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Veneers Assisted by Rigid Constraint Guides Printed by
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Objective: To design and fabricate 3D-printed rigid constraint guides for the tooth preparr
ation for laminate veneers and to evaluate the accuracy of guide-assisted preparation.
Methods: Twenty maxillary right central incisor resin artificial teeth were randomly divided
into two equal groups and prepared for laminate veneers. Tooth preparations were performed,
assisted by guides in the test group and by depth gauge burs in the control group, and both were
finished by freehand operation. The typodonts were 3D scanned before preparation, after initial
preparation and after final preparation. The tooth preparation depths at each step, including
initial preparation depth, final preparation depth and loss of tooth tissue during polishing, were
measured by 3D deviation analysis. Statistical analyses were conducted to investigate differences.
Results: The initial preparation depth was 0.488 mm (median, quartile 0.013 mm) in the
test group and 0.521 mm (median, quartile 0.013 mm) in the control group. A statistically
significant difference was found between them (P < 0.05). The final preparation depth in the
test group (0.547 ± 0.029 mm) was significantly less than that in the control group (0.599 ±
0.051 mm) (P < 0.05), and closer to the predesigned value (0.5 mm). There was no statistically
significant difference in the loss of tooth tissue during polishing between the test group (0.072
± 0.023 mm) and the control group (0.089 ± 0.038 mm) (P > 0.05).
Conclusion: In maxillary central incisors, the tooth preparation for laminate veneers could
be conducted using 3D-printed rigid constraint guides, the accuracy of which is better than
that of depth gauge burs.
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proper and precise tooth preparation is key to successful aesthetic rehabilitation. As a minimally
invasive treatment, laminate veneer restoration demands
a more precise tooth preparation1. Excessive or insufficient tooth preparation for veneers may affect outcomes
in many aspects, such as bonding, aesthetics and fracture
resistance of the prostheses2,3.
Brunton et al4 and Aminian and Brunton5 found
that tooth preparations performed freehand without
any depth-indicating equipment or techniques can
easily lead to insufficient tooth reduction and the use
of depth gauge burs can cause overreduction. Errors
greater than 0.1 mm still occur when using loupes or
microscopes6. Otani et al7 used an automated robotic
system to complete the tooth preparation for laminate
veneers. Compared to the conventional method of
depth gauge burs, the robotic system showed higher
accuracy on margin preparation, but the accuracy of
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Materials and methods
Computer-aided design (CAD)/3D printing of rigid
constraint tooth preparation guides

Fig 1 3D images of guiding structures and virtual movement
paths of burs.

incisal preparation and the overall stability were not
satisfactory.
Passive constraint guidance is one of the tooth
preparation guide techniques8, which can passively
control the movement paths and cutting depths of burs.
Compared to visual guidance, which only provides
operators with visual references, passive constraint
guidance can reduce reliance on ability and operator
experience by providing physical guidance for cutting
instruments. Compared to automated techniques such
as robot systems and laser systems9 which still pose
unresolved technical problems, tooth preparation guides
are much safer to use intraorally and more acceptable
to patients. In addition, the tooth preparation guide
technique is relatively low cost and can be individually
designed and manufactured chairside. Yu et al10 introduced the target restoration space (TRS) guide for the
accurate preparation of depth-guiding holes to ensure
that the depth of the tooth preparation was consistent
with the preoperative designed depth. However, the
main function of TRS guides is to indicate depth, which
means that they cannot constrain the tooth reduction
process directly and rigidly. Furthermore, there have
been no quantitative evaluations of TRS guides thus far.
The purpose of this study was to design and fabricate
a rigid constraint tooth preparation guide which would
allow the operators to complete the tooth preparation on
the labial side of laminate veneers, and to perform a 3D
quantitative evaluation of the accuracy of tooth preparation assisted by the guides. The null hypothesis was
that no significant differences would be found in the
accuracy of tooth preparation between the group using
3D-printed rigid constraint guides and the group using
conventional depth gauge burs.
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A typodont of standard maxillary dentition (D16FE, Nissin Dental Products, Kyoto, Japan) was prepared and
scanned by a 3D lab scanner (Activity 880, Smart Optics,
Bochum, Germany). The 3D image was exported as a
standard tessellation language (STL) file. A cylindroid
flat-ended diamond bur (Diatech G835-016, Coltène/
Whaledent, Altstätten, Switzerland) was inserted in a
high-speed turbine handpiece (Boralina, Bien-Air Dental, Bienne, Switzerland). The length of the exposed
part of the bur was measured using a digital caliper
(111N-101V-10E, Guilin Guanglu Measuring Instrument, Guilin, China) and recorded as L.
The 3D image of the typodont was imported into
Geomagic Studio 2014 (3D Systems, Rock Hill, SC,
USA) software. The labial surface of the maxillary right
central incisor was selected and offset to the lingual
side for 0.5 mm to obtain the virtual prepared teeth for
a 0.5-mm thick laminate veneer. The labial surface of
the virtual prepared teeth was offset to the labial side
for the length L to generate the original guide surface.
The 3D images of the virtual prepared teeth and the
original guide surface were exported as STL files and
then imported into Imageware software (Imageware
13, Siemens PLM Software, Plano, TX, USA). Virtual
movement paths of burs and corresponding guide structures were designed, resulting in several paralleled fanshaped objects (Fig 1). Meanwhile, the retainers for the
tooth preparation guides were designed in Geomagic
Studio. The 3D images of the tooth preparation guides
were created through Boolean operations of the virtual
movement paths, guide structures and retainers. In the
Boolean operations, a space between the target teeth
and the tissue surface of the guide was reserved for
cooling water.
The cylinder diamond bur which was sandwiched
between the paralleled guide structures could move
perpendicularly to the tooth surface and the depths of
its movements were rigidly constrained, which meant
that grooves with a certain width and depth could be
prepared on the labial surface. Each guide had three
movement paths so that three corresponding grooves
could be prepared. Two guides were designed and used
together (Fig 2), ensuring that the grooves made by
them were overlapped, to achieve the initial preparation
on the labial side. The guides were 3D printed by selective laser melting (SLM) using titanium alloy powder
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(Ti-6Al-4V, FalconTech, Wuxi, China) in a 3D metal
printer (Titanium 150, Profeta, Nanjing, China) (Fig 3).
Tooth preparation for laminate veneers
Twenty maxillary right central incisor resin artificial
teeth were randomly divided into 2 equal groups and
tooth preparations were conducted in a phantom head
simulator by the same operator. The aforementioned
tooth preparation guides were used in the test group for
the tooth preparation for 0.5-mm thick laminate veneers.
Initial preparation was conducted using the cylindroid
flat-ended diamond bur with the assistance of the rigid
constraint guides and the typodonts were 3D scanned.
The 3D images were exported as STL files. A taper
round end bur with extra fine diamond grit (Dia-Burs
TR-13EF, Mani, Utsunomiya, Japan) was used to polish
the tooth surface subsequent to finishing the tooth preparation (Fig 4). The typodonts were 3D scanned after
final preparation and the 3D images were exported as
STL files.
A conventional tooth preparation method (wheelshaped depth gauge bur) was used in the control group.
Three depth-guiding grooves were prepared, with one
groove in each of the cervical, middle and incisal areas
of the labial surface by a 0.5-mm wheel-shaped depth
gauge bur (Diatech G834-021, Coltène/Whaledent)
and the 3D images were then obtained and exported. A
standard-grit taper round-end diamond bur (Dia-Burs
TR-13, Mani) was used to remove the tooth tissue
between the depth-guiding grooves and an extra fine
bur was used to polish the tooth surface. The typodonts
were scanned and the 3D images were exported as
STL files.

Fig 2 3D images of a pair of tooth preparation guides with
complementary guiding structures.

Accuracy analysis of tooth preparation
For each resin tooth sample in the test group, one image
was obtained at each of the three stages before tooth preparation, after initial preparation and after final preparation.
For each resin tooth sample in the control group, 3D images of the typodont were also obtained before tooth preparation, after the depth-guiding grooves were prepared and
after final preparation. When analysing the tooth preparation depths, the 3D images were imported into Geomagic
Studio and aligned using the “Best fit alignment” function, according to the bilateral posterior teeth.

Fig 3 A pair of tooth preparation guides 3D printed
with titanium alloy (with
supporting structures).
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Fig 4 Tooth preparation processes assisted by rigid constraint tooth preparation guides. (a) Unprepared tooth. (b) Tooth reduction
using the first guide. (c) Initial tooth preparation using the guides. (d) Final tooth preparation.

After alignment, the tooth preparation depths at each
step were measured using the “3D deviation analysis”
function. In the test group, the deviation between the
initial prepared tooth surface and unprepared tooth
surface was defined as the initial preparation depth; the
deviation between the prepared tooth surface and unprepared tooth surface was defined as the final preparation
depth; and the deviation between the initial prepared
tooth surface and prepared tooth surface was defined as
the loss of tooth tissue during polishing. In the control
group, the deviation between the bottom of the depthguiding grooves and the unprepared tooth surface was
defined as the initial preparation depth. Similarly, the
deviation between the bottom of the depth-guiding
grooves and the prepared tooth surface was defined as
the loss of tooth tissue during polishing in the control
group. The final preparation depth in the control group
was defined in the same way as in the test group. All
the results of the 3D deviation analysis were expressed
by root mean square errors (RMSEs).
Statistical analysis
A Shapiro-Wilk test was used to examine the normality
of data in all groups. A Mann-Whitney U test was used
to test statistical differences between the groups in which
the data were not normally distributed. A Levene‘s test
was used to test the homogeneity of variance for the
groups in which the data were normally distributed.
An independent-samples t test was performed to test
statistical differences between the two groups in which
the homogeneity of variance was satisfied; otherwise,
a Welch t test was used. A statistical software program
(SPSS 18.0, IBM, Armonk, NY, USA) was used for all
statistical analysis and the significance level was set at
186
86

0.05. The sample size of each group (n = 10) was calculated based on the results recorded prior to the experiment.
Results
The initial preparation depth in the test group was
described by median and quartile because the ShapiroWilk test showed that it did not meet the normal distribution. Other data were described by mean and standard
deviation (SD). The initial preparation depth, final preparation depth and loss of tooth tissue during polishing for
both groups are shown in Table 1. The initial preparation
depth was 0.488 mm (median, quartile 0.013 mm) in the
test group and 0.521 mm (median, quartile 0.013 mm) in
the control group (Fig 5a), and a Mann-Whitney U test
showed a statistically significant difference between the
two groups (P
(P < 0.05). The final preparation depth was
0.547 ± 0.029 mm in the test group and 0.599 ± 0.051 mm
in the control group (Fig 5b). Because homogeneity of
variance was not satisfied, a Welch t test was used and a
statistically significant difference was found ((P
P < 0.05). In
the test group, subsequent polishing was necessary for the
rough tooth surface. Similarly, in the control group, the
residual tooth tissue between the depth-guiding grooves
needed to be removed and the tooth surface needed to be
polished. These procedures led to further loss of tooth
tissue on the tooth surfaces which had been prepared to a
certain depth. In this study, the depth of tissue loss caused
by the aforementioned operations was referred to as the
loss of tooth tissue during polishing, which was 0.072
± 0.023 mm in the test group and 0.089 ± 0.038 mm in the
control group. An independent-samples t test showed that
no statistically significant difference was found between
the two groups ((P
P > 0.05).
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a
Fig 5

b
Tooth preparation depths at different steps. (a) Initial preparation depths. (b) Final preparation depths.

Discussion
This study assessed how accurately a tooth preparation
guide technique can perform tooth preparation for laminate veneers, compared with conventional depth gauge
burs. The null hypothesis of this study was rejected
because of the statistically significant differences found
in the initial and final preparation depths between the
two groups.
Minimal invasion is one of the most important
advantages of laminate veneer restorations11. Laminate
veneers usually lack mechanical retention forces as a
result of only involving a single tooth surface. The key
to ensuring good retention is to keep an adequate area
bonded to the enamel, which can improve the mechanical properties of porcelain laminate veneers at the same
time2,3,12. Preservation of enamel is a key factor in
laminate veneer restorations and directly influences the
success of veneer treatments1. However, the thickness
of enamel is limited. For maxillary central incisors, the
thickness of cervical enamel is just 0.3 to 0.5 mm13,14,
even 0.17 mm reported in a study15. Therefore, precise
tooth preparation is important for laminate veneer restorations.

Table 1

To achieve precise tooth preparation, relevant techniques and methods have been developed and studied.
At present, depth gauge techniques are the most commonly used methods to improve the accuracy of tooth
preparation. Some studies have shown that tooth preparation guided by depth-guiding grooves or dimples was
not satisfactory and that dentine exposure could reach
one-quarter of the labial surface16,17. The wheel-shaped
depth gauge bur used in this study is frequently used for
the preparation of depth-guiding grooves for laminate
veneer restorations. Brunton et al4 found that this bur
could lead to overreduction, which was coincident with
the results of this study. The final preparation depth for
the control group was 0.599 ± 0.051 mm, overreducing by 0.1 mm compared to the preoperative design of
0.5 mm depth, which may cause more dentine exposure
and affect the outcomes of restoration. In comparison,
the final preparation depth for the test group was 0.547
± 0.029 mm, differing significantly from that of the
control group, which meant that the tooth preparation
assisted by rigid constraint guides had greater accuracy.
Furthermore, the median of the initial preparation depth
for the test group was 0.488 mm and the quartile was
0.013 mm, which meant that the depth limitation in

Tooth preparation depths at different steps using tooth preparation guides and depth gauge burs (mm).
Tooth preparation guides (mean ± SD) Depth gauge burs (mean ± SD)

Initial preparation deptha
Final preparation depthb
Loss of tooth tissue during polishingc
a,

0.488 (0.013)*
0.547 ± 0.029
0.072 ± 0.023

0.521 (0.088)*
0.599 ± 0.051
0.089 ± 0.038

P value
< 0.05
< 0.05
0.23

Mann-Whitney U test; b, Welch’s t test; c, Independent-sample t test; *, median (quartile).
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the test group was more accurate and stable than that
in the control group. This advantage may result from
the titanium alloy material and the SLM technique
which make the contact between the guiding structures
and the handpiece totally rigid and could constrain the
bur movements more strictly. According to the results
for the final preparation depths, the accuracy of tooth
SUHSDUDWLRQDVVLVWHGE\JXLGHVLPSURYHGWRȝPZLWK
less deviation, which means more tooth tissue could be
preserved in the tooth preparation processes.
Tooth preparation guides can also be designed
individually. Although the resin artificial teeth were
prepared to a uniform depth in this study, tooth preparation depths in different areas are usually inconsistent
in clinical practice due to malocclusion, discolouration
or unsatisfactory contours. Gürel18 and Magne and
Belser19 suggested that tooth preparation should be
conducted using depth gauge burs based on mock-ups
which rehabilitated the ideal contours of teeth, to reduce
invasion and simplify preparation processes. This method is convenient and effective, but deviations can occur
in the fabrication of mock-ups and tooth preparation
processes4,5,20. Tooth preparation guides made using
CAD/CAM techniques can be combined with the preoperative design of digital wax-ups in dental CAD software. Tooth preparation based on virtual mock-ups can
be conducted directly using tooth preparation guides
to avoid deviations from mock-ups. When designing
the tooth preparation guides, the relevant parameters
can be adjusted according to experimental results and
the accuracy of CAM equipment. The evidence-based
adjustment of the guides by an experienced operator can
make the tooth preparation depth closer to the preoperative design, but further research is needed to verify this
method. Although Brunton et al4 proposed to reduce
the size of depth gauge burs to compensate for the
overreduction, tooth preparation guides showed more
advantages regarding depth compensation because of
their stability. Furthermore, adjusting the size of depth
gauge burs cannot eliminate the deviations caused by
mock-ups.
One of the limitations of using tooth preparation
guides was that the tooth surface after initial preparation
was not completely smooth and needed further freehand
polishing. As a result, further loss of tooth tissue was
observed and was the main error in the test group. More
advanced designs for tooth preparation guides need to
be developed in the future. Tooth preparation guides
also increase treatment costs, but these costs can be
reduced along with the development of CAD software
and 3D printing techniques.
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In this study, the “3D deviation analysis” function
of Geomagic Studio software was used to measure
and calculate tooth preparation depths holistically. The
preparation depths were expressed by RMSEs, which
was the root mean square value of distances of numerous paired points with a one-to-one mapping relationship between two corresponding surfaces. This method
was used in previous studies to evaluate the deviations
between two curved surfaces21-24. Compared to the
conventional evaluation method in which isolated sites
were selected to measure the distance between two
surfaces4-7, the 3D deviation analysis contained a large
amount of information about the distance between the
two surfaces and could provide a more comprehensive and objective evaluation of the tooth preparation
depths. In order to conform the exact predesigned
preparation depth at each point, the preparation depth
was designed as a uniform value so that it could be
correctly evaluated by RMSEs, and was different from
the uneven preparation depths in real clinical applications. However, as mentioned above, tooth preparation
guides can be designed with uneven tooth preparation
depths. In addition, tooth preparation was performed on
the same tooth and by the same operator in this study
in order to avoid unexpected interferences caused by
different tooth positions and operators. This experiment
design was consistent with relevant research4-7, but
the influence of different tooth positions and operators
needs to be evaluated in the future.
Conclusion
In summary, the rigid constraint tooth preparation guides
3D-printed using titanium alloy improved the accuracy of tooth preparation on the labial side of laminate
veneers on maxillary anterior teeth, and the deviation
ZDV FRQWUROOHG ZLWKLQ  ȝP 7KH WRRWK SUHSDUDWLRQ
depth achieved by using the tooth preparation guides
was more stable than that achieved by using depth gauge
burs. The deviations in this tooth preparation guide
technique mainly resulted from freehand operations.
Therefore, further improvements of tooth preparation
guides or further research into automated tooth preparation techniques8 are needed to reduce or avoid inaccurate freehand operations in guided tooth preparation
processes.
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