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Enhancement of Bovine Bone Ablation Assisted by a
Transparent Liquid Layer on a Target Surface

Hyun Wook Kang, Ho Lee, Shaochen Chen, and Ashley J. Welch

Abstract—The purpose of this study was to investigate the laser-
induced ablation of bovine bone assisted by a transparent liquid
layer on top of the target surface. A Q-switched Nd:YAG laser
was used to ablate bovine tibia at various energy levels. Distilled
water was applied to the sample surface in order to examine the
role of a transparent liquid layer during the ablation. Plasma gen-
eration and transient acoustic waves were monitored to identify
dominant mechanisms involved in the ablation process. Ablation
efficiency was measured from the cross-sectional tomography ac-
quired by optical coherence tomography (OCT). Ablation with a
liquid layer lowered the damage threshold and enhanced both the
laser-induced acoustic excitation and the ablation efficiency, which
saturated at higher radiant exposures. The enhanced ablation of
the liquid-assisted process is primarily due to photomechanical ef-
fects associated with explosive vaporization and plasma confine-
ment. The saturation of the pressure amplitude and ablation effi-
ciency was attributed to increased plasma shielding.

Index Terms—Ablation, acoustic wave, explosive vaporization,
laser-induced plasma, plasma confinement, Q-switched Nd:YAG,
shockwave.

I. INTRODUCTION

LASERS HAVE been of interest as a feasible alternative in
orthopedic surgery since extensive studies for the poten-

tial use of lasers for osteotomy procedures began in the 1970s
[1], [2]. Standard tools in orthopedics such as saws, milling-
machines, and mechanical drills induce severe mechanical vi-
brations and hemorrhage whereas lasers generally have signif-
icant advantages, allowing noncontact intervention, controlled
bone excision, free-cut geometry, hemostatic and aseptic effects,
and minimal invasiveness [3]. Due to a strong absorption of in-
frared radiation by high water content and Amide I/II bands
in bone tissue, several lasers such as Excimer, Ho:YAG, HF,
Er:YAG, CO , and FEL have been investigated for surgical ap-
plication in bone cutting, and their characteristics of bone ab-
lation with various wavelengths and modes have been reported
[4]–[9]. Since most lasers tested for osteotomy produced long
pulse durations (i.e., tens of microseconds), a temperature
rise in the laser-affected zone is induced with minimal acoustic
waves; therefore, material removal is thought to be initiated by
photothermal mechanisms [10], [11].
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Recent studies demonstrated augmented ablation efficiency
by application of a transparent liquid layer on the target surface
(termed the “wet condition”) [12], [13]. If the damage threshold
is defined as the initial surface deformation, then, in the regime
slightly above the damage threshold, the efficiency is promoted
mainly by increased optical-acoustic coupling and the photome-
chanical effect in association with explosive vaporization in the
strongly superheated liquid layer [14]. Additionally, the liquid-
assisted process lowered the damage threshold by 20%–40%
along with the augmentation of ablation performance, compared
with the direct ablation (termed the “dry condition”) [14]. At
a high radiant exposure regime, it was reported that the laser-
induced plasma is confined in the liquid layer, consequently in-
ducing higher acoustic and shock waves than the dry condition
[15], [16]. The enhanced mechanical wave emission imposes
significant effects on the mechanical response of the target sur-
face, resulting in more material removal.

Previous studies were conducted mostly with metal samples,
and the near-threshold regime and plasma regime were investi-
gated independently [12]–[16]. To the best of our knowledge,
this study provides the first experimental report to test laser
ablation in liquid confinement on biological bone tissues. In
this study, we tested the hypothesis that ablation of biological
tissues, especially bovine bone, could be enhanced by increased
photomechanical effects, which possibly result from plasma
confinement along with the explosive vaporization of a liquid
layer. A Q-switched Nd:YAG laser with a short pulse was used
with various energy settings. Ablation efficiency was compared
for bone samples in air and water environments as a function of
radiant exposure with single and multiple pulses. By measuring
plasma formation and acoustic wave propagation, the role of a
liquid layer during the ablation process was examined.

II. MATERIALS AND METHODS

A. Specimen

Bovine tibia obtained from a local slaughter house was used
for the laser-tissue ablation experiment. The connective tissue
and periosteum were peeled away from the bone specimen,
and the sample was rinsed in tap water for approximately 10
min to remove hemocytes. To obtain uniform size samples
(1.5 2.5 cm), bone osteotomy was performed using a standard
handsaw. The surface was polished using sandpaper with a
grain size of 30 m, maintaining the flat surface of the samples
with a constant thickness of approximately 4 mm. Once all of
the samples were prepared, they were stored in a saline solution
at 4 C 24 h prior to experimentation, possibly minimizing
the change of hydration state of the tissue. In order to perform
liquid-assisted ablation, a plastic (Depron) ring with 1-mm
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TABLE I
OPTICAL, THERMAL, MECHANICAL PROPERTIES FOR WATER AND BONE [17]–[23]

Fig. 1. Schematic of an experimental setup to measure plasma formation and acoustic transients using a Q-switched Nd:YAG laser system. BS: beam splitter;
PD: photodetector.

thickness was attached on top of a sample surface to maintain a
consistent liquid layer thickness. Prior to laser-pulse irradiation,
distilled water was deposited inside the ring. The absorption
coefficient of water at the wavelength of interest (1064 nm) was
0.13 cm , so that the water layer was relatively transparent
with insignificant light absorption [17], [18]. Optical, thermal,
and mechanical properties of the target materials are provided
in Table I.

B. Laser Source and Delivery

A number of craters were created on bone samples using a
Q-switched Nd:YAG laser (Contiuum Surelite II10, Santa Clara,
CA). The 1064-nm laser emitted full-width at half-maximum
(FWHM) pulses of approximately 30 ns. The applied pulse en-
ergy ranged from 11 to 393 mJ, and either one, ten, or 20 pulses
were applied with a repetition rate of 1 Hz. A schematic illus-
tration for ablation experiments with the Q-switched Nd:YAG
is presented in Fig. 1. Two beam splitters were placed in the
beam path; one was used to monitor the pulse energy and the
other to achieve a triggering signal. The laser pulse was re-
flected at an angle of 90 using a 1064-nm BK 7 mirror (CVI
laser, Albuquerque, NM). By using a convex CaF lens with a

focal length of 50 mm, the laser beam was focused on the sur-
face of the target sample with a spot diameter of 150 m, which
was determined from a knife-edge measurement. The spot size
was defined as the distance between 10% and 90% clip points
without multiplying the width adjust factor (0.552 ) which is
used for the estimation of the diameter of a Gaussian beam
[24]. An energy detector (PE25BB-DIF, Ophir Optronics Inc.,
Danvers, MA) was used to monitor the applied pulse energy
during the experiment. A fast Si photodetector (1-ns rise time,
DET210, Thorlabs, NJ) was used to produce a triggering signal
for a digital oscilloscope (Hewlett Packard Infinium, Colorado
Springs, CO), which measured the temporal profile of plasma
and acoustic transients.

C. Plasma and Acoustic Wave Detection

To monitor plasma formation during the ablation process,
a fast photodetector with a bandpass filter rejecting 1064 nm
was placed approximately 3 cm above the irradiated spot. The
breakdown process was detected by eye and confirmed by a
photodetector. The laser-induced acoustic wave was monitored
experimentally using a commercial piezoelectric transducer
(model WAT-04, Science Brothers, Inc., Houston, TX). The
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Fig. 2. Vertical cross-sectional images of laser-induced craters with a Q-switched laser with 20 pulses for a dry case at the radiant exposure of (a) 14.9 J/mm and
(b) 22.2 J/mm and a wet case at (c) 14.9 J/mm and (d) 22.2 J/mm .

transducer was mounted below the target, and a 1-mm-thick
plastic ring was attached on the transducer surface. During
the experiment, the ring was filled with distilled water in
order to maintain impedance match between the sample and
the transducer. The transducer contained a lithium niobate
element calibrated by the manufacturer over a bandwidth up to
100 MHz.

D. Ablation Efficiency

Ablation craters were produced with ten and twenty pulses of
various radiant exposures for the purpose of comparing ablation
efficiency between dry and wet cases. In order to maintain a con-
sistent liquid layer thickness, distilled water was deposited after
each laser pulse. Laser-induced craters were examined using an
Optical Coherence Tomography (OCT) system ( nm,

nm, and mW) with lateral and axial resolu-
tion of m to obtain quantitative ablation dimensions [25],
[26]. A series of vertical cross-sectional images (i.e., direction
parallel to laser beam propagation) were obtained over the entire
crater. The step-size between images was 35 m. Crater depth
and ablation volume were estimated from the OCT cross sec-
tions. Craters produced with a single pulse were also observed
with an optical microscope to evaluate the damage threshold for
each case.

III. RESULTS

Fig. 2 displays the OCT cross-sectional images of the bone
samples at 14.9 and 22.2 J/mm . Samples were ablated with
20 pulses for both conditions. The craters induced by wet ab-
lation showed larger crater depth and higher ablation volume
than those of dry ablation. The laser pulse produced relatively
rough and irregular contours. Dimensions of ablation craters for
dry and wet cases are compared in Fig. 3. Ten and twenty pulses
with various radiant exposures were applied to the samples. Re-
gardless of the radiant exposure, both ablation depth and volume
increased with the number of pulses. Crater depth and volume
of wet ablation were up to three and six times greater than those
of dry condition, respectively. The result shows that the ablation
depth and volume increased rapidly as the radiant exposure in-
creased to 8.9 J/mm , but, with higher radiant exposure, the rate
of increase in ablation performance began to diminish.

Fig. 3. Comparison of ablation efficiency for dry and wet ablation as a function
of radiant exposure with 10 and 20 pulses: (a) crater depth and (b) ablation
volume.

The observation with an optical microscope for single-pulse
damage (ablation) thresholds for both cases is shown in Fig. 4.
From the microscope images, we could estimate the damage-
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Fig. 4. Top-view images of bovine bone for (a) dry damage threshold (H =
3:5 J/mm ) and (b) wet damage threshold (H = 2:1 J/mm ).

Fig. 5. Acoustic signal measured by a piezoelectric transducer during single-
pulse ablation in water produced with 22.2 J/mm .

threshold radiant exposure at which the morphological deforma-
tion started on the surface. The damage thresholds for dry and
wet ablation occurred at 3.5 and 2.1 J/mm , respectively. Irradi-
ated samples for both cases had randomly propagating cracks at
the surface, indicating the mechanical effect during ablation. In
particular, the wet image exhibited material removal along with
the mechanically induced crack, compared with the dry, which
showed little/no removal.

A typical trace of the acoustic transducer is shown in Fig. 5
(single-pulse, wet ablation at J/mm , where is the
radiant exposure). The laser pulse was triggered at 0 s. The
acoustic transient was generated approximately 2.1 s after the
onset of the laser pulse. The speed of sound for bovine bone was
found to range from 2000 to 3441 m/s, which is dependent on
bone density [3]. The time for shock-wave propagation through
the bone sample and 1-mm water layer for impedance match can
be roughly evaluated by the following equation:

(1)

where is the total propagation time (s), and
are the sample and layer thickness (m) respectively, and
and are the speed of sound (m/s) for each material. By
using Table I, the propagation time was calculated to range from

Fig. 6. Temporal behaviors of transient pressure for (a) dry and (b) wet abla-
tion. Note the difference in scale for dry and wet ablation.

1.84 to 2.68 s, which corresponded to the measured onset of
the acoustic wave at 2.1 s.

The signatures of the pressure pulse for dry and wet ablation
were investigated at various radiant exposures ranging from 0.6
to 22.2 J/mm and are compared in Fig. 6. In the dry condi-
tion, the acoustic wave was composed of compressive pressure
followed by a tensile wave. The acoustic shape of the wet con-
dition mainly consisted of a compressive part within 1 s along
with a peak amplitude up to six times greater and a compressive
wave two to three times longer in duration. The peak acoustic
amplitudes of the two conditions are compared in Fig. 7 as a
function of radiant exposure. The threshold radiant exposures
for the acoustic excitation were identical for both dry and wet
conditions at 2.1 J/mm . However, the wet ablation produced a
stronger pressure wave than dry ablation over the entire radiant
exposures [see Fig. 7(a)]. At low radiant exposures, the pressure
amplitude of the wet condition was found to be approximately
twice that of the dry [see Fig. 7(b)]. It is noted that a transition
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Fig. 7. Comparison of acoustic amplitudes for dry and wet cases as a function
of radiant exposure (n = 10). (a) Entire radiant exposure and (b) lower radiant
exposures between 0 and 10 J/mm expanded from (a) (the dotted lines guide a
signal trend of each case).

in peak amplitude comparison between the two cases was found
at the radiant exposure of 3.5 J/mm .

The onset of optical breakdown was observed with a
Q-switched Nd:YAG laser by varying the applied pulse en-
ergy on bone samples. The breakdown process was evidenced
by plasma luminescence and an audible noise from acoustic
wave generation. Temporal behavior of the optical pulse and
laser-induced plasma for dry and wet cases are shown in Fig. 8.
It can be seen in both cases that the plasma developed within
approximately 4 ns of the incident laser pulse [see Fig. 8(a)].
The plasma signal exhibited a profile that initially resembled
the envelope of the laser pulse, and it reached peak intensity
in 20 ns regardless of the radiant exposure. Both signals
showed the plasma exponential decay after the peak, and, later,
the plasma luminescence was suddenly quenched, followed by
a secondary exponential component [see Fig. 8(b)]. It is also
noted that, after approximately 50 ns, dry and wet cases began to
yield different temporal behaviors of plasma evolution. Beyond

Fig. 8. Temporal laser pulse and plasma transient detected by a fast photode-
tector for dry and wet cases at the radiant exposure H = 17:7 J/mm on the
time scale ranging (a) from 0 to 80 ns and (b) from 0 to 2.25 �s (entire signal
trace).

50 ns, plasma generated during wet ablation displayed a faster
decay time, converging to the reference state more rapidly,
compared with that of dry ablation. Various decay constants for
both dry and wet cases were estimated by means of exponential
decay curve-fitting ( , :
offset, : amplitude, : center, : decay constant), shown in
Fig. 9(a). In general, the plasma decay time linearly increased
with radiant exposure, and the first plasma decay was up to
five times faster than the second decay. Compared with the dry
case, the plasma intensity dropped more rapidly during the wet
ablation. Fig. 9(b) shows the comparison of plasma duration
between two cases as a function of radiant exposure .
The plasma thresholds were measured from the extrapolated
curves, and two conditions yielded a comparable threshold
of 3.5 J/mm , which corresponded to the transition in peak
acoustic amplitudes [see Fig. 7]. Upon plasma formation, the
lifetimes for dry and wet ablation increased with the radiant
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Fig. 9. Comparison of laser-induced plasma between dry and wet cases.
(a) Plasma decay constant and (b) plasma lifetime (n = 10).

exposure. At a higher radiant exposure, the plasma of the dry
case lasted for a few microseconds, which is up to twice as long
as that of the wet [see Fig. 9(b)].

IV. DISCUSSION

Nanosecond laser-induced ablation efficiency of the dry and
wet conditions was compared for bovine bone samples as a
function of radiant exposure with one, ten, and twenty pulses.
Laser ablation assisted by a transparent liquid-layer-enhanced
ablation efficiency compared to direct irradiation [see Fig. 3].
Craters up to three times deeper with up to six times greater
volume were observed under the wet condition. Asymmetric
crater shapes with irregular contours, shown in Fig. 2, evidenced
photomechanical effects during both dry and wet ablation pro-
cesses. Observation with an optical microscope showed that the
single pulse damage thresholds for both dry and wet cases were
3.5 and 2.1 J/mm , respectively. The threshold radiant expo-
sures for measurable acoustic excitation were identical for both
cases at 2.1 J/mm . However, upon pressure wave generation,
the acoustic excitation of the wet condition was higher than that

of the dry case over the entire radiant exposure. The measurable
plasma was first detected with a radiant exposure of 3.5 J/mm
for both cases. It should be noted that the damage threshold of
the wet condition corresponded to that of acoustic excitation,
whereas the damage threshold of the dry condition was iden-
tical with that of plasma initiation.

Laser-induced ablation under the wet condition has been in-
vestigated in a few previous studies [12]–[16], [27]–[29]. It was
reported that wet ablation lowered the damage threshold, which
is defined as the lowest radiant exposure to cause surface defor-
mation, and promoted ablation performance via explosive liquid
vaporization for the radiant exposure near the damage threshold
[14]. At a higher radiant exposure regime, the plasma confine-
ment in a water environment significantly enhanced the laser-in-
duced acoustic and shock waves, consequently promoting ma-
terial removal efficiency [12], [13], [15], [16], [27]–[29].

The lower damage threshold of the wet condition agrees well
with previous studies [14], [30]. Considering: 1) higher acoustic
excitation near the damage threshold and 2) a damage threshold
lower than that of plasma formation, the reduced damage
threshold of wet ablation can be attributed to the explosive
vaporization. Prior to the plasma formation, nanosecond laser
light absorption by the sample leads to rapid surface heating.
Thus, thermal conduction from the sample surface to the liquid
layer increases the water temperature possibly beyond its
equilibrium saturation temperature, causing the liquid water
to become superheated. When the superheated liquid becomes
unstable, it can approach the spinodal limit, which is a critical
temperature of 647 K for water. Near the spinodal limit, the
liquid experiences a great density fluctuation, consequently
giving rise to homogeneous generation of vapor bubbles as
well as validating the expectation of explosive vaporization
[14], [30]. In the vaporization of the superheated liquid, the
pressure inside the bubble should exceed the vapor pressure
at equilibrium, which can be estimated to be

(2)

where , , , , and are the temperature of the super-
heated liquid, the saturation pressure at the liquid temperature,
the pressure of the superheated liquid, specific volume, and gas
constant, respectively [31]. As the temperature approaches 0.83

( : thermodynamic critical temperature of water), the pres-
sure calculated in (2) increases close to the saturation pressure
at the liquid temperature with intense density fluctuations [32].
Once a vapor bubble grows to a size greater than a critical radius,
it grows spontaneously, accompanying spherical shock wave
generation [33]. Therefore, as multiple homo- and/or hetero-ge-
neous micro-bubble nuclei rapidly grow and expand, a strong
compressive pressure wave can be emitted, which possibly ac-
counts for a contribution to higher acoustic amplitude at the
threshold as well as a lower damage (ablation) threshold for wet
ablation prior to plasma formation [see Fig. 4 and 7].

The optical breakdown for both dry and wet cases com-
menced about 4 ns after the laser pulse was applied over the
entire radiant exposure, and both plasmas simultaneously
reached the peak intensity in 20 ns [see Fig. 8(a)]. Once
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plasma is initiated due to direct light absorption of a sample,
the plasma becomes the main absorber of the remaining pulse
energy, resulting in plasma expansion [10]. Previous studies
reported that the plasma luminescence is almost a replica of the
input pulse [34], [35], so the sudden quenching of both plasma
signals can be explained by the reproduction of temporal be-
havior of the pulse, followed by a secondary exponential decay
of the order of up to a microsecond [see Fig. 8(b)]. When the
plasma was generated, the plasma under wet condition yielded
a fast decay after 50 ns in spite of the identical peak time with
dry condition. This implies that more energy transfer to the sur-
rounding media was involved in ablation under water compared
to the dry case. This dissipation can be attributed to thermal
conduction throughout plasma expansion from high-tempera-
ture plasma to the surrounding media, which might have started
about 15 ns after the applied pulse ended. Due to the fact that
thermal conductivity of water ( W/m K at 300 K)
is higher than that of air ( W/m K at 300 K), more
thermal energy during plasma expansion was possibly trans-
ferred to a water layer, reducing plasma lifetime in association
with a fast decay transient [see Fig. 9(b)]. Since optical break-
down in water requires an irradiance of more than W/cm
and the maximum irradiance tested in the current study was

W/cm , we assume that plasma formation occurred
at the surface of the bone rather than on the water. In addition
to the faster decay of plasma in the presence of a liquid layer,
it should be noted that an abrupt increase of acoustic excitation
was observed at 3.5 J/mm that corresponded to the plasma
threshold radiant exposure. The faster decay of plasma and the
abrupt increase of acoustic excitation under the wet condition
can be explained by the plasma confinement in the liquid layer.
It was reported that the laser-induced plasma could be confined
in the liquid layer presenting on the target surface, consequently
inducing higher pressure amplitude and longer shock wave
duration than the dry condition in spite of the partial absorption
of the incoming laser pulse by plasma screening [12], [13],
[15], [16], [27], [28].

An analytical model was previously developed to predict
laser-induced pressures in the confined geometry [27]. A simple
one-dimensional (1-D) model described three different phases
of the confined plasma process (i.e., laser heating, adiabatic
cooling, and plasma expansion) and evaluated the pressure
development inside the plasma. The maximum pressure
generated by the laser-induced plasma in water environment
was estimated by the following equation:

(3)

where is a constant fraction of the internal energy repre-
senting the thermal energy and is the incident laser irradiance
W/cm . is the characteristic impedance kg/m s between

the bone sample and the water layer and is given by

(4)

where and are the impedances of the bone sample
and the water, respectively. By assuming a bone density of 1417
kg/m and a speed of sound of 3000 m/s (based on Table I),

Fig. 10. Ratio of P =P based on 1-D analysis of pressure generation
induced by plasma process.

kg/m s and kg/m s.
For the sake of comparison, the maximum pressure during ab-
lation in air was given by the empirical relation

(5)

where and are material-dependent coefficients, is laser
wavelength m , and is pulse duration (ns) [27]. Since
material removal was photomechanically induced, fracture
toughness can be an important parameter to evaluate the sus-
ceptibility of bone to initial failure [36]. Material with higher
fracture toughness is less likely to fracture by crack propaga-
tion; one can assume that the maximum pressure of dry ablation
at the plasma threshold is equivalent to the tensile strength
applied to crack growth. If based on previous studies
and is determined by the tensile stress estimated from the
fracture toughness of bone in Table I, one can approximately
obtain that the ratio varies from 1.7 to 1.17 over the
irradiance range 11.7–74.1 GW/cm , shown in Fig. 10. Thus,
the liquid confinement appears to achieve higher compressive
pressure during plasma formation/expansion over the entire
irradiance, which can partially explain a discrepancy in peak
acoustic amplitudes between dry and wet ablation in Fig. 7.

Given the fact that the plasma formation for nanosecond
pulses is always accompanied with shock wave generation
[10], it should be noted that the acoustic impedance of water is

kg/m s, which is much greater than that of
air kg/m s . If the water–sample interface yields a
volumetric space during the plasma expansion, the shock wave
is assumed to propagate from the space, which is treated as a
perfect gas, to the water layer [27]. Therefore, supposing that
air is a perfect gas, the pressure reflection coefficient for wet
ablation is given by

(6)

Since is approximately equal to 1, the induced shock wave
propagating out of the sample surface could be mostly reflected
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at the interface between air and water without phase change
(pressure doubling [20]), so more residual compressive waves
were possibly applied to the sample surface [see Fig. 6].

Since the plasma formation is associated with a significant
temperature increase, up to 15000 K [37], it is expected that
micro-bubble generation emits strong pressure via explosive va-
porization in a liquid layer, thus causing additional photome-
chanical impact. Also, once the bubbles are generated and ex-
panded, they can coalesce into macro-size bubbles. While these
macro-bubbles collapse in the vicinity of a surface during/after
the ablation process, a high-speed, wall-directed reentrant jet
can be initiated in the bubbles, and, consequently, the liquid jet
with outward radial flow can interact with the sample as addi-
tional shock wave impact [33]. The acoustic augmentation of
the jet (Pa) can be estimated using the following equation

(7)

where and are the acoustic impedances of water
and bone, respectively ( kg/m s and

kg/m s). If the liquid-jet velocity
near a boundary is assumed to be 80 m/s based on a previous
study [33], the acoustic impact can correspond to a pressure
of 90 MPa, which exceeds the fracture toughness of the bone
sample. Therefore, the acoustic enhancement by cavitation
bubble collapses can also account for the more pronounced
amplitude of the acoustic transient over the entire radiant ex-
posure. It was observed that the liquid vapors were explosively
ejected at higher radiant exposure. Hence, in the plasma regime,
a combination of confined plasma, impedance difference at the
interface, more explosive vaporization, and jet formation can
be responsible for the augmentation of compressive pressure
along with longer shock wave durations, leading to enhanced
photomechanical effects [see Fig. 6]. Future measurement of
acoustic signals beyond the 10- s time frame will clarify how
cavitation collapse after plasma expansion contributes to the
wet ablation process.

In the case of dry ablation, the acoustic threshold was lower
than the damage threshold at 3.5 J/mm . Thus, the initial pres-
sure emission resulted from thermoelastic expansion at a radiant
exposure of 2.1 J/mm , which was below sample damage. Upon
plasma initiation at 3.5 J/mm [see Fig. 9], the acoustic emis-
sion was assumed to be combined with the thermoelastic wave
as well as plasma-induced shock wave generation, subsequently
leading to photomechanical damage on the sample. In addition,
since the sample was kept in a saline solution at room temper-
ature prior to experimentation, a rapid temperature increase by
light absorption possibly induced internal explosion of the in-
terstitial water inside the bone as a mechanical impact. There-
fore, it is supposed that material removal for the dry case was
mainly attributed to plasma formation, and the acoustic transient
was associated with a combination of thermoelastic pressure,
plasma-induced shock wave, and recoil momentum. In order to
confirm the dynamics implied with the acoustic transient and
post-ablation process, high-speed imaging of both dry and wet
cases will be performed in the future study.

In Fig. 3, ablation depth and efficiency for both the dry and
wet cases started saturating at the radiant exposure of 8.9 J/mm .
Saturation was also found in the acoustic amplitude graph in
Fig. 7. One of the possible explanations for this phenomenon
is plasma shielding [38], [39]. Once plasma formation starts
at the laser focus, the plasma absorbs and scatters further in-
cident laser light, expanding toward the laser beam during the
pulse. Since the plasma partially or fully screens the incident
pulse, less energy is delivered to the sample for ablation. In-
creased shielding effect during plasma formation at higher ir-
radiance was thereby responsible for the saturation of the pres-
sure and ablation efficiency observed for our experiments. Addi-
tionally, previous studies have experimentally and analytically
shown that both maximum pressure and transmission of plasma
approached saturation at the same irradiance threshold, which
validated the hypothesis that the plasma shielding was attributed
to the pressure saturation, consequently limiting the ablation ef-
ficiency [12], [13], [27]. In our experiments, although wet abla-
tion obtained up to six times higher peak pressure and greater
ablation efficiency, respectively, than the dry case, it should be
noted that, above an irradiance of W/cm , plasma
shielding played a significant role in limiting ablation perfor-
mance. Therefore, an efficient bone ablation rate with a liquid
confinement can be achieved below the irradiance of increased
plasma shielding effect.

V. CONCLUSION

Biological hard tissue ablation in a liquid confinement has
been investigated with a Q-switched Nd:YAG laser. It was
found that the application of a water layer increased the abla-
tion efficiency up to six times via explosive liquid vaporization
and plasma confinement. The correlation between acoustic and
damage thresholds under the wet condition suggests that the ex-
plosive vaporization of the superheated liquid was responsible
for the lower damage (ablation) threshold along with the higher
acoustic amplitude in the near-threshold regime. In the plasma
regime, the reduced lifetime of plasma indicates that the optical
breakdown was confined to the liquid layer, consequently inten-
sifying acoustic coupling efficiency at the interface. Two other
mechanisms have been proposed for the enhanced photome-
chanical excitation. The augmented photomechanical effect
under the wet condition is considered to be the main cause of
the improved ablation performance. Above an irradiance of

W/cm , acoustic pressure and ablation efficiency
were maintained at the saturation level, which was attributed to
increased plasma shielding effects. It can be concluded that the
liquid layer on the target surface facilitates the augmentation of
bone ablation efficiency although it accompanies a limitation
of plasma shielding.
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