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ABSTRACT
This is a study of a robot-controlled ultrashort pulse laser system used for tooth preparation to
overcome drawbacks of traditional manual methods, thus improving its quality, precision, and
clinical efficacy. Based on the international advanced digital technologies, automation
technologies, and medical laser technologies, the entire tooth preparation process was
completed autonomously using the robot-controlled ultrashort pulse laser. In the study, 15
extracted human first molars were prepared automatically by the robot system. And the
result accuracy was evaluated using software. Compared with the CAD data of standard
tooth preparation, the overall average error, preparation depth of the natural tooth
preparation, and convergence angle were 0.05–0.17 mm, 2.097 ± 0.022 mm with an error of
0.097 ± 0.022 mm, and 6.98 ± 0.35° with an error of 0.98 ± 0.35°, respectively. The feasibility
and accuracy of the robot-controlled femtosecond laser technique for tooth preparation
were confirmed.

ARTICLE HISTORY
Received 14 May 2019
Revised 14 August 2019
Accepted 7 September 2019

KEYWORDS
Tooth preparation; robot;
ultrashort pulse laser

Introduction

Tooth preparation is a procedure in which a clinician
uses a high-speed turbine that drives various emery
or tungsten-steel burs in the patient’s mouth to grind
the hard tissues of a tooth in order to prepare it as
per a specific morphology [1]. It is the basic operation
for the treatment of diseases affecting the dental hard
tissues.

Currently, tooth preparation is performed in the
clinic using hand held high-speed turbines or commer-
cial dental lasers. Both these methods have obvious
shortcomings and insufficiencies. First, the oral cavity
is small, thus operation depends on the vision and
hand positioning control of the operator, which often
results in excessive or insufficient tooth preparation
or iatrogenic damage to the gingival, labial, buccal,
and lingual mucosae. Second, high-speed turbines gen-
erate high-pitched noises, which make both patients
and physicians uncomfortable [2–5]. Third, current
commercial dental lasers may stimulate the pulp, caus-
ing different degrees of pain in patients [6–8]. How-
ever, continuing the use of traditional manual
operation in tooth preparation, but replacing mechan-
ical power with laser power, cannot eliminate the limit-
ations of manual operation.

Precision medicine is a consensus and direction of
the international medical community. Therefore, the
advantages of high precision, dexterity, and speed of
robots can finally overcome the limitations of manual

operation, and improve the accuracy and efficiency of
clinical operation. Currently, robotic technology has
been widely used in several fields of stomatology, and
promoted its rapid development. In order to overcome
the shortcomings of current manual tooth preparation
techniques, we developed a robotic oral tooth prep-
aration system and completed its preliminary vali-
dation in a clinical laboratory, thereby laying a
foundation for its clinical application.

Materials and methods

1. Experimental equipment, software, and materials
1.1. Independently-developed ‘tooth preparation

robot’ mainly included the following six parts
[1] (Figure 1):
(1) Intraoral working end of the tooth prep-

aration robot: lens focal length, 175 mm;
two-dimensional scanning galvanometer
spot scanning speed, 1900 mm s–1; and Z-
axis minimum step 0.1 μm and maximum
step 10 mm;

(2) Tooth preparation computer-aided design/
computer-aided manufacturing (CAD/
CAM) software;

(3) Laser system: ultrashort pulse laser (wave-
length, 1064 nm; pulse width, 15 picose-
cond; pulse repetition frequency, 100 kHz;
power, 30 W; laser focus spot size, 38 μm);
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the laser was focused using the 175 mm lens
to ablation the tooth surface, and a charge-
coupled device (CCD) took measurements
of the focus area;

(4) 6-degree-of-freedom laser beam arm;
(5) Tooth positioner;
(6) Intraoral three-dimensional scanner (TRIOS,

3Shape, Denmark)
1.2. Sample stage position control device: micrometer

(accuracy, 0.01 mm; Mitutoyo, Japan)
1.3. Three-dimensional measurement device: laser

three-dimensional confocal microscope (VK-
X200, Keyence, Japan) and three-dimensional
measurement software (Geomagic qualify
2012, 3M, U.S.A.)

1.4. This study included 20 isolated natural teeth
samples (maxillary and mandibular first
molars) extracted due to periodontal disease
in the Department of Oral and Maxillofacial
Surgery, Peking University Hospital of Stoma-
tology. Informed consent was obtained for the
procedures.

Methods

Preparation of experimental samples

Twenty morphologically intact maxillary and mandib-
ular first molars, freshly extracted due to periodontal
disease, were collected from the Department of Oral
and Maxillofacial Surgery of the Peking University
Hospital of Stomatology. Informed consent was
obtained from all patients before commencing the

study. An ultrasonic scaler was used to remove calculus
and soft tissue from the surface of the isolated natural
teeth, and they were rinsed with normal saline. For five
of the teeth, an emery ablationter (Shenyang Kejing,
STX-202) was used to ablation the crown and root
along the transverse outline of the enamel-bone
boundary (cementoenamel junction). The emery wire
was moved parallel to the cross-sectional surface
towards the crown, and 5-mm thick samples were abla-
tion. The two cross-sectional surfaces were manually
polished and smoothened with 800- and 1000-mesh
sandpaper and used for single-depth laser ablating
measurement experiments of the isolated natural
teeth (i.e. the depth of the ablation of the 5-layer
laser pulse). The remaining 15 intact teeth were
immersed in formalin solution until the automated
tooth preparation process (Figure 2).

Determination of single depth of ablation

A picosecond laser research test platform was built in
vitro, and the isolated natural tooth samples were
fixed on the stage. A micrometer was used to adjust
the position of the incident laser direction, so that
the sample was ablation perpendicular to the beam
axis and coincided with the focal plane of the laser.
The laser parameters was set with the pulse energy of
300 µJ, a spot diameter of 38μm, and the scanning vel-
ocity 1900 mm s–1. Two-dimensional scanning path of
focal plane scanned five concentric circles of different
diameters from small to large, and a concentric circle
was scanned with five layers of pulses. The convex
lens remained stationary during the entire scanning

Figure 1. The tooth preparation robot.
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process. The five isolated natural teeth samples were
scanned with the laser according to this path, and the
50× lens of a laser three-dimensional topography
measuring microscope was used to scan and
measure the vertical height of the two adjacent con-
centric circles. Finally, a single depth of ablation (the
ablation depth with five layers of laser pulses) of the
isolated natural tooth was averaged and calculated
(Figure 3).

CAD and layer-ablation automated tooth
preparation for full-crown preparation

The 15 intact, isolated, natural teeth were fixed in the
jaw model of the phantom head simulator. The
three-dimensional data of the isolated natural teeth
were acquired using an intraoral scanner. The tooth
positioner was installed, and the three-dimensional
data of the isolated natural teeth were acquired again.
The two data sets were registered, and the individua-
lised three-dimensional design of each tooth prep-
aration was completed using a full-crown preparation
with CAD software developed in-house [9] as per the
requirements of the cast metal full-crown preparation.
The CAD three-dimensional data of isolated natural

teeth before preparation were imported into a custo-
mised digital control software. The three-dimensional
data of the tooth tissue to be removed was obtained
using Boolean operations, and the single depth of abla-
tion of the natural teeth was obtained. A total of 500
ablating layers was used for parametrising the settings
in the digital control software in order to complete the
discrete layered slices of the three-dimensional CAD
model of the preparation. Scan-line filling and scan
path planning were performed based on slice contour
data, and the laser was selectively controlled on the
tooth surface. A two-dimensional planar pattern of
the layer was achieved by changing the direction of
the high-speed two-dimensional galvanometer. The
amount of convex lens advancement was set by a single
depth of ablation, i.e. The laser parameters was set with
the pulse energy of 300μj, a spot diameter of 38μm, and
the scanning velocity 1900 mm s–1, and the laser
scanned five layers of pulses on the tooth surface to
complete the ablation of the slice contour of the five
layers. The convex lens advanced the amount of the
single ablation depth, and a new round of slicing, scan-
ning, and ablating was started. As accumulation con-
tinued, the desired three-dimensional shape of the
tooth preparation was finally formed.

Figure 2. Isolated natural tooth sample for single depth of ablation measurement.

Figure 3. Path planning diagram for single depth of ablation determination and plot of ablating and measurement results.
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Software measurement and analysis

The three-dimensional data of the isolated natural
teeth were automatically acquired using an intraoral
scanner and imported into Geomagic Studio software
together with the three-dimensional data of isolated
crowns before preparation. The two sets of data were
unified in the same coordinate system using a residual
dentition common space registration method. The two
sets of data were sectioned in three planes designed in
different directions (the angle between two planes was
60°). The thickness of the occlusal surface preparation
and the convergence angle of occlusion were measured
using the software, and the mean and standard devi-
ation were calculated using Statistical Product and Ser-
vice Solutions (SPSS) 19.0 (Figure 4).

The three-dimensional data of the tooth preparation
and the original design CAD data were simultaneously
imported into Geomagic Studio software. The two sets
of data were unified in the same coordinate system
using a common space registration method. Overall
evaluation and analysis of the automated tooth prep-
aration was performed using Geomagic Qualify
software.

Results

The preliminary single depth of ablation of the three-
dimensional laser ablating of the natural tooth was
45 ± 3.55 μm. After simulation on the phantom head
simulator, 15 full-crown natural tooth preparations
with intact occlusal and axis surface morphology and
smooth surfaces were created (Figure 5). Each process

of isolated natural tooth preparation took an average of
17 ± 1.77 min.

Software measurement of the 15 isolated natural
tooth preparations revealed that the occlusal depth
were maximum value 2.130 mm, minimum value
2.060 mm, approximate mean 2.097 ± 0.022 mm, and
approximate error 0.097 ± 0.022 mm, and convergence
angle were maximum value 7.57 ± 0.208°, minimum
value 6.53 ± 0.21°, approximate mean 6.98 ± 0.35°,
and approximate error 0.98 ± 0.35°(Table 1). Com-
pared to CAD data, the software analysis yielded an
overall mean error of approximately 0.05–0.17 mm in
the 15 isolated natural teeth preparations (Figure 6).

Discussion

A robot-controlled laser for automated tooth prep-
aration is essentially control of the laser to achieve
automated three-dimensional ablating of the crown
of interest. According to the principle of three-dimen-
sional laser ablating, the ideal three-dimensional object
can be processed only by ensuring that the thickness of
a single slice is equal to the actual depth of each laser
ablating. Laser ablating is a non-contact forming and
processing method. By adjusting the process par-
ameters of the system, a single-pulse laser beam is
used to etch the surface of the material to remove a cer-
tain volume of material, yielding a certain depth of
ablation. Therefore, obtaining a suitable single depth
of ablation is a prerequisite for ensuring three-dimen-
sional laser ablating with high precision, efficiency, and
quality.

Figure 4. Schematic of software measurement method for thickness of occlusal surface preparation and occlusion convergence
angle.

Figure 5. Isolated natural tooth preparation after automated full-crown tooth preparation.
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In the present study, the automated preparation sys-
tem yielded a single depth of ablation parameter
through the grinding of the isolated natural tooth
sample. The ultrashort pulse laser was controlled
with specific parameters to complete the automatic
full-crown natural tooth preparation at a single depth
of ablation. The robotic automated control device
must plan the movement path of the laser to complete
three-dimensional tooth grinding, select the appropri-
ate ablating mode, and plan the precise control path
to improve ablating efficiency. The initial design of
the experiment used two tooth preparation methods:
layer ablating and stripping. The stripping method
can reduce the amount of tooth tissue removal during
the tooth preparation process, thereby improving the
efficiency of automated tooth preparation. However,
this method is more complicated than the layer ablat-
ing method because of the light blocking during the
ablating process, which makes path planning more
complicated. Therefore, the layer ablating method
was the first choice to complete the entire automated
tooth preparation process in this experiment.

The results of this experiment show that robotic
automated tooth preparation is superior to manual
tooth preparation as reported in the literature with
respect to efficiency and accuracy of ablating [9,10].
In order to accelerate and improve clinical application

of the tooth preparation robot, it is necessary to further
improve the overall performance of the system. The
next step is to conduct more in-depth research on
ablating efficiency, ablating range, and safety. With
respect to ablating efficiency, light blocking issue in
the stripping tooth preparation method has not yet
been solved. Furthermore, different laser control par-
ameters, such as surface scanning speed and energy
density, can affect ablating efficiency [11], and it is
necessary to investigate the efficiency of ablating hard
dental tissue with ultrashort pulse lasers having differ-
ent energy densities. With respect to ablating range, it
is currently limited to shoulder-less full-crown tooth
preparations. The scope is limited, and shouldered
automated full-crown tooth preparations and various
complex morphologies in the oral cavity, including
different cavity preparations for dental caries, inlays,
veneers, partial crowns, and dental implant cavities,
remain to be investigated. With respect to safety, the
current safety policy of the system has not yet been per-
fected, and it is impossible to achieve visualisation and
intelligent control. These problems and limitations can
be the focus of further research.

Disclosure statement

No potential conflict of interest was reported by the authors.

Table 1. Statistical description of occlusal surface preparation and convergence angle in 15 isolated natural tooth preparations.
Thickness of occlusal surface preparation (mm) Convergence angle (°)

Number Mean Standard deviation Number Mean Standard deviation

1 10 2.120 .008 3 7.07 .15
2 10 2.080 .017 3 6.53 .21
3 10 2.130 .008 3 6.90 .26
4 10 2.060 .015 3 7.57 .21
5 10 2.090 .014 3 7.30 .36
6 10 2.085 .014 3 6.70 .20
7 10 2.100 .012 3 7.20 .36
8 10 2.107 .010 3 7.03 .25
9 10 2.097 .011 3 6.93 .35
10 10 2.100 .013 3 7.00 .26
11 10 2.088 .014 3 7.00 .26
12 10 2.077 .016 3 6.97 .31
13 10 2.092 .017 3 7.13 .25
14 10 2.127 .015 3 6.63 .31
15 10 2.094 .016 3 6.70 .36
Total 150 2.097 .022 45 6.98 .35

Note: The occlusal preparation thickness of the design model was 2000 μm, and the convergence angle was 6°.

Figure 6. Software analysis of three-dimensional data of preliminary results and computer-aided design data of preparations.
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