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Abstract. Hard-tissue ablation was already investigated for a broad variety of pulsed laser systems, which cover
almost the entire range of available wavelengths and pulse parameters. Most effective in hard-tissue ablation are
Er:-YAG and CO, lasers, both utilizing the effect of absorption of infrared wavelengths by water and so-called
explosive vaporization, when a thin water film or water—air spray is supplied. The typical flow rates and the water
layer thicknesses are too low for surgical applications where bleeding occurs and wound flushing is necessary.
We studied a 20 W ps-laser with 532 nm wavelength and a pulse energy of 1 mJ to effectively ablate bones that
are submerged 14 mm under water. For these laser parameters, the plasma-mediated ablation mechanism is
dominant. Simulations based on the blow-off model predict the cut depth and cross-sectional shape of the inci-
sion. The model is modified considering the cross section of the Gaussian beam, the incident angle, and reflec-
tions. The ablation rate amounts to 0.2 mm3/s, corresponding to an increase by at least 50% of the highest
values published so far for ultrashort laser ablation of hard tissue. © 2015 Society of Photo-Optical Instrumentation

Engineers (SPIE) [DOI: 10.1117/1.JB0.20.10.105007]
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1 Introduction

The utilization of various laser systems with different parame-
ters to ablate hard tissue reflects the development history and
availability of such laser systems. The first investigations on
hard tissue response to laser irradiation were made in the
1960s soon after the invention of the ruby laser.! In order to
successfully replace mechanical burrs and saws in bone surgery,
two key challenges must be overcome. First, the thermal damage
induced by laser radiation to the bone tissue must be avoided,
because this would lead to delayed healing.> Second, the cutting
speed, which depends on the ablation rate, must be at the same
level as for mechanical cutting tools. Up to now, a broad variety
of laser parameters have been tested to overcome these two chal-
lenges. Efficient cutting of hard tissues such as cortical bone,
dentin, or enamel has been shown with pulsed laser systems
covering wavelengths from 355 nm to 10.6 ym, pulse durations
from 95 fs to 300 us, pulse energies from 10 pJ to 2 J, and aver-
age output powers from 100 mW to 100 W.*'® Most authors
agree that for an efficient ablation, the laser wavelength should
match the absorption bands of the tissue components or water,
respectively.!”

The most efficient laser systems for cutting hard tissue are
the Er:YAG laser, achieving an ablation rate of dV/dt=
1.5 mm?3/s, and the CO, laser with ablation rates of up to
3.4 mm?/s. The ablation rates given above were calculated from
the ablation volumes and the specific energy given in the pub-
lications from Stock et al.'® and Werner et al.'” Both laser sys-
tems have pulse durations in the microsecond range and make
use of the strong absorption of water at the laser wavelengths
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2.94 and 10.6 um, respectively. This absorption leads to so-
called explosive evaporation of the liquid enclosed in the tissue
and local disruption of the tissue. Further promising results of
damage-free bone ablation were achieved with the recently
developed picosecond infrared laser emitting at the Er:YAG
wavelength.?’

For infrared laser systems, the application of an additional
liquid layer with about 1-mm thickness by a water spray with
flow rates of less than 6 mL/ min is needed. The purposes are
first to assist the disruption effect and second to prevent heating
of the tissue. The influence of such a water spray on the ablation
rate is given by Stock et al.”*! for Er:YAG lasers and Zhang
et al.?? for CO, lasers. The influences of bleedings, of higher
flow rates and water layers above 1 mm have to be taken into
account, when laser ablation is used in surgery. For Er:YAG
lasers, a drop of the ablation rate would be expected.”’ But
for Nd:YAG lasers, the ablation rates for specimens submerged
several millimeters under water are significantly higher than for
ablation under dry conditions.?**

Despite the undoubted effectiveness of the Er: YAG and CO,
lasers for hard-tissue ablation, up to now, only the Er: YAG laser
entered clinical routine in dentistry.”> To the best of our knowl-
edge, there is still no laser system that could replace mechanical
tools for high-speed and high-volume ablation of bones, e.g., in
osteotomy, craniotomy, spine surgery, or craniomaxillofacial
surgery. One reason might be the drop of the ablation rate for
Er:YAG lasers, when higher flow rates are needed or bleeding
occurs. Another reason could be the need of deeper cuts in
osteotomy than in dentistry.

A contraindication for the usage of infrared lasers with
us pulse lengths could be the results of in vivo studies that
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found detrimental effects on healing. Investigations on this
topic are summarized by Kuttenberger et al.® According to
Kuttenberger et al.,”® even though in some cases unimpaired
wound healing after Er:YAG laser osteotomy was found, further
osteotomies showed delayed healing.

Yet the most challenging tasks are to avoid thermal damage
and to simultaneously achieve sufficiently high ablation rates
above 1 mm3/s.

Clean and well-defined tissue removal without thermal dam-
age can be achieved with ultrashort pulsed lasers (USPL) by
means of plasma-mediated ablation.”” For ablation with such
laser systems, reduced collateral damage to adjacent tissue and
a significant reduction of healing times below the values for cut-
ting with mechanical drills have been observed.”® However, the
ablation efficiencies are one order of magnitude lower than for
a thermal ablation process. The highest ablation rates achieved
with USPL on hard tissue without thermal damage are 0.13 £
0.02 mm? /s in mammoth ivory and 0.10 #+ 0.05 mm? /s in den-
tal enamel.'® Even for plasma-mediated ablation, tissue can heat
up to the melting point because of the thermal energy transfer
from the plasma to the tissue or heat accumulation at high-rep-
etition frequencies.”

For subnanosecond pulse durations, the ablation is no longer
based on thermal interaction. Using USPL, two ablation proc-
esses take place in connection with a laser-induced breakdown.
The first is the plasma-mediated ablation, which is caused by
ionization of bone material and adjacent water. Sometimes,
plasma-mediated ablation is also referred to as plasma-induced
ablation. The second one is called photodisruption and is caused
by shock waves, high pressures, and tensile forces. Both abla-
tion processes are relatively independent of the initial absorption
coefficient of the tissue, because of the prevailing nonlinear
absorption features.’® Therefore, water absorption bands in the
infrared region no longer play a role, hence any other wave-
lengths, e.g., visible and ultraviolet wavelengths, come into
consideration.

In summary, USPL perform ablation with lower rates than
lasers with microsecond pulse lengths, such as Er:YAG or
CO, lasers, despite the fact that the conversion efficiency of
light energy into mechanical energy for plasma-mediated abla-
tion is larger than for any other laser material interaction.>' The
potential for nonthermal, efficient cutting of hard tissue has not
been exhausted yet, and the investigation of ps- and fs-lasers for
hard-tissue ablation remains a challenge. In clinical practice of
bone treatment with USPL, only stapedotomy has been estab-
lished so far.?®

2 Selection of Appropriate Laser Parameters

The ablation efficiency of a plasma-mediated process depends
on several laser parameters, such as the wavelength A, the pulse
energy E, and the pulse duration 7,. Therefore, these parame-
ters have to be examined thoroughly with regard to the ablation
mechanisms and side effects during plasma-mediated ablation.

First of all, a laser wavelength should be chosen, for which
the ambient medium has low absorption, in order to minimize
energy loss in the optical path toward the processing region. The
absorption coefficient of water is given by Hale and Querry.* It
is lowest in the wavelength range from the near UV to the near
IR. For a typical fundamental laser wavelength of 1064 nm, the
transmission through 14 mm of water amounts to 80%. For
lower wavelengths down to 355 nm, the transmission increases
to values greater than 99.5%. With regard to maximum energy
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deposition in the target, the greater transmission can be balanced
out by the conversion efficiency to generate 532 and 355 nm
radiation. A typical conversion efficiency for second-harmonic
generation is below 70%, while for third-harmonic generation
(THG) it amounts to 30%.%* Due to the low conversion effi-
ciency of the THG and the absorption dependent thermally
induced lens that leads to defocussing when using 1064 nm,**
532 nm is expected to lead to maximum ablation.

The second parameter of crucial importance is the pulse
energy E, which is directly proportional to the fluence F for
a given beam waist. For a plasma-mediated ablation, a logarith-
mic dependence of the ablated depth per pulse D on the ratio
f = F/Fy, was derived for dielectrics by Gamaly et al.,
and for metals by Nolte et al.’® according to

D = u In(p). (1)

Here, y is the thickness of the so-called skin layer, which is cor-
related to the thermal or optical penetration depth, depending on
which one is larger. Assuming this dependence, according to
Vogel et al.”” [Fig. 33(a)], the pulse energy should be 2.5 to
5 times the threshold value, in order to achieve maximum abla-
tion efficiency.

The third parameter of crucial importance is the pulse dura-
tion 7,,. As a first approximation, the pulse duration should be as
short as possible in order to minimize heat diffusion during the
laser pulse. However, the threshold irradiance strongly depends
on the pulse duration and rises for decreasing pulse durations
from 10'© W /cm? for ns-pulses to 10'> W /cm? for fs-pulses.*®
Considering only the threshold condition, ns-pulses should be
the best choice. Yet, light absorption and reflection by the
plasma created on the tissue surface, the so-called plasma shield-
ing must be considered, which depends on pulse duration and
the wavelength.”” When the laser beam provides an energy in
excess of the breakdown threshold, the plasma extends during
the laser pulse toward the incoming beam and largely reduces
the amount of laser light reaching the target.*> Therefore, laser
parameters should be chosen for which the transmission through
the plasma is maximal. The values of transmission through the
plasma from Nahen and Vogel* are calculated for plasmas
formed in distilled water. These values are a first-order approach
for plasma shielding, although the plasma is formed on the bone
surface. The transmission is highest for pulse durations between
1 and 100 ps and lower for visible than for infrared wavelengths.
It is also highest at the threshold and drops exponentially for
higher energies.

Taking into account the results of the cited references in
Sec. 1, the achievable ablation rate scales with the average
laser output power regardless of the microscopic ablation proc-
ess. For fixed pulse energy, the average laser power is propor-
tional to the repetition frequency fj of the laser system. The
repetition frequency should be chosen as high as possible, as
long as the scanning speed can be increased likewise, in order
to avoid an unnecessary heat accumulation.’’

3 Simulation of Cutting Macroscopic
Incisions

Most of the ablation models require an exact knowledge of the
thermal and optical material properties. These properties are
measured under physiological conditions. However, irradiating
high-laser intensities can lead to significant changes of these
material “constants.”*!
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Fig. 1 Simulation of the ablation cross section by a sequence of laser
pulses with an ideal Gaussian beam profile: (a) the fluence and (b) the
surface position. The dashed lines illustrate the evolving crater cross
sections after m and m + 1 iterations.

For the plasma-mediated process, an ablation depth per pulse
according to Eq. (1) is predicted. The same equation is given by
the blow-off model, which is independent of the primary abla-
tion process.*? In Eq. (1), the coefficient y and the threshold flu-
ence Fy;, must be known. This equation contains no dependence
of the depth D on the number of pulses m. Hence the total depth
Z,, should increase linearly with m. This is in contradiction to
our experimental observations.

In this section, we will amend the equation in order to predict
the total ablation depth and the cross-sectional shape for macro-
scopic incisions that are produced by laser scanning. We con-
sider the spatial Gaussian distribution of the laser irradiance and
reflections at the steep incision walls.

The calculation of the ablation depth for consecutive laser
pulses with a Gaussian beam profile at a certain position on the
tissue surface is illustrated in Fig. 1, while the calculations for a
macroscopic incision performed by a raster scan are shown in
Fig. 2. The initial tissue surface is located in the xy-plane, and
the propagation direction of the laser beam is along the positive
z-axis. The ablation by the scanned sequence of the laser pulses
is calculated consecutively for each line number.

For a strong scattering tissue like bone,* losses due to diffuse
reflection at the steep walls can occur. Therefore, the absorbed
amount of energy leading to ablation is reduced. For the sake of
simplicity, we assume that the total amount of reflected light can
be estimated in a first-order approach by Fresnel’s equation
using a mean value for both polarizations and a refractive
index of n = 1.5 for bone* and n = 1.33 for water.

The effective fluence for an incident Gaussian beam with an
incident angle a, cf. Fig. 1, is given by

=2(y = Yputser)’
Feie[y. x = x;,a(y)] = Fy exp {+

X [1 - R(a(y)] cosla(y). ®

where Fy = 2E,/ awZ is the maximum peak fluence, Ypulse.k 18
the center position of the laser pulse in line k of the raster scan
shown in Fig. 2, and wy is the beam radius on the tissue surface.
Here, we simplify that F'j is constant for all x-positions, which is
equivalent to a pure two-dimensional (2-D) approach restricted
to the yz-plane. The beam radius wy, used in the calculations is
an effective beam radius of an ideal Gaussian beam correspond-
ing to the same fluence as an elliptical beam used in the experi-
ment. The surface position is z and R is the reflected portion of
the light. Here, we assume that the focus is shifted after each
ablated layer according to the ablated depth, i.e., w = const.

To calculate the pulse energy E, in Eq. (2), we take into
account that 12% are lost along the optical path due to absorp-
tion and reflection by the optical elements. Furthermore, we
assume that the amount of energy that is absorbed in the plasma
is 15% for our laser parameters, according to Ref. 40. That leads
to E, = (1 -0.15)(1 = 0.12)P, / f, where P, is the laser radi-
ant flux measured at the exit aperture of the laser system and
fr is the pulse repetition rate.

For the simulations, we use the following input parameters:
P; =(20+0.1) W, fr =20 kHz, beam radius at the tissue
surface wy = (120 £ 40) um, as measured and described in
Sec. 4.

(a) Line number k: (b) e mumber k.
N 12od0¢ F.A 12 3 4 5 6
v > Y
%, 1 IEW(Z) X=X, ® >y
0
N L:
A
z® — y zy

Fig. 2 (a) Rectangular raster scan in the xy-plane. The dashed line indicates the position x; where the
surface position and groove depth is calculated. The circles indicate the center positions y,se « Of the
pulses with Gaussian intensity distribution and a beam radius w(z) with respect to the line distance AL, .
(b) Simulated fluence for consecutive scan lines along the cross section at x = x; and calculated ablation
depth. The shown incision cross section is an exaggerated illustration.
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The calculation of the ablated depth at each point y is illus-
trated in Fig. 1. The depth is calculated in an iterative way for
the m’th ablated layer after i = m iterations, starting with a flat
surface at the position zy(y) = 0 and adding at each position y,
the depth created by a pulse according to z,,(y) = z,—1 (¥) +
Dly. a(y)], with

. Feff[y’a(y)]} > 0
Dla(y)) = § A RO} o Pz )
0 else

The threshold fluence was determined from ablation experi-
ments, where either the beam radius or the pulse energy was
varied until no ablation occurred. A further method to determine
the threshold was used, the so-called D?-method described by
Emigh et al.* The values from all experiments range from
Fyr =03 J/cm? to 1.5 J/cm?. Within this range, Fy, is a
free parameter in the simulation. Also unknown is the coeffi-
cient 4. A good guess for a start value is given by Nolte
et al.,® where the skin layer depth is in the order of 0.1 ym.

4 Experimental Setup for In Vitro Studies

4.1 Preparation of Specimens

Fresh cortical femur bones from slaughtered cows were cut into
pieces of 2 x 3 x 0.5 cm? using a bandsaw. The periosteum and
adherent fat was removed with a scalpel. The surface of the
bones was left unpolished. A first group of samples had been
stored at —18°C until 1 hour prior to the ablation experiments.
Another group of samples were kept at room temperature. A
further group of samples was fixed histologically in formalin
after they had been bought from the slaughter. For the ablation
experiments, the bone samples were put in the water-filled sam-
ple chamber. In our experiments, we observed no differences in
the ablation rate between the fixed samples, the defrosted sam-
ples, and the samples kept at room temperature.

Galvanometer-
scanner 1

Galvanometer-
scanner 2

f-theta-lens

Water tube

Water filled probe chamber

4.2 [Laser System

Based on the considerations described in Sec. 2, we used a
Nd:YVOy laser system based on the innoslab amplifier.*® The
laser provides frequency-doubled pulses of a wavelength of
532 nm with 25 ps pulse duration at repetition frequencies up
to 100 kHz. The maximum pulse energy is E, = (1.4 &+
0.01) mJ at 1 kHz and the maximum output radiant flux is P,, =
(20 £0.1) W for 20 kHz, measured with a thermal detector
(LM45, Coherent Inc., Santa Clara, California). The beam
radius was measured with a beam analyzer (M2-200-FW-BB,
Ophir-Spiricon, Utah). The elliptical and astigmatic laser beam
has half diameters of w, o = (1.3 £0.5) mmand w,, = (1.6 £
0.7) mm at the position of the focusing lens. '

4.3 Ablation Setup

The experimental setup is shown in Fig. 3. The bones were
placed in a water-filled chamber (see Fig. 4). The laser beam
deflection on the tissue surface was performed by a 2-D galva-
nometer scanner (IntelliSCAN 14, Scanlab AG, Puchheim,
Germany) and the focus shift after each ablation layer was
performed by a Galilean telescope (VarioSCAN, Scanlab AG,
Puchheim, Germany). The beam was focused by a f-theta-
lens with a focal length of 163 mm. The beam radius was mea-
sured in air with the CCD-camera of the beam analyzer in the
focal plane and along the optical axis 12 mm above and beyond
the focal plane. The Rayleigh length of the beam was zz =
(0.81 £0.2) mm. The focusing half angle of the laser beam
is 6p = (20.3 + 1.2) mrad.

The shift of the focal position in the water-filled chamber was
calculated with the equation I, = n,,[;,. Here, [y, = 14 mm
is the distance from the downside of the antireflection coated
window to the focal plane for an air-filled sample chamber.
With the refractive index of water for green light n,, = 1.33,
the focus was shifted by 4.6 mm into the bone sample. The
Rayleigh length in water is increased by the factor n2 to zg,, =
(1.4 4+ 0.35) mm. The effective beam radius on the tissue sur-
face was w, = (120 + 40) um. For 1 mJ pulse energy, this cor-
responds to a fluence of F = (2.21 & 0.03) J/cm?, which is five

Nd:YVO, ps-laser

Mirror

/— Mirror
[

Telescope

Fig. 3 Experimental setup comprising a Galilean telescope for focus shifting, a two-dimensional galva-
nometer-scanner setup, an f-theta focusing lens, and a water-filled sample chamber.
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Fig. 4 (a) The water-filled sample chamber contains two pump systems, PS1 and PS2, which provide a
water flow in the chamber and on the tissue surface. The laser beam is scanned by galvanometer scan-
ners in the xy-plane to generate rectangular incisions with 4-mm length (fast x-axis) and 0.1 to 1.5 mm
width (slow y-axis). (b) Due to refraction in the water the focal plane is shifted into the bone. The distance
of the focal plane from the entrance window /¢ , is increased to /¢, when the sample chamber is filled

with water.

times the threshold fluence Fy,, = 0.45 J/cm?. The focus of the
beam was scanned by the galvanometer scanners in a rectangu-
lar raster scan pattern with a length of L, = 4 mm and a width
of Ly = 0.5 mm and a line distance of AL, = 100 ym as shown
in Fig. 2(a). The fast scan axis is the x-axis, which is oriented
parallel to the water flow direction. The scan speed was set to
v = 4.8 m/s for a repetition frequency of fr = 20 kHz.

For every ablation experiment, the total time to perform the
incision was measured. The volume of the incision was mea-
sured afterward with an optical coherence tomography (OCT)
system developed at Fraunhofer ILT with a total axial scan
range of 9 mm, an axial resolution of 22 ym, and a lateral res-
olution of 55 ym. From the ablated volume V and the total time ¢
to generate the incision, the ablation rate V /¢ is calculated. To
measure the volume, we performed B-Scans in the xz-plane and
the yz-plane.

The sample chamber is connected to two different pump sys-
tems PS1 and PS2. The pump system PS1 flushes the chamber
and provides a laminar water flow with an average flow speed of
0.08 m/s. Its purpose is to ensure a constant water height above
the tissue surface and a constantly water-filled chamber. PS2
provides a turbulent liquid flow from a nozzle with an inner
diameter of d, = 1 mm. The nozzle is directed in a 45-deg
angle onto the tissue surface, its purpose is to remove ablation
debris and microbubbles from the narrow groove with a high-
aspect ratio. We measured and calculated the maximal water

(a) __Calculated width

»

r

0,0

0,5

1.0

Surface depth z (mm)

1.5

2,0 I 1 1
-1000 -500 0 500 1000

Position y (um)

impact force from PS2 to be 0.1 N at the maximum flow
rate of 570 mL/ min. This flow rate corresponds to an average
flow speed of 12 m/s close to the sample surface.

5 Results

A raster scan with six lines having a line distance of 100 ym
was initiated in the xy-plane. The length was set to 4 mm
and the intended groove width was set to 0.5 mm. One ablated
layer corresponds to one cycle of the raster scan. After each
ablated layer, the focus was shifted by 0.2 ym in positive
z-direction. We found that value to be optimal in our previous
investigations.*’

The results of the simulation are shown in Fig. 5. The calcu-
lated groove cross section is cone-shaped and the bottom of the
groove is not a plane. The calculated groove width at the initial
bone surface is 700 um, this value is 200 ym greater than the set
value for the raster scan. The groove shape depends on the pulse
overlap in y-direction. The depth increases finally as a linear
function of the number of ablated layers as long as the bottom
of the groove still has a plateau. Once the walls of the groove
come together, the depth increases as a function of the number
of ablated layers slows down to a logarithmic dependence. This
is due to the fact that the angle of incidence is now greater than
zero for all y-positions. As illustrated in Fig. 1, the y-position,
at which the threshold is exceeded, shifts toward the center of
the groove due to a larger effective spot diameter.

(b)

o0 _
£
E
{05 =
N
<
-
Q
110 3
[
>
o
e
115 5
) i H i 2.0

i 1 1 1 1 1 1
0 1000 2000 3000 4000 5000 6000
Number of ablated layers N,

Fig. 5 (a) Simulation of the cross section of the groove in the yz-plane and (b) the maximum groove
depth z,, as a function of the number of ablated layers in steps of 500 ablated layers. The arrow indicates
the depth where the linear dependence changes to a logarithmic dependence.
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Fig. 6 (a) Measured and simulated groove depth as a function of the number of ablated layers for differ-
ent set groove width. (b) A logarithmic fit to the measured data is indicated by the dashed lines.

According to these results, the groove depth depends on the
groove width and on the number of lines in the raster scan, since
the groove walls come together later for larger groove widths. As
shown in Fig. 6(a), we generated incisions with different groove
width and measured the groove depth as a function of the num-
ber of ablated layers. The groove depth is defined as the z-posi-
tion of the bottom of the groove at its deepest point, while the
groove width is defined as the width at the initial surface. The
groove width increases by increasing the number of lines in the
raster scan, while keeping the line distance constant to AL, =
100 ym. Each measurement was performed on five different
bone samples in order to estimate the standard deviation indi-
cated by the error bars. The solid lines denote the expected
groove depth according to the simulation.

In Fig. 6(b), a logarithmic fit according to the equation
Zap = a+ b In(N; + ¢) is indicated by the dotted lines. Here
a, b, and c are the free parameters with the restriction to only
positive values for b. For a logarithmic curve fit, the coefficient
of determination is R?> = 0.998 4 0.001. The free parameters
in the simulation were varied in order to maximize R?. The

Fig. 7 Optical coherence tomography (OCT) images and simulation
of the cross section (yz-plane) of the grooves of different widths for
a number of ablated layers of (a) N, = 10,000 and (b)-(d) N, =
20,000. The OCT signal intensity is indicated by different colors.
The solid white lines show the simulated groove shape. All images
(a)—(d) have the same scale.
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final values are 4 = 80 nm and Fy, = 0.45 J/cm? leading to
R? =0.979 £ 0.016.

Figure 7 shows cross sectional images—in the yz-plane—of
the grooves. The images were taken with OCT. The OCT images
are overlaid with the calculated surface contours in the same
scale. While the simulation shows V-shaped grooves, the OCT
images reveal steeper sides and a trend to a slight U-shape of the
Ccross section.

For surgical applications, not only the maximum depth of an
incision is of importance, but also the time that is necessary to
perform an incision. For surgeons, the cutting speed, which
depends on the ablated volume per time, is of interest. For this
reason, we denote the ablation rate as the total volume of the
groove V divided by the total time ¢ that is needed to generate
that groove. Since the rise of the groove depth slows down
with increasing depth the ablation rate drops. Therefore, we
measured the ablation rate as a function of the depth. The maxi-
mum ablation rate achieved with our laser system amounts to
V/t = (0.19 £ 0.015) mm?3/s for a depth of 0.12 mm, while it
drops to (0.013 + 7.5 - 10™*) mm? /s for 3-mm deep incisions,
see Fig. 8.

To enable different research groups to compare their results
for the ablation rate or ablation efficiency, a consistent definition
of the ablation rate is needed. In the literature, no uniform def-
inition of the ablation rate or ablation efficiency exists. The most
common target parameters in the above-cited articles are the
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Fig. 8 Ablation rate as a function of the depth for a groove width of
0.5 mm. The solid line is a guide to the eye.
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Table 1 Ablation rate according to different definitions. The relative standard deviation of the values from our publication is ~5%. The result
corresponds to the datapoint at 78 layers of the groove width 0.5 mm from Fig. 8.

Values
Parameter Symbol Unit This paper Ref. 18 (Er:YAG) Ref. 19 (CO,)
Pulse energy Ep md 1 72.5 78
Pulse duration t s 25x 1072 250x 107° 80x 1076
Average power P w 20 14.5 46.2
Ablation rate v/t mm?3/s 0.19 1.47 34
Ablated volume per pulse Vp um?3 9500
Ablated depth per layer Z, um 1.58 500
Specific energy 7 J/mm? 105 8.2 13.612
Ablation efficiency 1/n mm3/J 9.5.107 0.1222 0.073

&The value given in the cited reference. From this value, the ablation rate V/t was calculated.

depth per pulse given in ym, the ablated volume per pulse or
mass per pulse in mm® or ug, the specific energy 7 in
J/mm?, respectively, its reciprocal and sometimes the ablated
mass per energy in pg/J. These parameters can only be con-
verted one to another if further parameters are given in the
respective publication, such as the scanning speed, repetition
rate of the laser, pulse energy, and ablated volume. Hence, some-
times it is not possible to compare different results of the abla-
tion rate, especially when the depth per pulse is given without
knowledge of the pulse overlap or the ablated volume per pulse.
To make our results comparable to most of the other publica-
tions from this field of research, we calculated the ablation
rate according to five different definitions. Table 1 lists the abla-
tion rate achieved in this work in comparison with the highest
ablation rate for bone tissue that was achieved up to now with
Er:YAG'® and CO, lasers."

Microscope and scanning electron microscope images pub-
lished in our previous paper showed no evidence of thermal
damage or side effects like micro-cracks to surrounding tissue.*’

6 Discussion and Outlook

During a laser pulse, a so-called skin-layer is formed with elec-
tron densities in the order of 10?! cm™!.*® That leads to signifi-
cant increase of the absorption coefficient to values similar of
those in metals. Based on our simulations, we found values for
the skin-layer depth of 4 = 80 nm and a threshold fluence of
Fyr = 0.45 J/cm?, very similar to the values calculated by
Nolte et al.*® for USPL ablation of metals. The skin-layer thick-
ness corresponds to the optical penetration depth. According to
Feit et al.,*® for an increase of the pulse energy, transmission and
absorption saturate and only the reflection at the skin layer
increases. The low-penetration depth, which cannot be over-
come with increasing pulse energy, leads to limitations of the
ablation efficiency; for that reason, working at 2.5 to 5 times
the ablation threshold leads to the most efficient ablation.”’
Additionally, plasma shielding can occur at pulse energies
above the threshold. These issues are principal limitations of the
plasma-mediated ablation. That is the reason for the low ablation
rate compared to the thermal ablation based on the vaporization
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of water. We found a specific ablation enthalpy of 105 J/mm?>.
This value is 40 times higher than the vaporization enthalpy
of water.

A limitation of the incision aspect ratio (depth/width) to a
value of about 3 is obvious from our simulation and experi-
ments. The main reason is the Gaussian beam profile in con-
nection with angle-dependent reflection at the incision walls.
Steeper incision walls and higher aspect ratios should be
achieved with top-hat beam profiles.

According to the simulations, the groove shape should be
symmetrical, but the OCT measurements reveal asymmetric
cross sections. Possible reasons are: (a) the inhomogeneity of
the tissue samples, which leads to statistical deviations of the
optical properties and tensile strength, (b) the turbulent water
flow, and (c) an asymmetric debris removal from the bottom
of the groove due to an imperfect alignment of the nozzle.

The used model assumes that the debris is totally removed
from the interaction area before the next laser pulse is applied.
Furthermore, we assumed that for every laser pulse, an approx-
imately undisturbed local environment close to the interaction
region persists. The validity can be checked as follows. With
a scan speed of 4.8 m/s, the pulse distance of two pulses at
fr =20 kHz is 240 pum. The water exchange time for 12 m/s
flow speed within this distance is 2.5 times smaller than the time
between two laser pulses At = 50 us at 20 kHz. Moreover,
compared to the pulse distance the thermal penetration depth
Ztherm = 2VKAL = 6 pm, with k = 1.7 m2/s,* is negligible.

Another influencing factor is the plasma-induced cavitation,
which can enhance the ablation by additional jet-induced debris
removal, but can also hinder ablation by distorting the laser
focus for a subsequent laser pulse. The latter effect can occur
under the condition that the bubble size is larger than the
pulse distance and the bubble oscillation time is larger than
the inverse laser repetition frequency. Bubble size and lifetime
can be estimated using the relations given by Refs. 31 and 49.
For a 1-m]J laser pulse with 30-ps duration, the bubble oscillation
time in water close to a solid boundary is 140 to 150 us with a
lifetime of about 300 us. The maximum bubble radius for this
pulse energy is about 750 ym. Hence, the bubble expansion
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velocity is 10 m/s. This value is only slightly below the value of
the water flow velocity of 12 m/s near the surface. The bubbles
can potentially influence the energy deposition during a 20-kHz
laser pulse series with 240-ym pulse distance, in particular, if the
scan direction is the same as the water flow direction. In the
raster a scan, as shown in Fig. 2(a), this would be the case for
every second line number.

Despite the influences of the cavitation bubbles and the prin-
ciple limitations of the plasma-mediated ablation, the ablation
rates achieved with USPL can be enhanced by a factor of ten to
values similar to those of Er:YAG lasers. For this purpose, a
laser system with a repetition frequency up to 200 kHz with con-
stant pulse energy of 1 mJ should be used in connection with a
scanning speed of at least 50 m/s. The newest developments of
USPL technology*® are promising in this context.

7 Conclusion

We presented the plasma-mediated ablation of cortical bone tis-
sue with ps-laser radiation at 532 nm and 1 mJ pulse energy.
Water flow rates of up to 570 ml/ min were used for debris
removal. We simulated the incision depth and cross sectional
shape for macroscopic incisions with a depth up to 3.5 mm and
a width up to 1.5 mm. The highest ablation rate achieved is
0.19 mm? /s for a depth of 0.12 mm. This is up to now the high-
est value for ablation of hard tissue with USPL, but still one
order of magnitude lower than the ablation rates achieved with
Er:YAG or CO, lasers. In our experiments, we observed no ther-
mal damage of the tissue, but histological investigations must
still be performed for a concluding statement about the tissue
damage.
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