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In vitro investigation on Ho:YAG laser-assisted bone
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Abstract Liquid-assisted hard tissue ablation by infrared la-
sers has extensive clinical application. However, detailed stud-
ies are still needed to explore the underlying mechanism. In
the present study, the dynamic process of bubble evolution
induced by Ho:YAG laser under water without and with bone
tissue at different thickness layer were studied, as well as its
effects on hard tissue ablation. The results showed that the
Ho:YAG laser was capable of ablating hard bone tissue effec-
tively in underwater conditions. The penetration of Ho:YAG
laser can be significantly increased up to about 4 mm with the
assistance of bubble. The hydrokinetic forces associated with
the bubble not only contributed to reducing the thermal injury
to peripheral tissue, but also enhanced the ablation efficiency
and improve the ablation crater morphology. The data also
presented some clues to optimal selection of irradiation pa-
rameters and provided additional knowledge of the bubble-
assisted hard tissue ablation mechanism.
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Introduction

Surgical lasers have been successfully employed for the abla-
tion of various soft tissue. The potential use of lasers for hard
tissue procedures has been paid more and more attention in
recent years [1–3]. Compared with conventional mechanical
tools such as saws, milling machines and drills, the laser-
assisted bone ablation has significant advantages, allowing
noncontact intervention, free-cut geometry, and controlled tis-
sue excision with more precision, more comfort, and minimal
invasion. Due to the strong absorption of infrared radiation by
hydroxyapatite (65 % of the weight of bone) and water (10 to
15 % of the weight of bone) content in bone tissue [4–6],
several lasers, including Excimer, Ho;YAG, Er:YAG, Er,
Cr:YSGG, CO2, and FEL, have been investigated for hard
tissue ablation and the ablation characteristics dependence
on different wavelengths and modes have been reported
[7–9]. The primary mechanism for infrared (IR) laser-
assisted hard tissue is thermomechanical. Light absorption
by water and/or mineral bone components in thin tissue layer
can heat interstitial water and lead to internal pressure that
reaches the ultimate tensile strength of the tissue, consequent-
ly resulting in explosive removal of the outer layers of bone
tissue [6, 10].

The temperature elevation during laser-tissue interaction
usually leads to thermal damage to surrounding tissue,
resulting in carbonization, cracking, and a loss of effectiveness
[11, 12]. In order to reduce the thermal injury, an external
water spray or water layer on the target tissue surface has been
introduced as a cooling agent. Interestingly, the externally
supplied water not only reduces the thermal stress but also
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serves to enhance ablation rate and efficiency, improves sur-
face morphology, alters chemical composition, and enhances
adhesion to restorative materials [2, 13, 14]. It has been
proved that the externally supplied water, rather than water
contained in the tissue, significantly influences the effective-
ness of the ablation process [28]. Several hypotheses, includ-
ing bubble formation, hydrokinetic effect, and apatite crystal-
line fragments, have been proposed to explain the liquid ef-
fects on this procedure [15, 16]. However, more detailed stud-
ies are needed to reveal the underlying mechanism of liquid-
assisted hard tissue ablation.

Previous studies on liquid-assisted hard tissue ablation were
conducted mostly with Er:YAG, Er,Cr:YSGG, and CO2 laser
and mainly focused on dental samples. Ho:YAG laser has a
relative lower absorption coefficient in water (μa=30 cm−1),
compared to 12480 cm−1 at 2.94 μm (Er:YAG), 4180 cm−1 at
2.79 μm (Er,Cr:YSGG), and 817 cm−1 at 10.6 μm (CO2) [17].
However, due to its excellent transmission through a flexible
fiber, Ho:YAG laser has become a potentially useful tool for
arthroscopic and general orthopedic surgeries [18, 19], espe-
cially in urology where it has become the preferred lithotripter
device [20]. Since Ho:YAG laser is generally performed in a
liquid environment, the liquid separating the fiber tip and the
tissue surface dramatically absorbs light energy and induces
bubble formation, which has important effects on target tissue
ablation [21]. However, a detailed study of bubble interaction
with hard tissue is not yet clearly discovered; in particular, the
dynamic process of bubble-assisted light penetration through a
liquid layer and interaction with target tissue, as well as the
effects of the related micro-jet kinetic and forces associated
with bubble evolution on hard tissue ablation remain unclear.
Our previous study [22] showed that the thickness of water
layer applied to a tissue surface had significant influences on
hard tissue ablation by CO2 laser. Also, it has been reported [1]
that the water layer thickness has important effects on liquid-jet
forces associated with the laser-induced bubble. Thus, in the
current study, we intend to characterize the bubble induced by
Ho:YAG laser, including its formation, expansion, and subse-
quent collapse, and explore the bubble effects on bone tissue
ablation performance in underwater conditions. By applying
several thickness of water layer to bone surface, we expect to
observe some new features of bubble-assisted bone tissue ab-
lation with Ho:YAG.

Materials and methods

Freshly extracted bovine shank bone used for in vitro laser-
tissue ablation experiments were cleaned and saved in normal
saline for 24 h. The samples were then cut into rectangular
blocks (4×1.5 cm with original thickness 5 mm) with a dia-
mond saw. The surface of the bovine shank bone was polished
using gritting paper number 800 with a grain size of 30 μm by

using a rotary machine. The prepared samples were stored in a
saline solution at 4 °C to prevent dehydration. Before the
experiment, the bone samples were recovered to room tem-
perature (about 20 °C).

Laser light generated by a free-running pulsed Ho: YAG
laser (Wavelight AURIGA, Germany) with a wavelength of
2.08 μm, pulse duration of 350 μs (FWHM), and pulse repe-
tition rate of 3 Hz was transmitted though a low OH− quartz
fiber (NA=0.22) with a diameter of 600 μm and irradiated on
bone sample. The radiant exposure of single pulse was set to a
predetermined value 2000 mJ, which was confirmed by read-
ing the laser pulsed energy meter (NOVA II, Orphir, Israel)
with a pyroelectric detector. Bone sample was fixed on a cus-
tomer holder in quartz tank (10× 10× 10 cm). In order to
evaluate the influence of water layer thickness applied to tis-
sue surface on bubble dynamic and hard tissue ablation, a total
of 60 samples were divided into six groups for dry ablation
(without water) and liquid-assisted ablationwith various water
layer thickness (from water surface to fiber tip) ranging from
10 to 30 mm with a step of 5 mm. Free water experiments
without tissue sample were conducted as control groups under
different water layer thickness. The working distance between
the fiber tip and bone surface was fixed at about 1 mm for all
bone ablation studies.

Schematic diagram of the experimental setup in the study is
shown in Fig. 1. A high-speed camera (PCO.Dimax, Germany)
was used for real-time monitoring of the interaction between
laser, water, and target tissue. The delay time between the pulse
laser and the high-speed camera was controlled by adjusting a
digital pulse generator (DG645, Stanford Research System,
USA) with overall temporal resolution of 1 ns. A gooseneck
fiber optic light guide was used to transport the light from
halogen illuminator with the maximum power of 150 W to
the diffuser plate as an auxiliary lighting source. A total of
ten pulses was applied on each sample location.

The sequential images obtained by a high-speed camera
were processed using custom software. Quantitative measure-
ments were performed on the vertical cross-sectional areas of
bubble evolving with time, as well as the maximum transver-
sal and longitudinal diameters for each of the different water
thickness tested. The morphological changes of the tissue
samples were examined by stereomicroscopy (OLYMPUS,
SZ61, Japan) with a magnification range extending from
×6.7 through ×45 (using ×10 eyepieces) and a zoom ratio of
6.7:1. The cross-section images of ablation craters were then
acquired with an optical coherent tomography (OCT,
MOPTIM Co., China) system with lateral and axial resolu-
tions of ∼10 μm. The geometries of the cross-section of the
crater, including width and depth, were measured based on
OCT images using custom software.

Statistical evaluation was performed with a two-tailed t
test. A p value of p≤0.05 indicates a statistically significant
effect of the corresponding factor on the measured value. All
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statistical analysis was carried out using SPSS statistical anal-
ysis software, version 13.0.

Results

Bubble dynamic

Figure 2 shows the representative images of an evolving bub-
ble induced by Ho:YAG laser under free water with a thickness
of 10 mm. The interval between images was about 58 μs.
These images showed a whole dynamic process of a bubble
induced by laser pulse from its formation to expansion to con-
traction and subsequent collapse. More than four pulsation
periods of bubble were observed with oscillating process in-
cluding expansion, contraction and collapse. The bubble pre-
sented an ellipsoidal shape in the first expansion phase, and
then progressively becoming more irregular in shape with in-
creasing time. It is interesting that the bubble departed from the
fiber tip at the end of the primary period for all water thickness
conditions. The dynamic process of bubble evolution is includ-
ed in the supplemental information (Supplemental Movies 1).

Figure 3a presents the average vertical cross-sectional areas
of bubbles evolving as a function of time and under different
water layer thickness (n=10). The images show that the bubble
cross-sectional area experiences a similar oscillating process for
all water layer thickness observed. The cross-sectional areas and
pulsation periods in the primary phase were significantly larger
than the following secondary and tertiary phase (p<0.05). For
example, under water layer thickness of 10 mm, the maximum
cross-sectional area and the pulsation period in the primary
duration were about 37 mm2 and 760 μs, respectively, corre-
sponding to about 13 mm2 and 360 μs in the secondary dura-
tion, and 4 mm2 and 180 μs in the tertiary duration. Similar
features were found in other water thickness conditions as seen
in Fig. 3a. The maximum cross-section area and pulsation

period in each oscillating duration decreased slightly with in-
creasing water layer thickness, but no significant differences
were found (p>0.05). It should be noted that the laser pulse
used in the study was 350 μs, less than the bubble expansion
time in the primary duration (386 μs for a 10-mm water thick-
ness condition), which suggests that all laser energy was
absorbed by water during the first pulsation period. The energy
decreased dramatically due to the first bubble collapse and heat
transfer effects, resulting in a gradual decrease in the bubble size
and duration of the following secondary and tertiary phase.

The maximum transverse width and longitudinal length of
the bubble in the primary duration were measured as a func-
tion of water depth as showed in Fig. 3b. The error bars indi-
cated the standard deviation. The average longitudinal length
for all water conditions were about 8 mm with an average
transverse width of about 7 mm. No significant difference
was found for different water layer thickness (p>0.05).

Bone ablation underwater

Figure 4 shows representative images of bone tissue ablation
induced by Ho:YAG laser under water with thickness of
15 mm. The dynamic process of interaction between laser, wa-
ter and bone tissue can be followed using the sequential images.
The water near the fiber tip absorbed the pulse energy dramat-
ically causing rapid bubble formation and expansion (Fig. 4a).
At about 80 μs, the bubble was large enough to touch the tissue
surface, forming a channel between the fiber tip and tissue
surface (Fig. 4b). Through this channel, the following part of
pulse energy could be transmitted through the water layer and
impacted on the target surface directly. Figure 4c shows a spark
induced by laser-tissue interaction at about 336.5 μs. Although
the pulse energy was released at about 350 μs, the bubble
continued expanding and reached tomaximum volume at about
500 μs (Fig. 4d). The bubble contracted quickly (Fig. 4e) and
collapsed at about 910.4 μs, which was accompanied by a

Fig. 1 Schematic diagram of
experimental setup for dynamic
monitor of bubble and bone tissue
ablation induced by Ho:YAG
laser
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micro-explosion. The ablation debris was ejected into the water
during the micro-explosion (Fig. 4f). After that, the bubble
experienced several cycles of rebound and collapse (Fig. 4g,
h). Each time of bubble collapse was accompanied by a micro-
explosion and debris ejection. The liquid movement which car-
ried away ablation debris was seen even after about 2 ms
(Fig. 4i). More detailed information about the dynamic interac-
tion of bubble-assisted bone tissue ablation was included in the
supplemental information (Supplemental Movies 2).

The top-view stereomicroscope (a–f) and cross-sectional
OCT (A–F) images of ablation crater created on bone sample

by pulsed Ho: YAG laser in air (dry condition) and underwater
with various thickness were shown in Fig. 5, respectively. The
ablation crater presented a U-shaped cross-section for all
groups of bone samples. Under dry condition, as shown in
Fig. 5a, the crater showed irregular surface deformation with
a layer of black char formatted and serious thermal damage
distributed along the edge of the crater due to excessive heat
accumulation during laser irradiation. Whereas, underwater,
the ablation craters presented more regular, smooth, and clean
features. Awhitish area surrounding the ablation crater is ob-
served which may be due to tissue coagulation from thermal

Fig. 2 Representative images of an evolving bubble induced by Ho:YAG laser under free water with a thickness of 10 mm. the interval between images
was 58 μs. Scale bar:1 mm
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Fig. 3 The average vertical
cross-sectional areas of bubble as
a function of time (a) and maxi-
mum size of bubble in primary
duration as a function of water
layer thickness (b). The error
bars are standard deviation of the
data (n= 10)

Fig. 4 The representative images
of bubble-assisted bone tissue
ablationwith Ho:YAG laser under
water layer thickness of 15 mm.
Scale bar: 1 mm
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damage. No char formation was found under water conditions.
It is worth to note that the crater size at a water thickness of
25 mm (Fig. 5e) was larger than the other water conditions
tested.

The geometry measurements of the crater created on bo-
vine shank bone as a function of water thickness are shown in
Fig. 6. The error bars are the standard deviation of the data.
The ablation crater in dry conditions presented a larger size in
width yet smaller size in depth than those under water condi-
tions due to thermal injury. It is interesting that the ablation
crater width and depth at water layer thickness of 25 mm are
larger than the other water conditions (P<0.05).

Discussions

In several clinical application, biological tissue ablation with
Ho:YAG laser is generally performed in a liquid environment,
for example, in arthroscopic and general orthopedic surgeries,
and lithotripsy in urology [18–20]. In the present study, for
both free water and bone ablation experiments, the pulsed
Ho:YAG laser beam was focused inside the water. As shown
in Figs. 2 and 4, the water near the fiber tip absorbed incident
laser energy dramatically (μa=30 cm−1), resulting in the for-
mation of a cavitation bubble. The bubble initially underwent
an expansion phase where the pressure and temperature of its

Fig. 5 Top-view
stereomicroscope and cross-
sectional OCT images of ablation
cut created on bone sample by
pulsed Ho: YAG laser in air (dry
condition) and under water envi-
ronments. (a, A) in air, (b–f, B–F)
under various thickness of water
conditions ranging from 10 to
30 mm with a step of 5 mm, re-
spectively. Pulse number for each
crater is 10

Fig. 6 Ablation size of craters
created on the bone sample under
different conditions. The error
bars are standard deviation of the
data (n= 10)
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interior fell and after some time the bubble reached a maxi-
mum volume. At this moment, as reported in literature [23]
the pressure inside the bubble equals the saturated vapor pres-
sure (about 2330 Pa at 296 K), which is much less than the
liquid pressure (about 1 bar). Because of this jump, the bubble
starts to contract and is accompanied with a pressure and va-
por temperature rise. It is important to note that during con-
traction, we always have non-equilibrium condensation due to
the heat conduction inertia (mainly of vapor). The faster the
bubble collapse is, the farther the vapor is from its thermody-
namic equilibrium with water. When the vapor pressure and
temperature reach their critical values (about 221 bar and
647 K, respectively), the condensation process stops. From
this moment, the bubble contracts as if it were filled with
Bnoncondensable vapor,^ which leads to an even faster rise
of the vapor pressure until the contraction stops and the bubble
begins to rebound. After experiencing several cycles of expan-
sions and contractions, the bubble finally collapsed. Since
gaseous water in the bubble has 100 to 1000 times lower
density, this resulted in a much lower absorption coefficient,
as compared with liquid water [24, 25]. The bubble formation
initiated by the leading part of the pulse energy might contrib-
ute to the successive pulse energy transmitted though the wa-
ter layer and interacted with target tissue (Fig. 4). The average
maximum longitudinal length of bubble induced by Ho:YAG
laser was up to 8 mm (Fig. 3b), which meant that, with the
bubble assistance, the pulse energy penetrated through the
water layer up to 4 mm, which is significantly larger than
the traditionally held penetration depth of 300 μm [26].

In Fig. 3a, the bubble volume and pulsation period in the
primary duration are significantly larger than the following
secondary and tertiary phase (p<0.05), which indicates that
the deposited energy in the bubble was quickly released during
the primary collapse. Figure 4f further showed that the energy
released during bubble collapse often occurs with an accompa-
nying micro-explosion. The forces associated with the micro-
explosion might impact the ablation crater, causing the ejection
and removal of ablation debris (Fig. 4) and result in a smoother
and more regular ablation crater than in dry condition (Fig. 5).
The channel connecting the fiber to bone surface opened at
about 80 μs after laser irradiation and remained opening until
about 700 μs. These results suggest how to optimize laser
irradiation parameters according to the channel opening time
of a bubble to deliver more energy to target tissues through the
water layer, thus enhancing ablation efficiency.

Ho:YAG laser at 2.08 μm has been shown to be capable of
ablating hard bone tissue effectively under water. As seen in
Fig. 5a, irregular surface modification and severe thermal
damage (carbonization, charring, and cracking) were associ-
ated with dry ablation as a result of excessive heat accumula-
tion. According to Rosa [27], in the black char layer, all the
protein and water are removed, and there is significant modi-
fication of the mineral phase with loss of carbonate and

disproportionation of hydroxyapatite to form other calcium
phosphate phases. Unlike in air, the external water layer ap-
plied to tissue surface acts as a cooling agent to reduce the
thermal damage to periphery tissue around the ablation crater,
result in more regular, smoother, and clean incision as com-
pared to the dry condition (Fig. 5). Since the thermal conduc-
tivity of water (0.611 W/m·K) is approximately 30 times
greater than that of air (0.0267 W/m·K) [7], more thermal
can be transferred to the water layer, cooling the target tissue
surface via vaporization and convective processes. Moreover,
the liquid movement associated with the dynamic process of
bubble cycling may also contribute to acceleration of the heat
diffusion.

As shown in Fig. 6, although parts of the laser energy were
absorbed by water, the ablation depth of the crater under water
conditions was larger than those under the dry condition. These
features indicated that the water layer applied to the tissue sur-
face actually contributes to enhancing ablation rate and effi-
ciency, as well as fine crater structure, as compared to dry
conditions. The forces associated with dynamic bubble move-
ment, especially due to the micro-explosion during bubble col-
lapse, might remove poorly attached nonapatite phases of mod-
ified bone. These ablation debris accumulated around the crater
might absorb incident light energy dramatically. This process
not only induced strong thermal injury to the peripheral tissue
(Fig. 5a) but also resulted in a shielding effect and reduced the
rate and efficiency of ablation significantly. On one hand, the
bubble formation was needed to absorb light energy which
might reduce the energy irradiation on tissue sample. On the
other hand, however, the forces associated with the bubble
dynamic process, especially the micro-explosion generating
during bubble collapse (Fig. 4f), might contribute to the remov-
al of ablation debris around the crater, which inversely reduced
the energy loss due to absorption by ablation debris and en-
hanced the ablation efficiency, as well as obtained more regular
and smoother ablation crater as compared to air conditions
(Fig. 5). It is interesting to note that, as seen in Fig. 6, both
ablation width and depth under conditions of 25-mm thickness
of water were apparently greater than the other liquid condi-
tions tested (p<0.05). These differences were also observed
through stereomicroscope and cross-sectional OCT images
(Fig. 5), suggesting that there is a critical thickness of water
layer under which the maximum ablation volume could be
obtained. The similar critical water layer thickness was reported
in our previous study [22]. It has been reported [1] that the
liquid-jet force associated with the dynamic bubble process
varies with the thickness of water layer and exists a certain
water layer thickness where the liquid-jet force has a maximum
value. Therefore, the forces and liquid-jet associated with the
bubble kinetic process, in particular the micro-explosion during
the bubble collapse, might contribute to these features in Fig. 6.
However, the detailed mechanisms have not yet been clarified
and further studies are needed to explore this phenomenon.
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Conclusions

In this work, the complete dynamic process of cavitation bubble
induced by a Ho:YAG laser underwater with and without bone
tissue, at different water layer thickness conditions, were record-
ed by high-speed camera. The results showed that, with the
assistance of a cavitation bubble, Ho:YAG laser energy could
penetrate though the water layer with a thickness up to several
millimeters and interact with the target tissue directly. The quick
release of energy in the bubble during the collapse process
caused a micro-explosion near the tissue surface, which may
help to remove the ablation debris, reduce the thermal injury,
and improve the morphology of the ablation crater. We also
found that the water layer thickness has potential effects on the
bubble dynamic process and bone tissue ablation performance.
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