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ABSTRACT

Accuracy of indirect bracket bonding 

via virtual setup and 3D printing

Huijoo Seo

Department of Dental Science, The Graduate School, Yonsei University

(Directed by Prof. Kee-Joon Lee, D.D.S., M.S., Ph.D.)

Accurate bracket positioning is an essential factor to determine success in orthodontic 

treatment. The indirect bracket bonding technique using setup models helps placing the 

bracket in a more precise position. Recently, three-dimensional (3D) imaging and printing 

techniques have enabled us to make a virtual setup and customized bracket system. The 

objective of this study is to perform a comparative evaluation between the accuracy of indirect 

bracket bonding technique utilizing virtual setup and 3D printing and manual indirect bracket 

bonding technique.

The study involved initial diagnostic models of 10 patients who were treated in non-

extraction scheme and presented with permanent dentition, no missing teeth, and mild to 

moderate crowding. The initial diagnostic models were duplicated, and brackets were 

indirectly bonded. Three groups were divided by the methods of setup and indirect bonding, as 

follows. Group 1: Following the manual setup, vacuum-formed clear trays were fabricated.
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Group 2: After virtual bracket positioning on the digitally scanned manual setup models, 

transfer jigs were manufactured by computer-aided design and manufacture (CAD/CAM) and 

3D printer. Group 3: virtual setup was performed followed by scanning of the initial models. 

Then, transfer jigs were manufactured by CAD/CAM and 3D printer.

These bracket-placed models were digitally scanned and superimposed for measuring the 

position and angular differences of the brackets between the groups.

1. The vertical, mesio-distal, and bucco-lingual positional differences of brackets between the 

three groups were generally within 0.5 mm of range. For the mandibular central incisor, 

unlike group 1 and 2, brackets of group 3 were more occlusally positioned for more than 

0.5 mm in the vertical direction. The brackets of group 2 and 3 were positioned more closly

to the tooth surface in bucco-lingual direction than group 1. 

2. For the tip (mesio-distal angulation), brackets in the group 2 and 3 were more distally 

tipped than group 1, but the differences were smaller than 3°.

3. The discrepancy in the rotation was generally smaller than 3°, except for the maxillary and 

mandibular second molars.

4. For the torque, brackets of the group 2 and 3 presented more buccal-torque than group 1 

regardless of the type of tooth, and they exhibited the largest discrepancy. Discrepancy in 

torque was larger at the posterior teeth than anterior teeth, but they were still within the 

slot-wire torque play.
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5. The linear and angular differences between the group 2 and 3 were generally within 0.5 mm 

and 3°.

6. The average linear and angular differences of the group 1 and 3 were similar to that of 

group 1 and 2, but more widely distributed.  

The results indicated that the accuracy of bracket indirect bonding technique via virtual 

setup and 3D printing is generally within the clinically acceptable limit when comparing the 

manual setup and manual indirect bonding. However, the possibility of collision of bracket 

slot and wire resulted in considerable discrepancy in the torque. Therefore, delicate 

adjustments in virtual bracket positioning are essential.

Key words: Bracket indirect bonding; Virtual setup; Computer-Aided Design and 

Manufacturing (CAD/CAM); Three-dimensional (3D) printing; Digital; 

Orthodontics
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Accuracy of indirect bracket bonding 

via virtual setup and 3D printing

Hui-Joo Seo

Department of Dental Science, The Graduate School, Yonsei University

(Directed by Prof. Kee-Joon Lee, D.D.S., M.S., Ph.D.)

I . Introduction

For successful orthodontic treatment, it is critical that the brackets are placed in the ideal 

position. Ideal bracket positioning allows efficient display of appliance-prescription, ease of 

reaching finishing step and achievement of better occlusion.1,2 In order to locate the brackets

in the accurate position, a variety of bracket positioners have been developed. Despite these 

positioners, proper bracket positioning is a still challenging procedure in the patient’s mouth 

with malocclusion. Thus, indirect bonding techniques have been developed and utilized to 

improve the accuracy of bracket placement, patient comfort and decrease chair time.3,4 Even 

on a model, it can be difficult to determine a good bracket position, and clinician’s subjective 
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decision can be easily influenced by his or her previous experience. Indirect bracket bonding 

technique using the setup model increases the chance to establish the proper bracket position 

in cases with severe malocclusion or tooth size discrepancy.5

Recently, three-dimensional (3D) digital imaging and printing techniques have been well

developed and also widely used in orthodontics which include diagnosis, treatment planning 

as well as customized orthodontic appliances. There is increase demand in 3D digital 

technology in orthodontics due to following benefits. First, it does not require any physical 

space for dental cast storage. With the digital technology, dental casts are easily duplicated 

which allows to produce several sets of setup models for various treatment options. Moreover, 

3D imaging aids in efficient communication between the doctor and patients, and it improves 

the understanding of treatment result. Finally, it has many commercial advantages as the 

customized orthodontic systems using the virtual setup, computer-aided design and 

manufacturing (CAD/CAM) are more predictable, less labor-intensive, and no constraint of 

distance in transmitting the data.6-8 Thus, the variety of orthodontic systems utilizing the 

virtual technology such as robot-bended wires, CAD/CAM technology, and rapid prototyping 

are now actively available in the industry.7,9-14

There are some studies to evaluate the quality and accuracy of orthodontic treatment using 

various digital systems. According to Pauls et al. (2010) and Grauer et al. (2011), the 

discrepancies in tooth position in the setup and actual outcome using CAD/CAM-based 

lingual bracket system were small for anterior teeth, which were generally less than 1 mm and 

4.6°. On the other hand, larger discrepancies were observed for the posterior teeth.11,15 Larson

et al. (2013) insisted that the translation and rotation errors were within 0.5 mm and 2°, when 

comparing virtual setup and final models using Suresmile® system.16 However, it is not 

conclusive to accept whether these studies have directly evaluated the accuracy of the bracket 

location, because the final result of treatment is not only influenced by the location of the 
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bracket but the treatment mechanism, anatomical limitation, and the operator’s control of the 

wire also contributed toward the treatment outcome.

Although virtual setup based on the digital model is reported to be effective and reliable, it 

has a limitation of reproducing interproximal and occlusal contacts.8,17 It is not verified 

whether the discrepancy of the virtual setups also brings a significant difference in the bracket 

position. To date, there are only a few studies that compare the accuracy between the digital 

indirect bracket bonding and the manual indirect bonding. The objective of this study is to 

perform a comparative evaluation among the accuracy of indirect bracket bonding technique 

utilizing manual setup with manual trays and manual and virtual setup with 3D printed jigs.
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II. Subjects and Methods

1. Study design and subjects

The study subjects consisted of initial maxillary and mandibular models of 10 orthodontic 

patients who visited Yonsei University Dental Hospital from 2012 to 2013. The inclusion 

criteria were as follows: (1) permanent dentition without missing teeth except for third molars;

(2) non-extraction treatment; (3) mild to moderate crowding (less than 7 mm arch length 

discrepancy of maxillary and mandibular arch). The exclusion criteria were as follows: (1)

presence of congenital defects and morphologic abnormality; (2) extraction treatment.

Dental models of the identical patient were duplicated, and divided into three groups in 

accordance with methods of setup and indirect bonding (Fig. 1).

Group 1: Following the manual setup of the stone model, the brackets were placed manually. 

Then, the vacuum-formed clear trays were fabricated accordingly and placed on the initial 

diagnostic models.

Group 2: The same manual setup models used in the first group were digitally scanned, and 

the brackets were virtually placed on the digital models. Then, the transfer jigs—printed using 

a 3D printer—were placed on the initial diagnostic models.

Group 3: After the initial diagnostic models were digitally scanned, virtual setups were 

performed and the brackets were virtually placed. Then, the transfer jigs—printed using a 3D 

printer—were placed on the initial diagnostic models.
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Figure 1. Schematic diagram of the study design: Three groups divided by methods of 

setup and indirect bonding.
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2. Methods

1) Manual and virtual setup

Initial diagnostic models were transferred onto an articulator and the teeth were manually 

separated. The setup using the base plate wax was performed in accordance with the 

orthodontist’s order. The arch form was selected following the process of teeth standardization. 

The Opa-K arch form (Tomy Inc.) was chosen as the basic form but it was further customized 

depending on the patient’s mandibular arch width. The maxilla was adjusted to the width of 

the mandible so that a proper Class I occlusion could be obtained. Then, the stone setup model 

was digitalized using an optical laser scanner (Orapix KOD-600, Orapix, Korea). 

For the virtual setup, the initial diagnostic stone models were scanned and the teeth were 

separated into its respective single unit on the 3Txer software (Orapix, Korea). After the 

normalization of the teeth unit, the same Opa-K arch form (Tomy Inc.) which was used for 

manual setup was used for virtual setup (Fig. 2). The manual setup and virtual setup were

performed by the different operators. The patient models were randomly allocated and blinded 

to operators carried out the setup. The models of same patient were sent twice for group 2 and 

3 by different names.

2) Bracket type and positioning

The self-ligating brackets, Clippy-C (Tomy Inc.) with .018 Roth prescription, were used for

upper centrals to upper second bicuspids and from lower centrals to lower cuspids. The self-

ligating brackets, Clippy-M (Tomy Inc.), were used for the lower first and second bicuspids. 

The single tubes (Tomy Inc.) with .018 Roth prescription were used for the upper and lower 

first and second molars.
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Each bracket slot was placed on the plane where the center of the centrals and the first 

molars passed through. The template wire for bracket positioning was established on the 3Txer 

software (Orapix, Korea), and locations of the brackets were also adjusted to enable the 

previously customized template wire to pass through. Then customized template wires were 

printed and manufactured with .018×.025 full size rectangular stainless steel wire for the 

manual bracket positioning. (Fig. 3)

3) Fabrication of transfer tray 

In order to transfer the bracket from the setup model to the mouth, the bracket transfer tray 

needs to be fabricated. When fabricating the manual transfer tray, the bracket location was 

determined and the customized resin base was added on the setup stone models using the 

template wire. Then, 1 mm sheet of Copyplast® (Scheu Dental GmbH) was used for the 

vacuum-formed clear tray.

For the digital transfer jig, the transfer jig was produced after completion of the bracket 

location on 3Txer program. Acrylic resin was a material used for printing utilizing the 

CAD/CAM technology and 3D printer. This jig, unlike the conventional two-piece jig, was a 

one-body form that wrapped a part of the bracket and the occlusal surface. This allows more 

simple and precise placement of bracket onto the teeth. (Fig. 4) However, the customized resin 

base was manually fabricated using the stone models even with the digital transfer jig.
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4) Indirect bonding procedure

The bracket placement was performed by a well-trained orthodontist. The customized resin 

base went through the sand-blasting process in the laboratory. Then, it was treated with 

Reliance Plastic Conditioner® (Reliance Orthodontic Products, Inc.), waited for 60 seconds, 

and air dried. Subsequently, Transbond™ XT Primer (3M Unitek) was applied and Transbond™

XT Light Cure Adhesive (3M Unitek) was thinly applied using an instrument. Finally, the 

brackets were placed and light cured on untreated duplicated initial diagnostic models.

5) Wire insertion in the bracket slot and digitalization

A .018 x .025 full size rectangular stainless-steel wire was bent at a right angle and another 

wire was welded at a right angle on the perpendicular plane of each bent wire. The protractor 

was used to confirm that each wire was at 90 degrees to one another. The fabricated wires 

were inserted into the bracket slots and the caps were closed. Then, the tip, the rotation, and 

the torque of the bracket slots were expressed by the wires. The wires were inserted into the 

bracket slots of duplicated initial models. In order to avoid any error among the fabricated 

wires, 14 different wires were repeatedly used by each tooth examined. Following the wire 

insertion, Easy-scan Powder (DMX Inc., Korea) was applied to reduce the errors of the optical 

scan due to light penetration of the ceramic or light reflection of the metal. Then, the models 

were digitally converted to the stereolithography (STL) file format using the optical laser 

scanner (Identica hybrid; Medit Company). (Fig. 5)
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Figure 2. A, Common arch form for manual setup and digital setup; B, Manual setup;

C, Digital setup.

Figure 3. A, Template wires for virtual bracket positioning; B, Template wires for 

manual bracket positioning which were made from the wire form of figure A; C, Virtual 

bracket positioning; D, Manual bracket positioning.
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Figure 4. Indirect bonding jig manufactured by CAD/CAM and 3D printing.

Figure 5. A, .018×.025 stainless-steel wire perpendicular to three different axes; B,

Scanned image of the fabricated wires inserted into the bracket slots.
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6) Measurement

The identical patient’s scanned models were opened with the Geomagic® Contrl™ 2015 

software and superimposed by the best-fit algorithm. Accuracy of the superimposition was 

verified by the surface difference analysis. (Fig. 6) Because the scan was performed without 

occlusion, the reference planes were established separately for the maxilla and the mandible.

(Fig. 7) The measurement of each tooth was performed as below on Geomagic® Control™

2015 software. (Fig. 8)

A. Reference planes and point (Fig. 7)

• Occlusal plane: three dimensional plane that passes through the edge of central incisor 

and disto-buccal cusps of the second molars.

• Coronal plane: the plane perpendicular to the occlusal plane and that passes through 

the right and left contact points of the second bicuspid and the first molar.

• Midsagittal plane: the plane perpendicular to the occlusal and coronal planes and that 

passes through the contact point of the two central incisors.

• Middle point of bracket: from the buccal view, intersection of the long axis of the 

bracket and horizontal line that bisecting the bracket slot. This point is on the cap of 

the bracket.
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B. Linear and Angular measurement (Fig. 8)

a) Linear measurement

• Vertical position: the distance from the occlusal plane to the center of bracket.

• Mesio-distal position: viewing from the occlusal plane, the distance from the mesial 

contact to the middle point of bracket along with the parallel direction to the line 

passing through either the incisal edge or the central fossa.

• Bucco-lingual position: viewing from the occlusal plane, the distance from the line 

passing through either the incisal edge or the central fossa to the middle point of the 

bracket.

b) Angular measurement

• Tip (Mesio-distal angulation): viewing from the buccal of the tooth, the angle between 

the vertical wire and occlusal plane.

• Rotation: viewing from the occlusal plane, the angle between the horizontal wire and 

midsagittal plane.

• Torque (Bucco-lingual inclination): the angle between the horizontal wire and the 

occlusal plane in the bucco-lingual direction.
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Figure 6. A, The superimposition of bracket bonded models of each group by best-fit 

algorithm of teeth surface; B, Surface difference analysis to evaluate the accuracy of 

superimposition.

Figure 7. The reference planes: A, Occlusal plane; B, Coronal plane; C, Midsagittal 

plane.
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Figure 8. The linear and angular measurement: A, Buccal view; B, Occlusal view; C,

Mesio-distal view.

OP, occlusal plane; M point, Middle point of bracket; Δ vertical, difference of vertical 

position of brackets; Δ MD, Mesio-distal difference; Δ BL, bucco-lingual difference; Δ tip,

difference of tips (mesio-distal angulation); Δ rotation, rotational difference; Δ torque,

difference of torque (bucco-lingual inclination).
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3. Statistical analysis

The statistical analysis was performed with SPSS 20.0 (SPSS Inc. Illinois, USA). In order to 

assess the reliability and reproducibility of the experiment, all the variables were measured 

twice with 2 weeks interval by the one examiner. In addition, intraclass correlation coefficient

(ICC) was performed to evaluate inter-examiner reliability. The same tooth number in the left 

and right was regarded as an independent variable, and the analysis was performed by the 

tooth type. Paired t-test was performed for the linear and angular measurements between 

group 1 and 2, group 1 and 3, and group 2 and 3. The P value less than 0.05 was considered 

statistically significant.
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III. Results

1. Error of the method

When all the variables were measured twice with 2 weeks interval by one examiner, the 

intraclass correlation coefficient (ICC) ranged from 0.930 to 0.962 (P<0.001); all measured 

variables, therefore, had a high reliability.

2. Linear differences between the group 1 (manual setup- manual tray), 

group 2 (manual setup-digital jig) and group 3 (virtual setup-digital jig) 

(Table 1)

Total of 270 brackets were measured. 10 brackets were impossible to be positioned on the 

initial model because of overlap of adjacent teeth.

Vertical differences (n=270) between the group 1 and 2, group 1 and 3, and group 2 and 3 

were -0.03±0.42 mm, -0.04±0.46 mm, and -0.01±0.44 mm, respectively, which were not 

statistically significantly different. By the types of teeth, the average difference of all teeth was

less than 0.5 mm, except for the lower central incisor. The lower central incisor of the group 3 

was more occlusally positioned for more than 0.5 mm in the vertical direction than group 1 

and 2. Furthermore, the maxillary teeth, from the central incisor to the second molars, brackets 

of the group 2 were more cervically positioned than group 1, progressively. 

Mesio-distal differences (n=270) between the group 1 and 2, group 1 and 3, and group 2 and 

3 were 0.01±0.50 mm, 0.00±0.51 mm, and -0.01±0.44 mm, respectively, which had no 
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significant difference. Average differences were less than 0.3 mm for the all tooth types. 

Bucco-lingual differences (n=270) between the group 1 and 2, group 1 and 3, and group 2 

and 3 were 0.12±0.27 mm, 0.19±0.33 mm, and 0.07±0.30 mm, respectively, which were 

significantly different (P<0.001) between each two groups. The brackets of group 2 and 3 

were positioned closer to the tooth surface in bucco-lingual direction than group 1. However, 

the average differences were less than 0.5 mm for the all tooth types. 

3. Angular differences between the group 1 (manual setup- manual tray), 

group 2 (manual setup-digital jig) and group 3 (virtual setup-digital jig) 

(Table 2)

The differences in tip (mesio-distal angulation) between the group 1 and 2, group 1 and 3, 

and group 2 and 3 were -0.64±4.01° (P<0.05), -1.10±4.37° (P<0.001), and

-0.47±3.86°(P<0.05), respectively, which showed statistically significant difference. Brackets 

in the group 2 and 3 were more distally tipped than group 1, but the difference was generally 

smaller than 3° in all types of teeth.

The difference of rotation between the group 1 and 2, group 1 and 3, and group 2 and 3

were -0.06±4.78°, 0.66±4.69°, and 0.71±4.02°, respectively, which were different only in 

group 1 and 3 (P<0.05) and group 2 and 3 (P<0.01). The discrepancy in the rotation was 

generally smaller than 3°, except for the maxillary and mandibular second molars.

The difference in torque (bucco-lingual inclination) between the group 1 and 2, group 1 

and 3, and group 2 and 3 were -4.21±4.94 °, -4.21±5.54 °, and -0.03±5.39 °, respectively, 

which were significantly different between group 1 and 2 (P<0.001), and group 2 and 3
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(P<0.001). The brackets of the group 2 and 3 presented more buccal torque than group 1 

regardless of the types of tooth, and also exhibited the largest discrepancy among all the 

variables. Discrepancy was larger in the posterior teeth than the anterior teeth. In contrast, 

group 2 and 3 showed no significant difference.

4. Distribution of the linear and angular differences of brackets between 

the group 1 (manual setup- manual tray), group 2 (manual setup-

digital jig) and group 3 (virtual setup-digital jig) (Table 3, Fig. 9)

The histogram of each variable shows similar tendency between the group 1 and 2. 

However, for all the linear and angular differences between the group 1 and 3, frequency in 

the middle point was smaller than the group 1 and 2, which means that the variables are more 

widely distributed. The difference between the group 2 and 3 also showed similar tendency to 

the former comparisons except for the torque. A large discrepancy of the average torque 

difference could be noted in the histogram. Also the torque differences are the most widely 

spread.

The frequency of bracket positional differences within the limits of 0.5 mm for the linear 

measurements and 5° for the angular measurement is shown in table 3. Bucco-lingual and tip

show the highest frequency at the selected range among the linear and angular differences, 

respectively.
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Table 1. Linear differences between the group 1 (manual setup- manual tray), group 2

(manual setup-digital jig) and group 3 (virtual setup-digital jig) (unit: mm) 

Group 1-2 Group 1-3 Group 2-3
Mean SD P Mean SD P Mean SD P

Vertical

U1 (n=20) 0.04 0.39 0.620 -0.12 0.31 0.098 -0.17 0.28 0.016*
U2 (n=19) -0.08 0.25 0.198 -0.22 0.30 0.005† -0.14 0.19 0.004†
U3 (n=20) -0.11 0.23 0.041* -0.27 0.36 0.004† -0.15 0.37 0.078
U4 (n=20) -0.01 0.27 0.909 -0.07 0.43 0.498 -0.06 0.37 0.495
U5 (n=20) -0.15 0.40 0.122 -0.05 0.40 0.549 0.09 0.41 0.327
U6 (n=19) -0.21 0.32 0.011* -0.14 0.45 0.182 0.07 0.34 0.409
U7 (n=20) -0.25 0.44 0.021* -0.21 0.43 0.042* 0.04 0.45 0.704

L1 (n=16) 0.03 0.36 0.746 0.55 0.46 <0.001† 0.52 0.53 0.001†
L2 (n=18) 0.12 0.42 0.261 0.38 0.49 0.004† 0.26 0.48 0.033*
L3 (n=20) 0.01 0.42 0.875 0.02 0.42 0.820 0.01 0.38 0.935
L4 (n=20) 0.29 0.51 0.019* 0.00 0.39 1.000 -0.29 0.53 0.023*
L5 (n=18) 0.06 0.43 0.579 0.03 0.29 0.665 -0.03 0.46 0.812
L6 (n=20) -0.03 0.44 0.746 -0.09 0.47 0.423 -0.06 0.42 0.559
L7 (n=20) -0.17 0.61 0.222 -0.27 0.59 0.053 -0.10 0.45 0.338

Total(n=270) -0.03 0.42 0.178 -0.04 0.46 0.121 -0.01 0.44 0.723

Mesio-distal 

U1 (n=20) 0.17 0.39 0.069 0.15 0.47 0.184 -0.02 0.30 0.742
U2 (n=19) -0.15 0.46 0.186 -0.07 0.35 0.380 0.07 0.34 0.365
U3 (n=20) -0.07 0.51 0.561 -0.24 0.36 0.008† -0.17 0.47 0.114
U4 (n=20) -0.12 0.44 0.249 -0.01 0.40 0.899 0.11 0.37 0.216
U5 (n=20) 0.07 0.60 0.632 0.15 0.45 0.157 0.08 0.46 0.445
U6 (n=19) 0.06 0.36 0.488 -0.06 0.40 0.508 -0.12 0.54 0.342
U7 (n=20) 0.23 0.45 0.037* 0.10 0.38 0.244 -0.12 0.41 0.202

L1 (n=16) -0.24 0.55 0.100 -0.17 0.61 0.279 0.07 0.60 0.658
L2 (n=18) -0.04 0.36 0.668 0.12 0.50 0.302 0.16 0.29 0.031*
L3 (n=20) -0.19 0.29 0.009† -0.26 0.38 0.006† -0.07 0.36 0.402
L4 (n=20) 0.09 0.68 0.558 0.15 0.62 0.294 0.06 0.44 0.563
L5 (n=18) 0.03 0.62 0.832 -0.08 0.71 0.618 -0.12 0.50 0.336
L6 (n=20) 0.24 0.54 0.064 0.22 0.61 0.120 -0.01 0.48 0.912
L7 (n=20) 0.07 0.49 0.507 0.00 0.57 0.981 -0.08 0.53 0.523

Total(n=270) 0.01 0.50 0.625 0.00 0.51 0.959 -0.01 0.44 0.620
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Table 1. (continued)

Note) paired t-test was done.

* significance at the 0.05 level.

† significance at the 0.01 level

For vertical, mesiodistal, and bucco-lingual differences, a negative value indicates that 

later group is located more cervically, distally and buccally than the former group, 

respectively.

Group 1-2 Group 1-3 Group 2-3

Mean SD P Mean SD P Mean SD P

Bucco-lingual

U1 (n=20) -0.01 0.16 0.719 0.13 0.15 0.001† 0.14 0.21 0.007†
U2 (n=19) 0.07 0.17 0.104 0.17 0.16 <0.001† 0.10 0.15 0.010*
U3 (n=20) -0.03 0.23 0.530 0.07 0.17 0.073 0.10 0.21 0.035*
U4 (n=20) 0.04 0.16 0.313 0.17 0.20 0.001† 0.13 0.19 0.006*
U5 (n=20) 0.23 0.15 <0.001† 0.32 0.22 <0.001† 0.09 0.23 0.107
U6 (n=19) 0.29 0.22 <0.001† 0.36 0.20 <0.001† 0.07 0.16 0.084
U7 (n=20) 0.12 0.20 0.014* 0.18 0.20 0.001† 0.05 0.14 0.092

L1 (n=16) 0.13 0.10 <0.001† 0.06 0.16 0.119 -0.07 0.16 0.113
L2 (n=18) 0.05 0.28 0.418 0.01 0.33 0.881 -0.04 0.13 0.193
L3 (n=20) 0.00 0.40 0.981 -0.15 0.74 0.392 -0.15 0.67 0.337
L4 (n=20) 0.20 0.27 0.003† 0.23 0.30 0.003† 0.03 0.25 0.640
L5 (n=18) 0.26 0.27 0.001† 0.29 0.28 <0.001† 0.04 0.26 0.533
L6 (n=20) 0.23 0.23 <0.001† 0.26 0.14 <0.001† 0.03 0.19 0.437
L7 (n=20) 0.11 0.47 0.301 0.47 0.35 <0.001† 0.36 0.44 0.002†

Total(n=270) 0.12 0.27 <0.001† 0.19 0.33 <0.001† 0.07 0.30 <0.001†
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Table 2. Angular differences between the group 1 (manual setup- manual tray), group 2

(manual setup-digital jig) and group 3 (virtual setup-digital jig) (unit: ° ) 

Group 1-2 Group 1-3 Group 2-3

Mean SD P Mean SD P Mean SD P

Tip

U1 (n=20) -1.44 3.23 0.061 -0.36 3.79 0.673 1.07 2.72 0.093

U2 (n=19) -0.89 5.16 0.464 -1.05 5.81 0.439 -0.17 4.51 0.873

U3 (n=20) 0.70 5.75 0.592 0.72 5.58 0.572 0.02 5.23 0.989

U4 (n=20) -1.68 4.29 0.096 -1.53 3.93 0.098 0.15 4.22 0.872

U5 (n=20) -0.61 3.10 0.392 -1.24 3.32 0.111 -0.63 4.18 0.506

U6 (n=19) -1.68 2.60 0.012* -1.08 2.77 0.108 0.60 1.91 0.189

U7 (n=20) -0.46 3.52 0.567 -2.12 3.49 0.014* -1.66 2.66 0.012*

L1 (n=16) -0.03 4.99 0.983 -0.15 4.02 0.886 -0.12 2.77 0.864

L2 (n=18) 0.78 5.41 0.546 -1.78 6.03 0.229 -2.56 6.06 0.091

L3 (n=20) -1.56 3.85 0.087 -3.02 5.93 0.035 -1.46 3.62 0.087

L4 (n=20) -0.01 4.52 0.993 -1.04 3.50 0.201 -1.03 3.22 0.170

L5 (n=18) -0.51 2.66 0.425 -1.61 3.90 0.098 -1.10 4.16 0.279

L6 (n=20) -0.98 2.66 0.115 -0.58 3.90 0.511 0.39 3.00 0.563

L7 (n=20) -0.35 3.07 0.611 -0.51 3.77 0.550 -0.16 3.42 0.839

Total(n=270) -0.64 4.01 0.010* -1.10 4.37 <0.001† -0.47 3.86 0.049*

Rotation 

U1 (n=20) 0.38 3.73 0.655 1.64 3.47 0.048* 1.21 3.76 0.165

U2 (n=19) -1.58 3.58 0.071 -0.93 2.72 0.155 0.65 3.52 0.430

U3 (n=20) -1.38 5.02 0.235 -3.07 4.23 0.004† -1.70 4.57 0.113

U4 (n=20) -1.66 3.74 0.061 -0.10 3.52 0.895 1.56 2.69 0.018*

U5 (n=20) -1.25 5.11 0.289 1.63 4.27 0.103 2.88 4.24 0.007†

U6 (n=19) 0.97 3.80 0.280 -0.58 3.80 0.514 -1.55 4.04 0.112

U7 (n=20) 5.29 4.46 <0.001† 5.16 4.80 <0.001† -0.14 4.20 0.884

L1 (n=16) -2.76 4.64 0.031* -1.11 4.44 0.332 1.65 4.21 0.139

L2 (n=18) 0.54 3.01 0.456 2.69 4.65 0.025* 2.15 3.10 0.009†

L3 (n=20) -2.69 4.67 0.019* -1.67 4.76 0.134 1.02 4.37 0.310

L4 (n=20) -1.90 6.12 0.181 -1.29 5.74 0.329 0.61 5.64 0.632

L5 (n=18) 0.08 4.46 0.938 1.00 5.01 0.409 0.92 3.00 0.212

L6 (n=20) 1.30 3.60 0.124 2.08 3.06 0.007† 0.79 2.75 0.215

L7 (n=20) 3.31 3.53 0.001† 3.47 4.01 0.001† 0.16 3.70 0.847

Total(n=270) -0.06 4.78 0.845 0.66 4.69 0.023* 0.71 4.02 0.004†
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Table 2. (continued)

Note) paired t-test was done.

* significance at the 0.05 level.

† significance at the 0.01 level

For tip, rotation, and torque differences, a negative value indicates that later group is 

more distally tipped, distal-out rotated, and buccally torqued than the former group, 

respectively.

Table 3. Frequencies of bracket positional differences within the limits of 0.5 mm for the 

linear measurements and 5 degrees for angular measurement (%)

Group 1-2 Group 1-3 Group 2-3

Mean SD P Mean SD P Mean SD P

Torque

U1 (n=20) -1.59 5.13 0.181 -2.62 2.96 0.001† -1.03 5.73 0.431
U2 (n=19) -2.19 3.07 0.006† -2.45 3.73 0.010* -0.26 5.06 0.826
U3 (n=20) -4.42 3.16 <0.001† -4.44 3.16 <0.001† -0.02 3.52 0.977
U4 (n=20) -3.88 3.94 <0.001† -4.36 2.64 <0.001† -0.48 3.12 0.496
U5 (n=20) -6.50 3.05 <0.001† -6.98 4.04 <0.001† -0.47 5.13 0.684
U6 (n=19) -5.74 4.34 <0.001† -2.95 6.64 0.069 2.80 6.00 0.057
U7 (n=20) -1.44 4.13 0.136 -1.58 4.57 0.139 -0.14 3.73 0.868

L1 (n=16) -1.85 2.78 0.018* -0.24 3.52 0.792 1.61 3.38 0.076
L2 (n=18) -2.28 4.14 0.032* -2.62 4.20 0.017 -0.34 4.71 0.765
L3 (n=20) -4.66 4.58 <0.001† -3.01 6.58 0.055 1.65 5.36 0.185
L4 (n=20) -3.83 4.37 0.001† -6.65 5.27 <0.001† -2.81 4.74 0.016*
L5 (n=18) -7.70 5.78 <0.001† -6.87 7.68 0.001† 0.83 8.67 0.689
L6 (n=20) -7.94 6.63 <0.001† -6.67 8.07 0.002† 1.27 7.78 0.475
L7 (n=20) -4.35 6.64 0.009† -6.86 5.81 <0.001† -2.51 4.17 0.014*

Total(n=270) -4.21 4.94 <0.001† -4.21 5.54 <0.001† -0.03 5.39 0.924

Group Vertical MD BL tip rotation torque

1-2 78.9 72.2 91.5 80.4 73.7 54.1

1-3 77.8 69.6 86.3 78.5 69.6 56.3

2-3 78.1 77.4 93.7 81.9 78.9 66.7



23

Figure 9. The histogram of the linear and angular differences between the group 1 and 2, group 1 and 3, and group 2 and 3.

Group 1, manual setup – manual tray; Group 2, manual setup – digital jig; Group 3, virtual setup – digital jig.
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IV. Discussion

The subjects of this study consisted of patients with mild to moderate crowding with arch 

length discrepancy less than 7 mm, and treated with non-extraction scheme. The reasons for 

targeting the non-extraction case were to evaluate all tooth types including the first and second 

premolars, and to exclude the overcorrection effect. In extraction cases, anterior teeth setup are 

often expressed with over-torque. Moreover, extraction is commonly required in the severe 

crowded case, which results in decreased number of bonded brackets in each initial model.

This study was conducted to evaluate the bracket position and angular discrepancies 

between the different methods of setup and fabrication of transfer tray on duplicated initial 

models of the same patient. Measurements were performed on the 3D scanned digital models

on Geomagic® Control™ 2015 software. Previous studies reported that the measurements on 

digital models are accurate and reliable.18-20 Superimposition of digital models on the software 

allowed more accurate comparison. In addition, wires were inserted to the slot for more 

accurate and reproducible measurements. In order to avoid any error among the fabricated 

wires, 14 different wires were repeatedly used for each tooth.

The accuracy of bracket positioning was evaluated relatively among three groups: group 1

(manual setup-manual tray), group 2 (manual setup-digital jig) and group 3 (virtual setup-

digital jig). Castilla et al compared bracket transfer accuracy of five indirect bonding 

techniques, and reported that differences were relatively small overall, but vacuum-formed 

trays were less consistent especially in the vertical position.21 However, when average 

imprecision of height was compared, the error of silicone trays was 0.095 mm and that of

vacuum-formed trays was 0.12 mm. The difference between methods was smaller than the 
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method error used in the trial (0.07 mm) described in the study. For this reason, Nojima et al.

recommended to use vacumm-formed trays because they are more accessible and simple in 

application.22 As a result, vacuum-formed trays were selected in this study for the manual 

indirect bonding method. Then the transfer trays were sectioned by each tooth because they 

were fabricated on the setup model, which might have incorporated some errors. However, the 

customized resin base would enhance the stability and accuracy in positioning of the brackets.

According to the criteria of American board of orthodontics objective grading system (ABO 

OGS), discrepancy under 0.5 mm is clinically acceptable in the categories of alignment and 

marginal ridges.23 Linear differences were generally less than 0.5 mm, which were clinically 

acceptable, only the mandibular central incisor exceeded this limit in vertical direction. For the 

mandibular central incisor, the brackets of group 3 were positioned more occlusally for more 

than 0.5 mm than group 1 or 2. In addition, the vertical discrepancy of mandibular lateral 

incisor exceeded 0.3 mm. It means that the mandibular incisor level in the virtual setup was 

more cervical than the manual setup. This phenomenon could lead to loss of incisal contacts

and also affect the anterior overbite and overjet. Im et al. compared the virtual setup and 

manual setup, and reported that the virtual setup group had higher ABO OGS scores in the 

overjet and occlusal contact categories.17 Taken together, these results suggested that the

vertical level of lower incisors are compensated for appropriate incisor contacts and overjet in 

the manual setup, but this compensation is less prominent in the virtual setup.      

For the bucco-lingual direction, brackets of group 2 and 3, the digital jig groups, were closer 

to the tooth surface than the group 1, the manual tray group. In manual bracket positioning, the 

collision between template wire and bracket or between tooth surface and bracket base was 

more clearly manifested and it was overcome by thickening of resin base to avoid the 

interference. The difference was less than 0.5 mm which was in clinically acceptable range.
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Tip difference of less than 2° is considered clinically acceptable, because crown-tip 

inadequacy of 2° causes a marginal ridge discrepancy of 0.5 mm in an average-sized molar.24

The average differences of tip are generally less than 3°, and it is considered clinically 

acceptable. However, the brackets of group 2 and 3 showed distal-tip tendency than group 1. 

This could be the result of the distally tipped Andrews plane, the plane passes through the 

bracket slots. In fact, the bracket of the second molars in group 2 and 3 were more cervically

positioned than group 1, which could also be caused by the distally tipped Andrews plane.

The greatest difference in rotation was observed in the upper and lower second molars 

especially between the group 1 and other two groups. Rotation is associated with the mesio-

distal position of the bracket, because the bracket position in the arch wire is both associated 

with mesio-distal position and rotation. Several tooth types which differed significantly in 

mesio-distal direction, was also different in rotation. However, considering that the mesio-

distal difference was less than 0.3 mm in the second molar and the arch wire was straight in 

posterior part, the rotation differences over 3° in the second molars were not caused by the 

bracket mesio-distal positional differences. Template arch wire and bracket slot collision in 

virtual bracket positioning may account for this error. Therefore, careful attention and 

correction should be made when setting up the rotation of the second molars in the virtual 

bracket positioning on the software.

Torque differences between group 1 and other two groups were the biggest of all linear and 

angular measurements and the most widely distributed. Lee et al. reported that the slot-wire 

torque play of .016×.022 SS wire in .018 slot Clippy C®, which is identical to this study set up, 

was 10.6° theoretically25. Moreover, previous studies measured the slot-wire torque play by 

experiment and reported for the .018 slot brackets, the slot-wire torque play of .017×.025 SS 

wire was 6.2°, and that of .016×.022 SS wire was 14.1°. These values were bigger than the 

theoretically calculated plays.26,27 When the torque of group 1 and 3 were compared, 98.5% of 
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total 270 teeth was within the range of 14.1°. Although the torque discrepancies could be 

defined as clinically acceptable, it is important to realize that the mandibular posterior teeth 

could be lingually tipped if the .017×.025 wire is used. In contrast, there were relatively small 

differences between group 2 and 3. This indicates that the torque difference was not caused by 

the different setup method, but it could be affected by the virtual bracket positioning or 

transfer jigs.

Generally, orthodontists give instructions for model setup and check for the quality, because 

they assume that the final model would be the same with the setup model. However, errors 

could be developed during the virtual bracket positioning with the same setup models. 

Collision of slot and template wire is not automatically detected, therefore, the brackets could 

be distorted from the actual position. Torque is especially vulnerable to this error, because it is 

hardly identified on the virtual software. Possibility of this error is often neglected in the 

similar studies of digital orthodontics.

Comparison between the manual and virtual setup could be made by analyzing group 2 and 

3. The linear and angular differences were generally less than 0.5 mm, and 2°, respectively, 

which were clinically acceptable. This result supported the previous studies8,17, that the virtual 

setup gives reliable information compared with the manual setup. Furthermore, the arch 

perimeter discrepancy caused by the interproximal collision did not affect the bracket position 

to clinically significant level. Though the average linear and angular differences between 

group 1 and 3 were similar to the differences between the group 1 and 2, the differences of 

group 1 and 3 were more widely distributed than differences of group 1 and 2. The peak 

frequency was lower in the group 1 and 3 than the other two comparisons (Fig.9). It indicates 

that the errors in the procedure of virtual setup and manufacturing the jigs were accumulated, 

which may not affect the mean difference to clinically significant level, but they affected the 

frequency within the selected limit.
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There are some limitations to this study. This study does not provide the evaluation of the 

treatment result. Second, the accuracy of the digital indirect bonding method was evaluated 

relatively compared with the manual indirect bracket bonding. However, each method contains 

possibilities of error to some extent.21 As a result, it may not be the absolute evaluation. Lastly, 

it is not clarified whether the differences between the manual transfer tray and digital jig were

caused by virtual bracket positioning or placing the jig on the tooth. Therefore, subsequent 

studies are required to clarify the critical step of the methods.
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V. Conclusion

The accuracy of the indirect bracket bonding via virtual setup and 3D printing was 

evaluated by comparison of the manual indirect bonding methods. The findings were as 

follows.

1. The vertical, mesio-distal, and bucco-lingual positional differences of brackets between the 

three groups were generally within 0.5 mm of range. For the mandibular central incisor, 

unlike group 1 and 2, brackets of group 3 were more occlusally positioned for more than 

0.5 mm in the vertical direction. The brackets of group 2 and 3 were positioned more closly

to the tooth surface in bucco-lingual direction than group 1. 

2. For the tip (mesio-distal angulation), brackets in the group 2 and 3 were more distally 

tipped than group 1, but the differences were smaller than 3°.

3. The discrepancy in the rotation was generally smaller than 3°, except for the maxillary and 

mandibular second molars.

4. For the torque, brackets of the group 2 and 3 presented more buccal-torque than group 1 

regardless of the type of tooth, and they exhibited the largest discrepancy. Discrepancy 

in torque was larger at the posterior teeth than anterior teeth, but they were still within the 

slot-wire torque play.
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5. The linear and angular differences between the group 2 and 3 were generally within 0.5 mm 

and 3°.

6. The average linear and angular differences of the group 1 and 3 were similar to that of 

group 1 and 2, but more widely distributed.  

The results indicated that the accuracy of bracket indirect bonding technique via virtual setup 

and 3D printing is generally within the clinically acceptable limit when comparing the manual 

setup and manual indirect bonding. However, the possibility of collision of bracket slot and 

wire resulted in considerable discrepancy in the torque. Therefore, delicate adjustments in 

virtual bracket positioning are essential.
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국 요약

가상 업 삼차원 프린 이용한

라 간 부착 식 도

연 학 학원 학과

(지도 이 )

희 주

공 인 료를 해 는 라 하게 시키는 것이 매우

요하다. 업 모 이용한 간 부착 하게 라 시킬

있도 도 다. 근에는 삼차원 지 상 과 CAD/CAM 

이용하여, 가상 업과 개인 장 작이 가능해 다. 본 연구

목 가상 업과 삼차원 프린 탕 한 라 간 부착 도를

작한 간 부착 과 하여 평가하는 것이다.

아결손이 없 며 경도에 등도 생이 존재하며 료한

구 열 자 10 명 진 모 상 하 다. 진 모 복 하여

동일한 모 에 업 법과 간 부착 법 아래 같이 달리하여 아래 같

그룹 나 었다. 
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1 군: 고모 업에 간 부착 트 이를 작한 군

2 군: 고모 업 3D 스캔하여 CAD/CAM 간 부착 트 이를

작한 군

3 군: 진 고모 3D 스캔하여 지 모 가상 업하고 CAD/CAM 

간 부착 트 이를 작한 군

군 라 부착 고 모 지 스캔 한 후 가상 모

첩하여, 라 각도 차이를 분 한 결과 다 과 같 결과를 얻었다. 

1. 각 군간에 라 직, 근원심, 차이는 체 0.5 mm 

미만이었 며, 하악 에 만 3군에 1군과 2군에 해 라 이

0.5 mm 이상 단 하 다. 2군과 3군이 1군에 해 라 이

면에 가 게 하 다.

2. 경사(tip) 경우 2군과 3군이 1군에 해 라 이 원심 경사 는 경향이

있었 나, 3°미만 차이를 보 다.

3. 회 (rotation) 경우 상, 하악 2 구 를 외하고는 체 3°미만

차이를 보 다.
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4. 토크(torque) 경우 2군과 3군이 1군에 해 모든 아에 라 이

토크를 가지는 것 나타났 며, 그 차이가 가장 컸다. 부에 해

구 부에 차이가 증가하 나, 체 slot-wire torque play 이내 차이를

보 다.

5. 2군과 3군에 는 업과 가상 업 차이는 0.5 mm, 3°이내

차이를 보 다.

6. 1군과 3군 이 각도 평균 차이는 1군과 2군 차이 사하나, 

편차가 크다.

결과를 종합하 , 가상 업과 삼차원 프린 이용한 라

간 부착 업과 간 부착 과 하 체 임상

아들여 질 만한 범 내 차이를 보 다. 라 지 이용한 간

부착 이 존 간 부착 에 하는 도를 보일 것 할 있다. 

그러나 라 슬롯과 이어 충돌 데이 부재 인해 특히 토크(torque)

차이가 드러지며, 가상 라 시킬 이 부분에 한 심한

주 가 요구 다.

핵심이 는 말 : 라 간 부착 , 가상 업, CAD/CAM, 삼차원 프린 , 지 ,

아


