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Abstract

Objective: This study was conducted to (1) evaluate a new method for accurately and automatically preparing
dental implant cavities; (2) investigate the quantitative relationships between the number of focal-plane additive
pulse layers (n) in two-dimensional ablation, the Z-axis feed rate, and the ablation depth (&) during cortical-bone
ablation using a numerically controlled three-axis picosecond laser; and (3) establish appropriate methods for
precise ablation control.

Materials and methods: Two-dimensional ablation was performed on swine-rib blocks in the focal plane on a
preset circular path using a picosecond laser device and an in-house-developed three-axis numerically con-
trolled micro-laser galvanometer scanner. The maximum two-dimensional d and the quantitative relationship
between n and d within the maximum d were consequently obtained. The measured and theoretical values of the
ablated cavities were then compared to obtain n and d values corresponding to the minimum difference, and to
evaluate the error in d, resulting in a higher-accuracy d value (i.e., single-step ablation depth) being obtained.
Results: The diameter and deep errors between the measured and design data for 24 cavities were 2.76+1.51
and 10.23 £4.82 um, respectively. Thus, high-quality cortical-bone cavities preparation was achieved using a
picosecond laser with the parameters employed in this study.

Conclusions: Precise control of cortical-bone ablation using a picosecond laser can be attained by optimizing
the single-step ablation parameters.

Keywords: laser in dentistry, bone, implants, laser surgery

difficulty achieving precise control; (2) risk of thermal and
mechanical damage to the remaining tissue; (3) lower ablation
efficiency for air-cooled, water-cooled, or higher-repetition
frequency lasers than that for conventional drilling."*

Introduction

INCE 1964, LASERS have been applied in the field of sto-
matology, promoting the rapid development of stomato-

logical technology. To date, laser technology has pervaded
various disciplines of stomatology, including basic and ap-
plied research; diagnosis and treatment of oral mucosal and
periodontal diseases; dentin hyper sensitivity treatment;
control of dental caries and removal of carious tissue; and
hard tissue removal and sterilization during cavity and tooth
preparation.

As a result, commercial laser devices have emerged that
possess distinct advantages for soft-tissue disease treatment.
However, such devices have the following limitations as re-
gards removal of the hard tissue of the teeth and jaw: (1)

To realize the potential of new laser applications in sto-
matology, researchers worldwide have studied the ?lasma
effect produced during laser ablation of hard tissue.>* Tt has
been found that, with appropriate parameters, picosecond
lasers can overcome the current defects of commercial
stomatological laser devices or even outperform those de-
vices. In particular, the results of a previous study’® have
shown that ultrashort pulse lasers are superior to conven-
tional mechanical grinding technology or other long- and
short-pulse lasers for ablation of the hard tissue of the teeth

and jaw. The major advantages are as follows: (1) high
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ablation efficiency; (2) considerable reduction of mechani-
cal and thermal damage; (3) higher-precision ablation con-
trol; (4) low noise; (5) pain reduction; (6) surface texture
adjustment capability through control of the laser beam
shape and grating; (7) precise control and improved safety
(intensity-dependent multi-photon processing ensures that
tissue below and around the focal spot is not ablated by the
laser); (8) effective ablation of all tissue types through a
nonlinear action mechanism.® Recent studies on high-energy
and high-repetition frequency lasers have allowed exploi-
tation of these advantages.”®

At present, research on the application of ultrashort pulse
lasers to dental hard tissue is focused on microscopic mor-
phology, the temperature effect, and ablation efficiency.”'°
In recent years, Yuan et al. have commenced relevant
studies on precise control in dental hard tissue. "’

The present study was primarily conducted to analyze the
quantitative relationship between the number of laser scan-
ning layers (n) and the ablation depth (d) for the case of
cortical-bone ablation performed using a picosecond laser.
The results were subsequently used to determine an optimized
Z-axis feed rate for a numerically controlled picosecond laser,
50 as to achieve precise control of the cortical-bone d; this
finding will provide a solid foundation for subsequent studies
on automated implant surgery using a numerically controlled
picosecond laser.

Materials and Methods
Equipment and software

The laser system employed in this study was a picosecond
laser device (wavelength: 1064nm, pulse width: 15 ps,
repetition frequency: 100kHz, power: 30 W, laser focal
spot: 38 um diameter, energy per pulse: 300 pJ, energy
density: 2.647x107*J/cm?) (Table 1). Note that the focal
spot diameter was derived from a charge coupled device
(CCD) measurement conducted when the laser was focused
on the surface of the tooth to be ablated through a 175-mm
lens. A numerically controlled laser scan system was em-
ployed, that is, an in-house-developed micro-laser tooth
body preparation intraoral working device, with the fol-
lowing specifications: focal spot scanning speed for two-
dimensional scanning galvanometer: 1900 mm/s; minimum
step size along Z-axis: 0.1 mm; maximum step size: 10 mm.
The numerical control software was developed in-house.
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The sample-stage position control device was a spiral mi-
crometer (Mitutoyo Corporation, Japan; precision: 0.01 mm)
and the three-dimensional measuring device was a three-
dimensional laser scanning microscope (VK-X200; Key-
ence Corporation, Japan). Air cooling machine [DXW50;
Denair Energy Saving Technology (Shanghai) PLC, China]
was used in the experiment.

The reverse engineering software packages used in this
study were Geomagic software (Studio and Qualify 2012,
3D Systems, Inc., Rock Hill, SC), and Imageware (13.1,
Siemens PLM Software, Berlin, Germany).

Sample preparation

Eight fresh left and right ribs (from first rib to fourth rib)
of a single 7-month-old healthy pig were obtained from a
certified official slaughter house. Although pig ribs are
weaker than the human mandible, they are excellent in ho-
mogeneity of the thickness of cortical bone. The soft tissue
on the rib surface was removed and the ribs were rinsed with
normal saline. The ribs were then cut into 16 blocks with
5cm lengths using a diamond wire saw (STX-202; Shen-
yang Ke jing Auto-instrument Co. Ltd.). For each block, the
sides with relatively uneven surfaces were enclosed in sili-
cone rubber to form even surfaces, while the relatively even
surface was designated as the surface for ablation. The
surface for ablation was polished sequentially using 800-,
1000-, and 2000-grit waterproof sandpaper to form an es-
sentially flat surface. The rib specimens were then immersed
in formalin solution (10%, Leagene; Anhui Leagene Bio-
technology Co., Ltd.) until use. The whole experiment lasted
about 8 h.

This investigation was approved by Biomedical Ethics
Committee of Peking University (No. LA2017281).

Two-dimensional scanning and ablation

One swine-rib block was mounted on a sample stage,
which was mounted on a movable platform with spiral
micrometers. That is, the two-dimensional movements of
the platform were controlled by two spiral micrometers. The
picosecond laser beam was oriented perpendicular to the ab-
lation surface, and the platform was adjusted with the spiral
micrometers so as to position the ablation surface at the focal
point in front of the lens center. The laser path was modeled
computationally (Figs. 1 and 2) and laser scanning was

TaBLE 1. REPORT PARAMETERS IN EXPERIMENTAL LASER DEVICE

Manufacturer

Model identifier

Year produced

Number and type of emitters (laser or LED)
Wavelength and bandwidth (nm)

Pulse mode (CW or Hz, dutyﬁ cycle)

Beam spot size at target (cm’)

Irradiance at target (mW/cm®) !

If pulsed peak irradiance (mW/cm®)
Exposure duration (seg)

Energy density (J/em®)

Radiant energy (J) |

Area irradiated (cm”)

Number and frequency of treatment sessions

Academy of Opto-Electronics, Chinese Academy of Sciences
GK-1064

2013

Picosecond laser

1064

100 KHz

l134x 16>

2.646x 10"’

3.527x 10"

15 psec

2.647x107°

3% 107

7.069% 107°

Complete the treatment in 1 day
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FIG. 1. Schematic diagram of experimental platform.

performed along the modeled motion path, with the space
between frames set to 19 um (50% overlap rate). The rib
block and lens positions were kept unchanged for subse-
quent ablation by the picosecond laser along the motion path
for 5 n. Recall that one layer (n) denotes the completion of
one ablation motion from the outer to inner frame by the
laser. Thereafter, the spiral micrometers were used to po-
sition the next ablation site. Different ablation sites were
scanned for n=5, 10, 15, 20, 25, 30, 35, and 40, yielding
eight circular cavities with 3-mm diameter and varying
depths. The same process was performed on another rib
block, with ablation sequentially performed for n=45, 50,
55, 60, 65, 70, 75, and 80, to form another eight circular
cavities with 3-mm diameter and varying depths. This pro-
cess was repeated three times.

Measurement of two-dimensional d

The actual d of each circular cavity was measured using a
three-dimensional shape-measurement laser microscope.
Twenty points at the base of each ablated circular cavity
were chosen (these points were distributed as evenly as
possible on the cleaved surface). With the upper surface as a

*  The radius is 1500um

*  Line spacing is 19um

FIG.2. Two-dimensional motion paths of ultrashort pulse
laser—similar to a concentric circular motion in the plane.
The larger red arrows represent the circular motion of the
laser, and the smaller red arrows indicate the direction of the
laser from the outer ring to the inner ring.

reference, the depths of the 20 points were measured indi-
vidually to calculate the mean value, which represented the
d for each layer. The mean d was then calculated from the d
values at the same layer for three rib blocks, so as to derive
the maximum d value for cortical-bone ablation by the laser
without Z-axis feed motion. A curve of the quantitative re-
lationship between d and n was then plotted.

Three-dimensional scanning and ablation

One rib block was mounted on the sample stage. The
spiral micrometers were used to orientate the sample stage
toward the laser incidence direction, so that the ablation
surface was oriented perpendicular to the main axis of the
laser beam and superimposed on the focal plane of the laser.
Parameters such as the focal plane two-dimensional scan-
ning path were set as described in the Two-Dimensional
Scanning and Ablation section. The timing for stepwise
increments along the normal was set for n at 1-0 layers
(in steps of one). The single step size was set according to
the relation d=9.1255n+34.664, which was obtained from
linear regression analysis of the quantitative relationship
between d and n. The number of steps, ¢, was set to 45, 36,
31, 27, 24, 21, 19, 17, 16, and 14. Ten square cavities
(4 x 2 mm) were cut into two rib blocks (each block had five
cavities). This was repeated three times. The n for stepwise
increments along the Z-axis was setto 1,2,3,4,5,6,7,8, 9,
and 10. The single-step size was obtained from the integer
value of the corresponding two-dimensional d values. For
each setup, three-dimensional scanning was performed on
the ablation surface to form a circular cavity with a 4-mm
diameter. The n values, single-step d values, number of
steps, and theoretical d values are listed in Table 2.

Measurement of three-dimensional ablation d

A three-dimensional laser shape measurement micro-
scope was used to measure the actual total ablation depth,
d», of each circle cavity by using the method described in
the Measurement of Two-Dimensional d section. The the-
oretical total ablation depth is dy=dyx(t+1), where dyp is
the theoretical single step ablation depth. The relationships
among e, n, and d were analyzed.
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TABLE 2. VALUES FOR NUMBER OF TwWO-DIMENSIONAL
SCANNING LAYERS (N) AND ABLATION DEPTH (D)
FOR LASER ABLATING OF SiX RiB BLOCKS
ForMING 48 CAVITIES

n (layer) d (um)

) 50.095+1.095
10 09.874+1.949
15 161.417+2.494
20 230.508 +3.205
25 272.440 +£3.666
30 327.609 £4.635
35 370.544 +3.891
40 404.906 +5.197
45 459.830+1.852
50 508.286 £4.637
55 553.337+5.206
60 603.579 £3.400
65 633.853+£3.554
70 654,938 £3.443
75 663.980+2.887
80 663.2491+2.462

Acquisition of single-step d and measurement
of ablation precision

From the procedure described for measurement of three-
dimensional d values, the optimum # for a single-step in-
crement along the Z-axis was determined to be one. One rib
block was mounted on the sample stage. Again, the spiral
micrometers were used to orientate the sample stage toward
the laser incidence direction, so that the ablation surface was
oriented perpendicular to the main axis of the laser beam
and superimposed on the laser focal plane. The two-
dimensional scanning pathway in the focal plane was as
follows: Laser scanning was performed from top to bottom
to generate five concentric circles of increasing diameter,
with five pulse layers for each concentric circle. The convex
lens was kept stationary during the entire scanning process.
Three-dimensional scanning was subsequently performed
with a three-dimensional shape-measurement laser micro-
scope, and the vertical depths of adjacent concentric circles
were measured. Finally, the mean cortical-bone d obtained
using n=1 was calculated and set as the single-step d. This
depth was used to determine the Z-axis feed rate for the
ablation of cylindrical cavities having 4-mm diameter and 3-
mm depth. The ablation time of each cylindrical cavity was

TABLE 3. PARAMETER SETTINGS AND RESULTS
FOR THREE-DIMENSIONAL RiB-BLOCK ABLATION

n (layer) do (um) t(time) d; (um) dj (pum) e (um)

43 45 1978  1976.15 1.85
53 36 1961 1957.94 3.06
62 31 1984  1977.69 6.31
71 27 1988 1977.86 10.14
80 24 2000 1986.73 13.27
89 21 1958  1944.11 16.89

OOV IWN LW —

99 19 1980  1954.84 25.16
108 17 1944  1909.41 34.59
117 16 1989 1937.63 " 51.37
1 126 15 2016  1943.47 72.53
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recorded with a timer. Three-dimensional data on the ab-
lated cavities were obtained using a scanner, and the abla-
tion precision was evaluated using software (Fig. 3).

Result
Mathematical model

The mechanism employed by the picosecond laser when
cutting dental hard tissue involves focusing of the light spot
on the surface of the dental hard tissue. The high energy of
the focused light spot is then exploited to produce a series of
physical and chemical reactions with the hard tissue of the
tooth; consequently, the tissue material is removed within a
short period. As shown in Fig. 4, the picosecond laser passes
through the focusing lens to form a beam with a small ra-
dius, and can be classified as a Gaussian beam.

The following equations can be derived by considering
the Gaussian-beam focusing principle:

A

wy = " 1
0 m— (1)
i @

/3

where @(z) is the section radius of the incident Gaussian
beam, which is related to the propagation distance of the
light beam; / is the wavelength of the light beam; f is the
lens focal length; @’y is the waist radius of the emergent
light beam; and Zg is half the waist length of the emergent
light beam, which is the effective working length for laser
preparation.

When parallel light is incident on the lens, Z > f” and the
waist radius of the incident beam is w(z). Further, the exit
beam can be focused to a very small beam spot radius of
. By substituting the medical parameters into Eq. (1), the
following relation is obtained:

d=—F, (3)

where d is the diameter of the focused light spot and D; is
the diameter of the incident beam.

The picosecond laser has a wavelength of 1064nm
(ie., A), and d is 38 yum. By inserting values of /=1064nm
and d=30 um into Eq. (3), the following equation is ob-
tained:

f~22.14D;. )

Two-dimensional ablation

One swine-rib block was scanned and ablation then per-
formed using the apparatus and process described in the
Materials and Methods section. Different ablation sites were
created for different values of #; one layer (n) corresponds to
one completed ablation motion from the outer to inner frame
by the laser. A total of 16 ablation cavities (8 cavities on 2
separate blocks) with 3-mm diameter and different depths
were obtained. The process was repeated three times;
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Before ablation Layer-by-layer ablation After ablation

FIG. 3. Method for acquisition of single-step ablation depth. (a) Showing five concentric circles of increasing diameter
ablated on bone. (b) Measuring the single-step ablation depth.

Table 1 lists the mean values and cumulative results for the
d value corresponding to each n setting for laser ablation of
the rib blocks. In addition, the quantitative relationship be-
tween the cortical-bone d and n was established. From this
relationship, the maximum d of the cortical-bone ablation
produced by the laser without Z-axis feed motion (i.e., two-
dimensional ablation) was determined to be 664 +3 ym. The
quantitative relationship between the cortical-bone d and n
exhibited a linearly increasing tendency, and the functional
expression and fit coefficient derived through linear fitting
were d=9.1255n+34.664 (1 <n<75), with R*=0.9876.

Three-dimensional ablation

Next, three-dimensional ablation was performed by in-
corporating Z-axis feed motion into the scanning and ab-
lation process, as detailed in the Materials and Methods
section. The actual d of each cavity was measured using
a three-dimensional shape-measurement laser microscope
(see Materials and Methods section); the differences be-
tween the theoretical and actual d values for each cavity
are listed in Table 3.

Precision control during three-dimensional ablation

The mean single-step d was determined to be 43 um,
which was used to set the Z-axis feed rate for the ablation
of 24 cylindrical cavities. The mean ablation time of each
cylindrical cavity is about 5min. Measurement results ob-
tained using software showed that the errors between the
measured and design data for diameter and cavities deep
were 2.76+1.51 and 10.23+4.82 um, respectively (Fig. 5).

FIG. 4. Gaussian beam. «(z): section radius of incident
Gaussian beam; Zz and ’o: half waist length and waist
radius of emergent light beam, respectively; f: lens focal
length.

The experimental results suggest that precise control can
be achieved when cortical bone is ablated with a numeri-
cally controlled picosecond laser. The curve of the quanti-
tative relationship between n and d indicates a generally
positively linear relationship between these parameters
during two-dimensional ablation of cortical bone, without
7.axis feed motion in the laser tooth preparation system
(i.e., two-dimensional ablation with the lens kept station-
ary). For three-dimensional ablation of cortical bone by the
picosecond laser (i.e., with automated Z-axis feed motion),
the smaller the single-step increment, the more precise the
ablation control. When the n for a single-step increment
along the Z-axis was set to one, the ablation depth precision
could be controlled with an error of 1.85 ym.

Conclusions

Precise control of cortical-bone ablation using a pico-
second laser can be attained by optimizing the single-step
ablation parameters. And, the dental implant cavity can be
automatically prepared using the method.

Discussion

Since the 1960s, researchers worldwide have investigated
laser application in stomatology, with the long-term goal of
developing an advanced laser system that can replace the air-
turbine dental handpiece. In recent decades, studies on laser
application in stomatology have revealed that the action of
ultrashort pulse lasers on dental hard tissue mainly manifests
as plasma-induced ablation, which is caused by plasma ioni-
zation. As this process is extremely rapid, very little energy is
transmitted to the surrounding tissue; therefore, little thermal
damage is inflicted on that tissue.'>"® When plasma-induced
ablation is used, smooth and clearly outlined tissue dissocia-
tion surfaces with no trace of thermal or mechanical damage
can be observed. Numerous studies have confirmed that pre-
cise ablation of dental hard tissue and control of thermal
damage within a certain range can be achieved through use of
ultrashort pulse lasers with appropriate parameters.

On the basis of the aforementioned studies, methods for
the precise control of morphology and depth during ablation
of bone tissue by a numerically controlled picosecond laser
were explored in this work. A precise single-layer d is fun-
damental, and a key requirement for the achievement of

[§
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precise three-dimensional ablation of bone tissue. In previous
studies, three-dimensional ablation could only be performed
within the depth of focus of the ultrashort pulse laser, and d
was restricted (o the micrometer range.'*"> Therefore, appli-
cations in common bone tissue surgeries in the clinical prac-
tice of stomatology were impossible. In this experiment, a
picosecond laser with specific parameters (including power,
repetition frequency. focal spot diameter, and scanning speed)
was used to ablate bone tissue according to a specific abla-
tion path (different layers of concentric circles), and the
single-step d of the bone tissue ablation performed by the
picosecond laser was obtained. This depth was used to con-
figure the movement of the focal plane to ensure superposi-
tion of the ablation surface on the focal plane throughout the
entire process. Hence, d values in the millimeter range were
achieved; this satisfies the requirement for clinical bone tis-
sue surgeries. In this experiment, d was controlled to within the
cortical-bone thickness, primarily to avoid the effects of ma-
terial heterogeneity and bleeding. Hence, the feasibility of the
employed methods was validated. In subsequent studies, d will
be extended downward to the cancellous bone, and the effects
of material heterogeneity and bleeding will be the main focal
points of that investigation. In this study, three-dimensional
measurement of the depth of ablation cavities in vitro was
performed using a surface 3D scanner and software, and the
accuracy controlled in the micron range. However, the mea-
surement method cannot be applied to the ablation cavities
of intravital tissue. The development of Optical Coherent
Tomograph (OCT) technology will provide us with new
measurement methods. A survey of the literature available
shows that the technology has been applied to the fields of
ophthalmology, dermatology, and so on. For intravital tissue,
the measurement accuracy can be controlled in the microm-
eter range.'*'” In future research, OCT technology will be
further studied and applied to the field of stomatology.
Different laser parameters such as surface scanning speed,
repetition frequency, output power, and wavelength can
cause lasers to have different effects on bone tissue, which
may result in carbonization and temperature increase (from
5°C to 100°C). This suggests that repetition frequency has an
important influence on the laser ablation process. The higher
the repetition frequency, the more likely is the occurrence of
carbonization on the bone tissue surface and a temperature
increase. In contrast, low repetition frequency yields less
thermal damage. In a study by Gill et al.,*” it was found that
an increase in the repetition frequency of a 40-J/cm® femto-
second laser from 1 to 20 kHz yields a temperature increase
of 2°C—40°C and carbonization. In addition, the focal spot
diameter has an impact on the pulse overlap rate. In this
experiment, the focal spot diameter of the picosecond laser

LIANG ET AL.

FIG. 5. Bone cavities were
precisely ablated. (a) Show-

ing bone cavities ablated. (b)
3-D model of bone cavities.

measured via a CCD was ~ 38 um, repetition frequency was
100kHz, scanning speed was set to 1900 mm/s, and calcu-
lated pulse overlap rate was 50%. When the output power was
adjusted to 30 W, relatively good performance was achieved
for the laser ablation of cortical bone and no carbonization
occurred. Subsequent experiments will be performed to in-
vestigate the degree of temperature increase during ablation.
In this study, we chose the 1064 nm picosecond laser, because
it could achieve precise cutting of hard tissues and can reduce
heat production, according to reports in the literature.'” Jo-
wett et al. researched picosecond infrared laser ablation of
soft tissue, cartilage, and bone tissue, and obtained results
indicating that no thermal damage and mechanical damage
occurred during the soft tissue, cartilage, and bone tissues
ablation by the picosecond laser at this wavelength.?!

Moreover, with the continuous advancement of technol-
ogy and the continuous deepening of laser research, lasers
are being increasingly more widely used in medicine.
A modern laser-processing strategy gives us an idea of laser
application. Esteves-Oliveira et al.*> found a combination of
laser parameters to automatically ablate the enamel surface
that could cause a temperature increase of over 600°C at the
enamel surface while not damaging the enamel, avoiding
temperature change above 5.5°C in the pulp, and increasing
enamel erosion resistance.
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