~0.18
Yb:KGW?7 ~1.030 ~1.5 250 fs ~0.99
CO,%? ~9.3 ~20 25 us ~0.50

Table 1. Selected laser systems for laser osteotomy, focusing on maximum depth and ablation rate.

The type of laser-tissue interaction between the laser and bone is also an important criterion for laser selection. Femtosecond
and picosecond lasers mainly cause plasma-induced ablation with very low thermal damage, but their ablation efficiency is
low for bone. Millisecond or continuous-wave lasers, including CO; lasers, induce thermal diffusion and making thermal
damage difficult to control. Near-infrared lasers such as Yb:KGW show weak absorption in bone and tend to cause heating
rather than efficient ablation. In contrast, microsecond-pulsed lasers lead to efficient ablation with a more controllable thermal
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interaction?>. Based on these mechanisms, in laser osteotomy field, we prioritize lasers that can achieve deep ablation and
high removal rates with controllable thermal damage. Therefore, compared to other laser types used for bone ablation, such
as CO,, Ho:YAG, and ultrafast lasers, the Er:YAG laser offers a favorable balance between tissue removal efficiency and
thermal safety. Er:YAG lasers, operating at 2.94 um, have been extensively validated for hard-tissue surgery due to their strong
absorption in bone constituents and their ability to achieve high-precision ablation with minimal collateral damage. Microscopic
evaluations have revealed that the zone of laser influence is extremely narrow, with adjacent bone tissue retaining normal
microstructure and viable cells, confirming preservation of a healthy biological environment*'. Early comparative studies
showed that Er: YAG laser osteotomies produced cuts with mechanical integrity equivalent to bur-drilled sites, but with reduced
microcracking and negligible carbonization at the interface*>~**. Optimized cooling protocols have enabled ablation depths
of up to 21 mm in bovine femur models*®. Furthermore, viable osteocytes have been observed near to the resection edge,
indicating preservation of biological tissue and supporting improved healing dynamics*. In vivo animal studies, particularly in
leporine and ovine models, have demonstrated improved bone regeneration and osseointegration following Er:YAG osteotomy
compared to conventional drilling®. These improvements are attributed to the non-contact, vibration-free nature of the laser and
its precise energy confinement. The clinical translation of this technology has been exemplified by the development of the
CARLO® (Cold Ablation Robot-guided Laser Osteotome) system by Advanced Osteotomy Tools (AOT, Basel, Switzerland).
This robotic, image-guided platform integrated an Er: YAG laser mounted onto a seven-axis robotic arm end-effector to perform
precise, contactless bone cuts. In a first-in-human clinical feasibility trial, CARLO® successfully completed 28 osteotomies in
the midface and mandible without the need to revert to mechanical tools*. The system achieved cutting accuracy within 1 mm
root-mean-square deviation, without intraoperative complications and normal postoperative healing, validating the potential of
robotic Er:YAG laser osteotomy in clinical practice®’.

Until today, mainly laser wavelength and irrigation conditions have been analyzed in order to increase ablation depth and
material removal rate. Another method to increase ablation depth that has not yet been systematically analyzed is beam shaping.
Although beam shaping is an established optical approach, its systematic application to deep bone ablation has been limited.
This study provides a direct comparison of maximum ablation depth under otherwise identical conditions. In our experiments,
the maximum ablation depths were 44.51 mm using the tophat and 26.51 mm using a Gaussian intensity distribution. The
ablation process and theoretical maximum ablation depths were investigated using a steady-state model informed by empirical
surface ablation rate measurements, enabling the determination of maximum depth under current experimental conditions.
Furthermore, under identical conditions, the tophat intensity distribution achieved approximately 1.7 times the ablation depth
and roughly twice the material removal rate in comparison with that of the Gaussian intensity distribution, whilst causing less
thermal damage to surrounding tissue. To the best of our knowledge, these are among the deepest ex vivo ablation depths
reported with Er: YAG lasers under water-assisted conditions. The tophat intensity distribution, when combined with water and
air, achieved average and surface material removal rates of 0.42 mm?>/s£0.01 mm?/s and 0.96 mm?/s£0.03 mm?/s, respectively.
Although the maximum ablation rate is comparable to that in Ref.?”, the ablation depth is considerably higher, highlighting the
clinical potential of the Er: YAG laser with a tophat intensity distribution.

Results

Beam and temporal profile analysis

Figure 1 shows the 3D and top views of tophat and Gaussian intensity distributions. The beam profiles were collected at 600 mJ
and 650 mJ output energy levels, and at 750 mm and 1250 mm distances from the lasers with the tophat and with Gaussian
intensity distributions, respectively. The full-angle divergence was 12.8 mrad for the tophat and 7.7 mrad for the Gaussian
beam. The measured tophat intensity distribution is almost uniform with small fluctuations (as can be seen in Figure 1a),
whereas Figure 1b clearly delineates the sidelobes of the laser with Gaussian intensity distribution, corresponding to highly
multimode laser output. These sidelobes usually do not contribute to the ablation process. However, the energy carried causes
a temperature rise in the surrounding tissues, which can increase the risk of thermal necrosis. In this study, to simplify the
description of Gaussian beams, we use the term ‘Gaussian intensity distribution’ to refer to ‘multimode Gaussian intensity
distribution’. In addition, the Rayleigh length after the second lens is 22.8 mm for the tophat intensity distribution and 31.7 mm
for the Gaussian intensity distribution. The detailed description of the experimental setup can be found in the "Experimental
setup" section in "Methods".

The temporal pulse profiles of the tophat and Gaussian intensity distribution were measured using a photo detector (PDA20H,
Thorlabs). All measurements were performed under identical operating conditions, with a repetition rate of 10 Hz and a pulse
energy of 600 mJ. As shown in Figure 2, both laser systems exhibit stable pulse trains with a pulse interval of 100 ms. The
corresponding single-pulse temporal profiles reveal pulse durations of approximately 500 ps for both beams. Despite the similar
operating parameters, slight differences in the temporal pulse shapes are observed between the tophat and Gaussian beams.
These differences are likely attributable to variations in laser architecture.
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Figure 1. Beam profile of (a) tophat intensity distribution and (b) Gaussian intensity distribution at 600 mJ and 650 mJ output
power, respectively. The beam profiles were measured at 750 mm and 1250 mm distances from the respective laser; the beam
was reflected to these positions by an optical window to reduce the laser fluerice on the beam profiler. (Note: Due to the
difference in beam divergence angle of two intensity distributions, differcnt distances were used to completely separate the
beam spots avoiding interference in the beam profile measurement.)
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Figure 2. Pulse trains and temporal profiles of (a) tophat and (b) Gaussian intensity distribution.

122 Material removal rate evaluation
1.a Figure 3 shows the comparison of material removal rate under three conditions: (1) dry ablation, also known as direct ablation
13a  (without water irrigation and compressed air); (2) water irrigation only for cooling; and (3) a combination of water irrigation
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and compressed air to remove both debris and excess water while supporting surface cooling. As can be seen in Figure 3,
under all the tested conditions, the material removal rate for both types of beam profiles exhibited a saturation trend as fluence
increases. At approximately 100 J/cm?, corresponding to a laser pulse energy of around 1.2J, the material removal rate
gradually approached a constant value. This suggests that a further increase in output energy would not significantly enhance
the removal rate. Therefore, 1.2 J/pulse was selected as a reasonable energy for further ablation experiments.

The maximum surface material removal rate for dry ablation using the laser with tophat intensity distribution reached
1.58 mm3/s40.04 mm?3/s. Under the same conditions, the laser with Gaussian intensity distribution achieved approximately
half this rate around 0.78 mm?3/s+0.04 mm?>/s. In other tested conditions (water irrigation and water irrigation combined
with pressurized air), the material removal rate of the laser with tophat intensity distribution was consistently about twice
that of the Gaussian one. We performed the ablation rate experiments under the same experimental conditions to have a
consistent comparison. Based on the material removal rate results, we can conclude that, at the same fluence, the tophat is more
energy-efficient than the Gaussian and can remove material faster. This also supports the subsequent ablation results, where
the tophat can achieve deeper ablation at the same fluence level. Experimental details can be found at "Material removal rate
evaluation" section in "Methods")
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Figure 3. Comparison of the surface material removal rates of lasers with tophat and Gaussian intensity distribution at three
different ablation conditions: dry, with water, and with water and air. The error bars show the standard deviation. Each data
point represents the mean value from six ablation lines (three samples, two lines per sample).

Ablation parameter investigation

In the ablation experiments, the focal length of the focusing lens and the sample position relative to the lens determine the
initial laser fluence on the sample surface. A straightforward strategy is to position the sample at the focal plane to maximize
fluence, or at a distance of —Zp (to efficiently use the entire depth of focus) from the focal plane to maintain a constant fluence
over the full depth of focus.

Our experiments indicated that sample placement strongly affects the achievable maximum ablation depth. Therefore, in
the subsequent tests using the beam with the tophat intensity profile, we systematically positioned the sample at various points
before and after the focal plane to identify the optimal configuration while maintaining a constant water pressure of 5.5 bar.
Before optimizing the lens-to-sample distance, we first tested different lenses with different focal lengths for the second lens.
These two lenses were selected because they result in almost identical beamwaist radius which is shown in Table 2. The ablation
results showed that a focal length of 100 mm provided the best depth performance for the tophat intensity distribution, while a
focal length of 150 mm was optimal for the Gaussian intensity distribution. These lenses were selected as fixed conditions for
the following optimization.

As shown in Figure 4a, placing the sample about 91 mm from the second lens (focal length, f = 100 mm) resulted in an
ablation depth of 37.25 mm=+0.25 mm, with an ablation time of approximately 11 min. At this position, the focal plane is
~10 mm below the surface, corresponding to 1/2 of the Rayleigh length that traverses the sample.

Initially, the water pressure was adjusted to a safe level at 5.5 bar considering the requirements in an operating room
However, all of the ablation experiments showed traces of carbonization at the deepest points, suggesting that the water jet was
unable to reach the deepest point in the cut. After distance optimization experiments, we varied the water jet pressure from
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5.5bar to 30 bar. At a water pressure of 15 bar, we achieved a maximum ablation depth of approximately 43.75 mm=£0.51 mm
in 11 min. Based on the literature, the minimum water pressure for bone cutting using water is 50 MPa (500 bar)*. We did not
observe any damage due to the applied water pressure at 15 bar.

Based on the results with the tophat intensity distribution, we applied the same conditions for ablation to the laser with
Gaussian intensity distribution, using a water pressure of 15 bar to investigate the relationship between sample distance and
ablation depth. We changed the focusing lens in the laser with Gaussian intensity distribution ablation case to reach the same
fluence level on the sample. As shown in Figure 4a, when the sample was placed at 165 mm distance from the second lens (f =
150 mm), the depth obtained was 26.14 mm=+0.36 mm in 11 min.

In a separate experiment, we applied pulsed water irrigation to control the amount of water on the surface during ablation
experiments. The on/off intervals were also determined based on the depth yield. Pulsed water with intervals of 5s, 10, 20,
30s, and 40 s was tested to cool the samples, and the total duration of the experiments was 10 min and 30s. The corresponding
micro-CT images are shown in Figure 4b. A pulsed water interval of 30 s yielded the ablation depth of 44.10 mm=+0.27 mm,
with the corresponding average material removal rate of 0.42 mm?3/s£0.002 mm?/s. A 30's water pulse interval also offered the
highest ablation efficiency. Therefore, this condition was used in all subsequent experiments.
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Figure 4. Ablation parameter investigation to optimize the ablation depth. (a) Maximum ablation depth as a function of the
distance from the lens to the sample using tophat and Gaussian beams. (b) Testing various intervals for pulsed water irrigation
(Laser: tophat intensity distribution, water pressure: 15 bar). The error bars show the standard deviation. Each data point
represents the mean value from three ablation lines on one sample.

Beam profile along the depth of ablation

To investigate how the tophat and Gaussian intensity distributions affect the ablation depth using the same setup configuration
(water irrigation interval and compressed air pressure), we conducted a comparative experiment (a detailed setup is shown in
"Experimental setup" subsection in "Methods"). During ablation, all the optimized parameters based on results in the "Ablation
parameter investigation" section were applied for both lasers. These ablation parameters were as follows: water with a water
pressure of 15 bar at an interval of 30 s during the experiments.

To obtain accurate measurements, the samples were scanned using a Micro-CT system (GE nanotom m, Phoenix) with
a resolution of 40 um after ablation (Specifications can be found in the "Depth measurements and bone analysis" section in
"Methods"). The results showed that the Gaussian intensity distribution achieved an ablation depth of approximately 27.3 mm,
while the laser with the tophat intensity distribution reached 43.8 mm, which is ~ 1.6 times deeper. The CT images reveal a
V-shaped ablation profile for the Gaussian beam, while the cross-section of the tophat ablation clearly shows the overlap with
the propagation profile of the beam. As shown in Figure 5Sa, the laser with the tophat intensity distribution was focused until it
reached the focal plane. After reaching the narrowest point near the focal plane, it diverged again within the sample.

To further analyze these results, we acquired the beam profiles along the laser propagation path using the beam profiler
(PY-IV-C-A-PRO, Ophiropt). This was achieved by systematically scanning the profiler, starting at a position of 10 mm before
the focal plane, and obtaining the beam profile every 2 mm steps. The beam profiles of the tophat intensity distribution and the
Gaussian intensity distribution were measured under 583 mJ and 572 mJ output power, respectively. In the experiments, we
measured the focal plane distances from the lenses to be approximately 105 mm and 168 mm for the tophat and the Gaussian
intensity distributions, respectively. The discrepancy between the focal lengths of the lenses and the measured focal distances is
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possibly due to the difference between the design wavelength of the lenses (588 nm), the laser wavelength and the M? factors of
the Er:YAG lasers. Figure 5a and Figure 5b show changes in the beam profiles as a function of the distance from the lens. The
full-width at half-maximum (FWHM) and the corresponding ablation widths were calculated for both laser types along the
propagation axis. As shown in Figure 5c¢ and Figure 5d, for the tophat intensity distribution, the ratio between the ablation
width and the beam FWHM continuously decreased before the focal plane and increased again after passing the focal plane. In
contrast, for the Gaussian intensity distribution, this ratio continuously decreased during propagation.

At each position, the spatial beam profile was integrated to determine the energy delivered, from which the ablation energy
efficiency was calculated, assuming that the beam profiles will remain similar at higher energy levels of both lasers and
propagating within the walls of the cut. Figure 5c and Figure 5d show that the tophat intensity distribution achieved 98%
energy efficiency on the sample surface, indicating that most of the energy contributed to ablation. The energy efficiency
decreased with distance until near the focal plane, and then increased again to above 90%, indicating that the clipping losses
were minimized. As the ablation distance is increased, the fluence is reduced due to the augmentation in beam size, eventually
diminishing to approximately 10% efficiency. Figure 5b shows the V-shaped ablation crater. For the Gaussian beam, the initial
energy efficiency was above 90%, then it decreased to as low as 10% at the bottom of the cut. In the case of the Gaussian beam,
only a restricted portion of the beam contributed to ablation. As the ablation depth increased, the effective width of the cut
decreased, which caused an aperture effect and wasted the laser energy, limiting the ablation depth. However, for the laser with
tophat intensity distribution, although the energy efficiency decreases to the lowest level at the focal plane, it recovers after
the focal plane, then starts decreasing only after the beam diameter is large in a deeper point of the cut, thus enabling deeper
ablation. Overall, under identical laser parameters and cooling conditions, the tophat intensity distribution delivered higher
energy to deeper points in the cut and overcame the aperture effect limitations seen with Gaussian beams.
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Figure 5. Ablation profile obtained using laser with (a) tophat and (b) Gaussian intensity distribution. The measured beam
profiles of both lasers are also shown on the ablation profile with red curves. The scale of the CT scan and beam profile
measurements are adjusted to be the same. Variation of beam size, crater size, and energy efficiency are shown in (c) tophat and
(d) Gaussian intensity distribution.
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Ablation evolution

Achieving deep ablation with minimal carbonization remains a key challenge in bone ablation research. Improving both the
removal rate and depth of ablation is always a central focus in the field. This study explored deep-ablation experimental
parameters using two beam profiles. All parameters can be found in the "Ablation parameter investigation" section below. The
experimental setup details are provided in "Experimental setup" section in "Methods".

We ablated five times on each sample using the same ablation parameters. To accurately measure the depth of ablation,
Micro-CT scans were performed on the samples (Specifications can be found at "Depth measurements and bone analysis"
section in "Methods"). The corresponding results are shown in Figure 6a. To better visualize the shape of the ablation crater
cross-section, we used the open source OpenCV library in Python to extract the ablation profile, depicted with the green line
next to each enlarged CT scan image in Figure 6a. The results showed that under identical conditions, the laser with the
tophat intensity distribution achieved a maximum ablation depth of 44.51 mm and a maximum average material removal rate of
0.42 mm?/s. The corresponding average values were 43.86 mm=-0.65 mm for ablation depth and 0.40 mm?3/s0.006 mm?/s for
material removal rate. In contrast, the Gaussian intensity distribution reached only 26.51 mm and 0.24 mm?>/s, with averages of
26.24 mm=0.27 mm and 0.24 mm?/s+0.004 mm?>/s over a period of 11 min for both beam profiles. The profiles of the ablation
craters are also shown in Figure 6a.
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Figure 6. (a) CT scan images of both tophat and Gaussian ablation. The green line is the outline of each ablation crater (b)
The expected ablation depths using lasers with tophat and Gaussian intensity distribution based on the measured ablation rates
and ablation conditions.

To better understand the ablation process and the theoretical maximum ablation depth, we used the steady-state model?>.
The depth variation data are extracted from the surface ablation rate measurements shown in Figure 3. The maximum ablation
depth under the current conditions was obtained through this modeling approach (for detailed modeling theory, please refer to
the "Theoretical modeling of the ablation process" section in Methods).

In the model, we included dry ablation, with water, and with water and air conditions, and also mimicked the real
experimental condition of pulsed water irrigation, which was changed every 30 s in the model. The model alternated between
dry ablation and water and air conditions by using the corresponding ablation rates accordingly after every 30s. Since the
experiments began with the condition, ablation with water and air, the model used the corresponding ablation depth for the
initial pulse.

As shown in Figure 6b, lasers with tophat and Gaussian intensity distribution under ablation with pulsed water irrigation
conditions, the expected maximum ablation depths are above 43.3 mm and 25.2 mm in 11 min, respectively. These values follow
the experimental observations. However, the model uses simplified assumptions about the material and heat processes, and
cannot fully represent the complex conditions of real life experiments. Hence, the simulated ablation results are slightly lower
than the experimental results. In the future, a more accurate model can be developed by simulating more experimental processes,
including debris interactions, which may lead to more precise model results and provide better guidance for optimizing real
experiments.

Scanning Electron Microscopy analysis

The thermal effects of both beam profiles are also investigated in a separate bovine femur sample. Scanning Electron Microscopy
(SEM) analysis (EM30AX, COXEM) was performed to analyze the microstructure of bone samples (for detailed specifications
and sample preparation, please refer to the "Depth measurements and bone analysis" section in Methods).
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Within these analyzes, three different sections were studied. The laser beams (tophat and Gaussian) irradiated the samples
under the same conditions (ablation with water and air, water pressure at 15 bar, and laser energy of 1.2J on the sample) as in
the deepest ablation experiments.

In Figure 7a and Figure 7b, each SEM image was divided into three analysis regions: ablated area (irradiated by laser beam),
healthy bone (base bone), and the interface between these two demarcated regions. As a reference and also for comparison with
carbonized samples, we performed hole ablation on a bovine femur sample using the laser with tophat intensity distribution. To
induce carbonization, no water cooling was applied during the ablation process. The laser energy on the sample was 1.2J, with
an ablation duration of 2 min. After the ablation process, the sample was dried for 72 h before SEM imaging.
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Figure 7. Representative SEM images for Er:YAG lasers ablation with (a) tophat intensity distribution and (b) Gaussian
intensity distribution. (c) an SEM image of a carbonized sample to visualize changes in surface structures.

Following laser irradiation, a comprehensive analysis was performed nsing SEM to evaluate the structural integrity of the
bone tissue. A primary focus of this analysis was the preservation of osteocyte lacunae, which are the microscopic voids that
house osteocytes. Because these specialized cells, derived from osteoblasts™*2, form an intricate cellular network essential for
the mechanotransduction and regulation of bone remodeling>3. The integrity of this lacunar-canalicular network is directly
correlated with osteocyte viability; its disruption can lead to osteocyte apoptosis®', which subsequently compromises bone
homeostasis and reparative processes. The successful preservation of these microstructures post-ablation is a critical metric for
assessing the minimal thermal impact of the procedure, a condition we have designated as healthy ablation.

The SEM images, presented in Figure 72 and Figure 7b, depict bone samples subjected to ablation by a tophat intensity
distribution and a Gaussian intensity distribution, respectively. The images demonstrate the structural preservation of the
osteocyte lacunae within the interface region, with no discernible signs of thermal damage. The SEM image of the carbonized
sample, as shown in Figure 7c. clearly reveals charcoal-like structures which indicate the complete loss of osteocyte lacunae.
These observations serve as supportive evidence for the high quality and precision of the ablation process. These findings
strongly indicate that water-assisted laser ablation can achieve precise, low-damage tissue removal, even at high power settings
and rapid removal rates. This has significant implications for orthopedic surgery, particularly for procedures such as TKA,
where maintaining the viability of surrounding bone tissue is paramount for implant integration and long-term clinical success.
These SEM observations were qualitative; to measure the precise thermal damage zone in micrometers, future studies with
histology and viability staining are required to quantify cell preservation.

Raman Spectroscopy

Raman spectroscopy is a powerful technique that analyzes the vibrational modes of molecules, providing information about
the chemical composition and structural changes within bone. Changes in the Raman spectra of ablated bone samples can
indicate potential structural damage, such as protein denaturation or carbonization. For bone tissue, hydroxyapatite and organic
components are the primary constituents.

In Raman spectral analysis, the main characteristic peaks of healthy (base, native) bone include phosphate bending vibration
(0POy, 427 cm~! and 585 cm’l), phosphate stretching vibration (VPOy4, 959 cm’l), and carbonate stretching vibration (vCOs3,
1070 cm~!)>*. Therefore, Raman spectroscopy was conducted on both native bone samples (fresh mature bovine femur samples,
base bone) and ablated areas of the bone samples (Detailed parameters and testing process are shown in "Depth measurements
and bone analysis" section in "Methods". To compare the effects under different ablation conditions, we tested three ablation
conditions: dry ablation, ablation with water, and ablation with both water and compressed air. Raman spectra were also
collected from carbonized bone and fresh bone samples as reference measurements.

The results are shown in Figure 8. When comparing the spectra under all ablation conditions with those of the native or base
bone, all the fingerprint vibrational modes mentioned above were still present. Due to long data collection and laser exposure
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times, the water band around 1640 cm ™~ was weak. Although the intensity of the VPO, peak showed a slight decrease after

ablation, the characteristic peaks remained intact. In contrast, in the carbonized bone samples, the primary characteristic peaks
were absent; only elevated background noise remained. This indicates that no fundamental structural damage occurred in the

bone samples following either of the two laser ablation methods as was previously reported>*.
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Figure 8. Raman spectra of native (base), carbonized, and ablated bone samples using lasers with tophat and with Gaussian
intensity distributions. We introduced an offset to the normalized Raman spectra to increase the visibility of each vibration
band. The three ablation conditions were applied to the bone surface to identity the effects of both lasers.

Discussion

This study investigates the effect of the spatial intensity distribution of Er:YAG laser beams on ablation speed and depth.
Although our comparison may be limited by using two different beam profiles, the observed performance differences are
consistent with theoretical predictions for lasers with tophat and Gaussian intensity distributions. Er:YAG lasers are favorable
for bulk ablation, as the literature has repeatedly demonstrated. However, beam shaping in this spectral range remains
largely unexplored, likely due to the limited availability of suitable diffractive elements. Traditional Er:YAG lasers typically
produce a multimode output closely resembling a Gaussian intensity distribution, characterized by a high central intensity and
accompanying sidelobes. This generally results in a conical-shaped ablation profile in bone, caused by spatial filtering of the
cut walls as the depth increases. This behavior is clearly visible in Figure 5. In a Gaussian beam, only portion of the beam
exceeding the ablation threshold contributes to material removal. Lower intensity peripheral regions are blocked after only a
few pulses, leading to a steady decrease in effective fluence with successive pulses. Ablation depth can only increase as long as
the central portion maintains sufficient fluence to ablate the bone.

In contrast, a uniform intensity or tophat intensity distribution delivers ablation-capable fluence across its entire cross-section.
Especially if the edges of the beam are steep, the resulting ablation profile is expected to have a flat bottom, following the beam
profile. The process begins with an average fluence just above the ablation threshold, focuses within the bone, and continues
until the average fluence drops below the threshold. Although such a beam might be expected to produce a roughly symmetric
depth profile, our experiments showed that the maximum depth is achieved when the focal plane is positioned ~10 mm below
the bone surface. When the sample was placed far before the focal plane, the enlarged spot reduced fluence and efficiency with
increasing depth, preventing maximum penetration.

The tophat beam yielded its maximum ablation depth of 44.51 mm, at a position of 10 mm before the focal plane. The
progression of ablation was initially sustained despite an in-depth decrease in energy efficiency, which corresponded to a
reduction in effective fluence. The efficiency subsequently recovered once the beam had passed the focal plane, continuing
until the inherent beam expansion limited further cutting capability. The average material removal rate was approximately
0.45 mm?/s in the upper 22 mm, and 0.40 mm?>/s in the lower 22 mm, different for the two halves. In particular, after reaching
the focal plane, the tophat intensity distribution continued to increase depth by an additional ~34 mm, albeit at a slower rate.
A possible contributing factor could be mild heat accumulation at the bottom of the cut, allowing localized continuation of
ablation even when the surface fluence is low. In the Gaussian case, energy efficiency declined steadily with depth, as sidelobes
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consistently remained below the ablation threshold and were therefore inactive for cutting. Further depth increase was not
achievable.

In addition to these optical and geometric limitations, dynamic interactions between the laser, water, and ablation debris
introduce further shielding effects. Shielding effects are also a crucial phenomenon in pulsed laser bone ablation, particularly
with microsecond lasers like the Er:YAG, that reduce the effective fluence reaching the tissue and limit the maximum ablation
depth®. Shielding occurs when ablated material interferes with the incoming laser beam. It is primarily driven by two
components: vapor plume/plasma formation and particulate/debris ejection. The rapid absorption of laser energy by water in
the tissue causes explosive vaporization, leading to the formation of a high-pressure, high-temperature vapor plume above the
target>>7°. At high laser intensities, this plume can be ionized into a plasma®’. This plume or plasma strongly absorbs, scatters,
or refracts the latter parts of the incident laser pulse, decreasing the energy deposited onto the bone surface. Additionally,
the thermo-mechanical ablation process ejects solid bone microparticles, fragments, and water droplets into the beam path.
These particles scatter laser light, contributing to the overall loss of effective fluence. The main consequence of shielding is a
significant reduction in ablation efficiency, which can be modeled when determining clinical laser dosage®®. In experiments,
the energy deposited into the sample can be reduced by 25% to 50% due to shielding from the ejected material®®. Mitigation
strategies often focus on pulse control and clearing the ablation zone. Using ultrashort-pulsed (ps or fs) lasers can minimize the
time for the plume or plasma to form and interfere with the pulse, effectively reducing this shielding mechanism®. Employing
effective water irrigation or microjet systems also helps mechanically to clear the plume and debris, maximizing the energy
delivery of subsequent pulses and improving ablation rates’®>°. Additionally, liquid layers can enhance ablation by confining
the laser-generated plasma, leading to photomechanical effects, although shielding can still cause efficiency saturation at high

radiant exposures®”.

Although the tophat intensity profile utilized a shorter focal length lens, resulting in a higher divergence angle than the
Gaussian beam, its depth-dependent cut profile varied more slowly. This characteristic effectively avoided the severe efficiency
loss observed with the Gaussian intensity distribution. This difference is apparent in CT images Figure 5a and Figure 5b for
tophat and Gaussian ablation profiles, respectively.

Under identical parameters (ablation with water and air), when the samples were positioned at the focal plane of both
intensity profiles ("Material removal rate evaluation" section in "Results"), the laser with tophat intensity distribution achieved
a maximum surface material removal rate of 0.96 mm>/s+0.03 mm?>/s, about 1.7 times higher than the Gaussian intensity
distribution. SEM and Raman spectroscopy analyses indicated that the bone structure remained undamaged after laser ablation.
The Raman spectra showed intact phosphate and carbonate peaks, indicating low observable damage under ex vivo conditions.
While these techniques are effective in identifying gross thermal or chemical damage, they are inherently qualitative in nature.
Therefore, SEM was used to perform a qualitative analysis of osteocyte lacuna—canalicular network preservation to assess
thermal damage. Although this approach clearly reveals differences in thermal effects, a quantitative analysis would provide
a more objective and detailed evaluation. However, it is difficult to define reliable metrics because natural bone samples do
not have a uniform microstructure. Despite this limitation, the performance advantage of the tophat intensity distribution is
clearly reflected in the achieved ablation depth. The laser with a tophat intensity distribution achieved a maximum depth of
44.51 mm in approximately 11 min, whereas the laser with a Gaussian intensity distribution reached only 26.51 mm. Compared
to previously reported Er: YAG results in cortical bone (maximum depths 21 mm?® under comparable cooling and scanning
conditions), the depth achieved here represents approximately a twofold improvement, approaching the 70 mm ablation depths
required by orthopedic applications®®. This was achieved without increasing pulse fluence, repetition rate, or other ablation
parameters, isolating the beam profile as the primary variable.

To further elucidate the physical mechanisms underlying the ablating performance observed in this study, the ablation
process and theoretical maximum ablation depth were investigated using a steady-state model informed by empirical surface
ablation rate measurements, enabling to determine the maximum depth under current experimental conditions. This theoretical
framework provides a link between microscopic optical interactions and macroscopic ablation results. The optical penetration
depth (8) of the Er:YAG laser is calculated at approximately 7.7 um based on the Beer-Lambert Law and the static absorption
coefficient of water (u, = 13000cm™")%°, the steady-state analysis suggests that beam geometry is the critical factor in reaching
depths exceeding 40 mm. But with respect to multiple pulses and the spatial distribution of laser intensity, the present model is
limited to describing single-pulse ablation under the experimental conditions of this study. The effect of multiple pulses is not
explicitly included in the model, and the reported ablation depth is obtained by applying the single-pulse ablation result to the
experimental conditions. The spatial laser intensity distribution is assumed to be fixed and reproducible. A model explicitly
accounting for pulse-to-pulse effects and spatial intensity variations will be addressed in future studies.

These findings represent the promising performance of deep bone laser ablation, narrowing the gap in cutting efficiency
with standard mechanical osteotomy tools. With further improvements and integration into robotic delivery systems, Er:YAG
lasers with tophat profile have the potential to meet both the speed and depth requirements for orthopedic mainstream surgery.

The following are potential limitations of this study. First, bovine femur samples were obtained from commercial sources
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of unknown freshness and subjected to freeze—thaw storage, which can alter hydration and microstructure. therefore, absolute
ablation values may differ from those of fresh living bone. Second, the comparison relied on two distinct commercial Er: YAG
systems, so residual differences in optical design beyond the beam profile may have contributed to the observed effects. Finally,
all experiments were conducted ex vivo under controlled irrigation, which does not replicate the physiological environment
of perfused, vascularized bone. Patient-related complications such as infection or embolism do not occur in the current
experimental setting. These risks are relevant for potential future clinical translation of water-jet and compressed air assisted
techniques. Recommended preventive and management measures include sterile closed-loop fluid delivery, pressure and
flow control, avoidance of open vessels, effective suction and drainage, and routine monitoring during surgery. Once this
laser ablation approach is translated into clinical application, the prevention, monitoring, and management of these potential
complications will constitute key safety considerations®'-%*. Future work will therefore focus on fresh, perfused models,
quantitative histological and spectroscopic analyzes, and integration with robotic delivery to better assess translational potential.

Methods

Experimental setup

In the ablation experiments, we used two Er: YAG lasers with different intensity distributions: tophat (2940-1500-25, 3 micron
Laser Technology) and Gaussian (R7X111C2-ERY, Megawatt tech). Both intensity distributions were validated using a beam
profiler (PY-IV-C-A-PRO, Ophiropt). Although the measured profile of the Gaussian laser is multimode (Figure 1), laser with
the Gaussian profile refers to this profile throughout the manuscript. An uncoated wedged sapphire window was used to deliver
partial energy to the beam profiler, preventing damage from excessive peak power. An energy meter (PE50-DIF-C, Ophiropt)
was placed on the beam path after the sapphire window to monitor the incident power in real time, while the reflected beam was
measured with the beam profiler.

The experimental setup is demonstrated in Figure 9, where (1) represents both Er:YAG lasers used for bone ablation
(laser with tophat intensity distribution: 2940-1500-25, 3 micron Laser Technology. laser with Gaussian intensity distribution:
R7X111C2-ERY, Megawatt tech). Three mirrors (2, 4 and 5)(PF10-03-GO1, Thorlabs) were placed to redirect the beam. Both
lasers have a highly divergent beam (tophat: 12.8 mrad and Gaussian: 7.7 mrad). We used a plano-convex lens (3) with a focal
length of 500 mm (LLA5464, Thorlabs) for collimation in both experimental setups. The beam was then focused onto the sample
by a second plano-convex lens (6). To ensure a consistent beam size at the focal plane for both lasers, two different lenses were
selected: 100 mm (LAS5817, Thorlabs) for the tophat intensity distribution and 150 mm (LAS5012, Thorlabs) for the Gaussian
intensity distribution. A coated sapphire window (7) (WG31050-D, Thorlabs) was placed between the sample and the lens to
protect against the generated debris and water droplets. The sample (8) is fixed on an XYZ-axis platform (9)(X:KBD101 and
DDSO050, Thorlabs, Y and Z: 443 and SM50, Newport). The motorized platform was used to move the sample in £X direction
at a constant speed of 8 mm/s, while the Y and Z-axes were manually adjusted and kept fixed during the experiments.

Laser intensity distribution | Pulse @U.THS] Repetition rate [Hz] | Energy on sample [J] | Beam diameter [mm] | Average fluence [ J/em?]
tophat 500 10 1.20 1.22 102.7
Gaussian 500 10 1.23 1.25 100.2

Table 2. Parameters comparison of tophat and Gaussian intensity profiles of Er:YAG laser.

In photothermal ablation, irrigation is crucial in obtaining efficient material removal. External irrigation reduces the
temperature of the sample and rehydrates bone tissue during the ablation process®®%>. We used a nozzle (10) (Synova Laser
MicroJet Technology) as an irrigation system. The nozzle was placed at an angle of approximately 45° to the sample surface. It
generates a 50 um diameter water jet, which was necessary considering the narrow and deep cut, operating at pressures ranging
from 10 bar to 800 bar, and a laminar flow length of >150 mm. Although water cooling helps during the ablation process, debris
removal is also very important to keep ablation stable. If irrigation is used and water is not removed well, a liquid layer will
form and absorb laser energy, reducing ablation efficiency. Therefore, irrigation should be combined with compressed air or
suction, which balances cooling and ablation performance'®*!. So, a pump system (MP030066, Maximator Schweiz AG),
delivering pressurized water through a nozzle, was used. This pump provides a continuous supply of pressurized distilled
water with a maximum pressure of 690 bar. At 30 bar, the water flow rate was 4.8 mL/min. In the experiments, we used a
Python code to deliver an on-and-off sequence of water flow. The water irrigation nozzle was placed about 100 mm from the
sample surface. During deep ablation experiments, to ensure the delivery of water to the deepest point in the cut, we moved the
irrigation nozzle about 20 mm forward after the ablation depth reached around 30 mm. The angle between the water and the
sample remained unchanged at 45° throughout the movement process. In the meantime, compressed air with a pressure of
15 bar (11) was also used to remove ablation debris and water droplets from the sample surface, with air directed at an angle of
approximately 45° to the sample surface, at an angle of approximately 90° to the water jet.
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Figure 9. The experimental setup. The system is designed for bone ablation using Er:YAG lasers (1). A plano-convex lens (3)
is used for collimation, and mirrors (2, 4, and 5) are placed to redirect the beam to the sample. A plano-convex lens (6) is
positioned to focus the beam onto the sample (8). A coated sapphire window (7) protects the optical components from the back.
The sample is fixed on an XYZ-axis platform (9). During the ablation experiments, a water jet (10) for cooling and compressed
air (11) for debris removal are positioned on either side of the sample. The sample is fixed on an XYZ-axis platform (9) during
the experiments.

To isolate the effect of beam shape, all experimental paraineters were kept constant, including a shared pulse duration of
500 ps and a repetition rate of 10 Hz. The resultant beam properties on the sample surface were then measured. The tophat
distribution had an average energy of 1.20J and a beam diameter of 1.22 mm, while the Gaussian distribution measured 1.23J
and 1.25 mm, respectively. These settings resulted in an average fluence of 102.7 J/cm? and 100.2 J/cm?, respectively. Table 2
summarizes these parameters.

Material removal rate evaluation

The presence of water molecules, which are the main absorbers of the Er:YAG wavelength, is crucial for initiating micro-
explosions and enabling tissue removal. Irrigation systems are commonly used with the Er: YAG laser to both rehydrate the
tissue and reduce its temperature. In addition, compressed air is combined with the irrigation system to remove excess water
from the tissue, which could otherwise act as a protective layer and absorb the laser energy before it reaches the bone. To
investigate the performance of the tophat and Gaussian beams under different experimental conditions, laser ablation was
performed on bone samples prepared in varying states. For each energy level (0.4J to 1.2]), ablation was performed under
three different conditions: (1) dry ablation, also known as direct ablation (without water irrigation and compressed air); (2)
water irrigation only for cooling; and (3) a combination of water irrigation and compressed air to remove both debris and excess
water while supporting surface cooling. These three conditions were selected based on previously reported studies®® 9.

During each test, the sample was moved horizontally back-and-forth on a motorized stage (KBD101 and DDS050, Thorlabs,
with a resolution of +£6.5 um) and positioned at the focal plane. Each ablation line was approximately 16 mm long, and the
sample was moved at a speed of 8 mm/s in a loop motion. Each experiment lasted for 1 min, which was ensured using an optical
beam shutter (SH1, Thorlabs). Each set of experiments was repeatedly performed to minimize the impact of experimental and
sample deviations. The six ablation lines were performed on three different samples, each with two ablation lines.

After ablation, all lines were scanned using optical coherence tomography (OCT), which measured the material removal
rate by providing high-resolution, non-destructive depth measurements. To obtain the ablation depth, a complete OCT scan was
performed along the entire ablation region. B-scan images were analyzed with ImageJ (LOCI, University of Wisconsin), and
the average depth across the entire scan was defined as the ablation depth.
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Depth measurements and bone analysis

Micro-CT scanning

Bone samples were scanned using a Micro-CT system (GE nanotom m, Phoenix) with a resolution of 40 um and a measurement
time of approximately 4 h. The data were then processed using 3D reconstruction software (Datoslx, Phoenix) to obtain a
visualized model of the samples.

OCT imaging

To determine the surface removal rate, cross-sectional images were acquired using an OCT system. The OCT system was
equipped with an Axsun swept-source laser operating at a central wavelength of 1060 nm, a spectral bandwidth AA = 100nm,
and a sweep rate of 100 kHz. The acquired volumetric dataset covered a physical size of 7 x 7 x 3.56 mm, with a volume
acquisition rate of 0.37 s~!. The axial and lateral resolutions of the OCT system were 11 um and 40 um, respectively. B-scan
images were obtained with a lateral field of view of 7 mm and an imaging depth of 3.56 mm in air. For quantitative analysis,
the ablation depth and width were extracted through manual segmentation using Image]J.

SEM

SEM analysis (EM30AX, COXEM) was used to analyze the microstructure of bone samples with a resolution of 5 nm. Since
SEM measurements require a low moisture content, the samples were dried in a vacuum desiccator for more than 72 h before
testing. Due to the limited working distance and depth of field in SEM, surface ablation was performed for a duration of 10s on
small bone pieces. The samples were then mounted onto the sample stage and secured using conductive tape.

Raman spectroscopy

For Raman spectroscopy testing, bone samples were placed on a Raman spectrometer stage (AIRsight, Shimadzu) and carefully
focused under a microscope using a 50 x objective lens. The Raman spectroscopy parameters were as follows: laser wavelength:
785 nm, laser power: 250 mW, exposure time: 10s, 150 spectra/point, and 3 points for each laser ablation condition. After
starting the test, the device recorded Raman spectra acquired from bone saimples, which were then used for analysis and
comparison.

Theoretical modeling of the ablation process

The Er:YAG laser, operating at 2.94 um and microsecond pulse width, performs highly efficient photothermal ablation®® in
bone tissue. This mechanism relies on the strong absorption of energy by water and hydroxyapatite, which generates rapid heat
and extremely high pressure. The resulting explosive vaporization ejects the tissue. Due to the limited optical penetration depth
in bone tissue, the thermal effect is minimal during the ablation process®’, making Er:YAG ablation effectively a *cold ablation’
technique for clinical applications®®.

There are two fundamental models for tissue ablation: the blow-off model®® and the steady-state model?3. In both models,
ablation occurs only when the energy fluence (energy per unit area) reaches the ablation threshold ®,;,. The ablation threshold is
defined as the minimum power density required for the removal of the material?®. Since the Er:YAG laser has a pulse duration
in the microsecond range, we focused on the steady-state model.

In the investigated fluence range, the measured single-pulse ablation depth, which is based on the surface material removal
rate data (see Figure 3), increases almost linearly with the laser fluence. This shows that the ablation process is in a high-fluence
regime, where the ablation efficiency is nearly constant. Therefore, a linear relationship between ablation depth and fluence was
used to describe the experimental results. Note that, this linear relationship is inapplicable to low fluence levels.

Based on this linear behavior , the ablation depth / of two intensity distributions under different conditions (dry ablation,
with water, and with water and air) was linearly fitted to the incident average fluence using the following equation:

dl
-2 1
! dd, 0T O 1)

where @ is the incident average fluence and c is the intercept on the vertical axis.

As shown in Figure 10, the ablation depth of both lasers exhibits a linear relationship under all tested conditions, indicating
that the ablation efficiency remains in a steady-state model. Figure 10 is derived from the same ablation experiments as
Figure 3 and represents a different evaluation of the same data set. Specifically, Figure 3 shows the material removal rate,
which includes both depth and lateral expansion effects, whereas Figure 10 isolates the ablation depth at the crater center. This
distinction explains why the removal rate saturates at high fluence, while the ablation depth continues to increase. Since current
measurements were performed with relatively high fluence using single-pulse ablation, the evolution of ablation depth under
multiple pulses can be predicted using the steady-state model?®. Table 3 lists the linear fitting parameters for different beam
profiles under dry, with water, and with water and air conditions.
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Figure 10. Variation of depth values as a function of incident average fluence in one-pulse ablation under different conditions.

Laser beam Condition dl/d®d mm3/J] | ¢ [mm] R?
Dry 0.1160 0.0188 | 0.9715
tophat With water 0.0265 0.0189 | 0.9606
With water and air 0.0804 0.0090 | 0.9336
Dry 0.0628 0.0007 | 0.9514
Gaussian With water 0.0444 -0.0127 | 0.9440
With water and air | 0.0458 0.0008 | 0.9302

Table 3. Linear fitting parameters (slope (dl/d®y), intercept (c), and coefficient of determination R? as shown in Figure 10) of
depth per pulse versus fluence for tophat and Gaussian beams under three conditions (dry, with water, and with water and air).

The Gaussian intensity distribution calculations followed the same steps as in Ref.?®. The fluence ®j is calculated from the
incident pulse energy E and the beamwaist wy at the focal position. For a Gaussian beam, the fluence at focus was estimated by

E
Py = —. 2)
W,
To describe the propagation of the focused beam along the optical axis, where A is the laser wavelength, the evolution of the
beam radius w(z) along the propagation direction z can be determined as follows:

2
Z
M@:W01+(), 3
2R
here, zg is the Rayleigh range, and wy is the beamwaist spotsize of the laser. The Rayleigh range zy is defined as
2
W
iR = m» “4)

the axial variation of the beam radius w(z) is then used to calculate the fluence distribution inside the material. For a Gaussian
beam, the fluence distribution is given by

®(r,z) = Py (%)2exp<wz;(2z)) , (5)

where r is the radial coordinate. Based on parameters which were used in ablation experiments, shown in Table 2, the beam
radius at the focal plane wy was set to 0.61 mm for the laser with tophat intensity distribution and 0.62 mm for the laser with
Gaussian intensity distribution. The operation wavelengths of both lasers were centered at 2.94 um.
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For comparison, a tophat intensity distribution is also considered. In this case, the fluence distribution of the tophat intensity
distribution ®(r,z) was modified as follows

_E
®(r,z) = { Tw(z)?
0, r>w(z).

, 0<r< )
r<w(z) ©)

here, r is the radial position along the laser beam, E is the laser energy.

The ablation depth of the first pulse was kept in memory, and then we calculated the ablation depth for the second pulse and
added to the first ablation depth. Repeating this process for the following pulses allows us to derive the relationship between
the number of pulses and the cumulative ablation depth. In our experiments (Figure 5), we obtained the change in the energy
efficiency of different lasers as a function of the ablation depth. Therefore, depth-dependent energy efficiency is used in the
modeling to make the results more realistic. Finally, based on the laser repetition rate (10 Hz), the relationship between ablation
depth and time was obtained.

Sample preparation
The diaphyseal sections of the mature skeletal bovine femurs were harvested, which were purchased from local suppliers.
The samples were taken from the middle part of the femur, which consists exclusively of cortical bone and does not include
cancellous bone. All samples were ex vivo and used without additional surface treatment. Although the freshness of the samples
was unknown, they were stored at —18 °C immediately after purchase. The bone samples were then thawed from a frozen state
at room temperature at least 30 min before testing. This thawing process was necessary to ensure that the samples were in a
state conducive to accurate and reliable testing. To further ensure accurate and reliable results, each ablation test was repeated
at least three times per specimen.

When multiple ablations were performed on the same sample, we immersed the sampie in distilled water at room temperature
between each ablation to prevent dehydration. This was performed to reduce the effect of the hydration level of the samples on
the experimental results.

Ethics declarations
All experimental samples were obtained from a local supplier. The materials consisted solely of ex vivo animal skeletal tissues,
and no live animals or human participants were involved. Therefore, no ethical approval or informed consent was required.

Data Availability
The datasets generated during and/or analyzed during the current study are available from the corresponding author on
reasonable request.
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