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Introduction: The purpose of this study was to investigate the amount of rotational “lag” in 
Clear Aligner Therapy (CAT) in reference to maxillary anterior teeth. Methods: A 3D digital 
model with ideal alignment of maxillary teeth #2-15 with cutouts at teeth #6, 8, and 10 was 
fabricated. Plastic teeth were set in areas of cutouts in ideal alignment using a stent and then 
cutouts were filled with wax. A CAT series was created to rotate the plastic teeth from ideal to 
9° of rotation in 6 aligners (1.5° between each aligner) using a hot water bath. Initial and final 
digital scans were compared via superimposition to calculate the amount of rotation. “Lag” was 
calculated by subtracting the amount of achieved rotation from 9°.  Results: There were 
significant differences in rotational “lag” among tooth shapes (F(2, 105) = 13.14, p <.0001). 
Tooth #8 lag (Mean = 3.12, SD = 1.76) was significantly smaller than tooth #6 (Mean = 5.46, SD = 
2.23)(p <.0001) and tooth #10 (Mean = 4.95, SD = 2.08) (p = 0.0007).  No significant difference 
was found between tooth #6 and #10 (p = 0.55). Conclusions: The CAT series was significantly 
more efficient in rotating max central incisors than lateral incisors and canines. None of the 
teeth tested completed the full 9° of rotation. 

The opinions or assertions contained herein are the private ones of the authors and are not to be 
construed as official or reflecting the view of the DoD or the USUHS 



An in Vitro Study on Aligner Rotational "Lag" With In-Office Clear Aligner Therapy 
 

Introduction and Literature Review 
 

The technological advances witnessed in the past few decades have been extraordinary. It is 
only natural that these advances have permeated into the dental field. Diagnostic and treatment 
planning abilities have been enhanced by three-dimensional imaging. Intraoral scanners provide an 
alternative to traditional impressions, and digital models can replace plaster models for diagnosis, 
treatment planning, and appliance fabrication.1 Combined with the increasing patient demand for 
esthetic options and personalized treatment, these advances have given rise to numerous clear aligner 
systems as alternatives to fixed appliances.1,2 Though these clear aligner systems are relatively new to 
the dental field, the idea of removable, flexible appliances made from an idealized setup originated in 
1944 with Kesling’s Tooth Positioner.2-6  

 
Essentially, Clear Aligner Therapy (CAT) sequentially moves teeth with removable clear aligners 

based on a series of computerized models which can be implemented by orthodontists and general 
practitioners.7,8 There are few published studies that focus on the predictability of orthodontic tooth 
movement with CAT and most studies relied on weaker forms of published evidence like case reports, 
expert opinions and low-level poorly designed studies.  

 
There are several advantages with CAT. One of which is not impeding oral hygiene procedures. 

Therefore, decreasing the risk of decalcifications, caries, gingivitis, and periodontal disease3. Another 
advantage is that CAT is more esthetic, hence, higher patient acceptance. Eating restrictions are 
decreased and there are fewer clinical emergencies.2,9  

 
Limitations of CAT include the reliance on patient compliance for success. An inability to alter 

the course of treatment once aligners are fabricated. There is limited control of root movement and 
intermaxillary correction.10  Predictability decreases when extruding anterior teeth and improving 
anterior buccolingual inclination, and rotation of rounded teeth is problematic.10,11 Consequently, case 
selection is of the utmost importance when using CAT.7,12-14 

 
Rotation is an orthodontic movement that has been reported as difficult to achieve with CAT. 

Previous studies showed that without attachments, rotations of teeth were generally incomplete, 
especially teeth with rounded crowns. 1,4,6,11,15,16 

 
In regard to rotations, one of the significant mechanical deficiencies in straight-wire appliances 

is the slot play or deviation angle between the arch wire and the bracket slot. Rotational “play” depends 
on the rotational lever arm and the quality of the ligation technique used to keep the arch wire seated in 
the bottom of the slot.17 Rotational “play” is minimized by using brackets with adequate rotational lever 
arm lengths and ligating with sufficient force to keep the arch wire seated in the bottom of the slot.17  
There are a number of techniques to derotate teeth with fixed appliances.18-20  
 

Similar to “slot play” with fixed appliances there exists an aligner “lag” based on the material 
properties with CAT.21 Space closure, rotations, intrusion, extrusion, torque, tip, buccal and lingual tooth 



movements have been shown to require finishing after CAT.22 Different methods have been used to 
finish CAT cases: manual addition of stages after the last aligner, new set-ups from final impressions, 
and overcorrection programmed to occur at the end of treatment. 21 If the accuracy percentage of a 
specific tooth is known, overcorrecting it by the appropriate amount may result in the desired 
outcome.11 

 
The aim of this in vitro study was to determine the accuracy of rotational movements with in-

office aligners to identify the amount of aligner “lag” in an effort to possibly plan overcorrection more 
precisely. The null hypothesis was that there would be no differences in “lag” between the groups based 
on the tooth type. 

 In addition, differences of 2° in rotation were considered clinically relevant. This threshold value 
was chosen in reference to the American Board of Orthodontics (ABO) model grading system for case 
evaluation. According to the model grading system criteria, discrepancies of 0.5 mm or greater in the 
alignment of contact points and marginal ridges will result in the deduction of points. A marginal ridge 
discrepancy of 0.5 mm equates to a crown-tip deviation of 2° for an average-sized molar. Therefore, 
differences of 0.5 mm or more in the mesial-distal, facial-lingual and occlusal-gingival direction and 
differences of 2° or more in tip, torque, and rotation were considered clinically relevant.1 

 
 
Materials and Methods 

This study is a laboratory based in vitro study carried out by the Orthodontic Department at the 
United States Air Force Postgraduate Dental School, Joint Base Lackland, San Antonio, TX with 
association to the Uniformed Services University, Bethesda, MD.   

A digital scan was taken with the 3Shape R700 (Great Lakes Orthodontics, Tonawanda, NY) of 
the maxilla of a wax dentoform (Dentaurum USA, Langhorne, PA) with plastic teeth #2-15 (Dentaurum 
USA, Langhorne, PA) in ideal occlusion. A 3D digital model was made from Verodent MED670 polyjet 
material (Stratasys Inc., Eden Praire, MN) and printed by Stratasys Objet Eden260V 3D printer (Stratasys 
Inc., Eden Praire, MN) of the ideal occlusion wax model.  
 

On the digital model of the ideal occlusion, vertical cutouts at the area of #6,8,10 were removed 
and the 3D model was printed (see figure 1).  The same wax from the original wax dentoform and the 
corresponding plastic teeth were then placed into the sectioned model.  Teeth placement and 
orientation were completed using a transfer stent (Reprosil, Dentsply, Milford, DE) transfer stent as 
shown in figures 2 and 3.  Melted wax was then poured around the test teeth in and allowed to cool (see 
figure 4). Any excess wax was removed from model. 
 

Using the 3 Shape Ortho Planner software, teeth #6, 8, 10 were mesiolingually rotated by 1.5° 
increments until 9° of rotation was achieved on software (6 increments).6 These degrees of rotations 
were chosen based on previous studies stating that results show that the accuracy was significantly 
reduced for predicted rotations greater than 15° as well as for rotations with a planned staging greater 
than 1.5° per aligner.23 After each 1.5° increment, a 3D model was printed and a thermoplastic aligner 
was fabricated (Essix Ace .030 thick, 125mm round plastic, Dentsply Sirona Orthodontics, York, PA) using 



a Biostar thermoplastic former (Great Lakes Technologies, Tonawanda, NY). These 6 thermoplastic 
aligners comprised the clear aligner therapy series [Aligner A(1.5°), B(3°), C(4.5°), D(6°), E(7.5°), F(9°)].  
 

Aligner A was placed on the 3D model with the waxed in, ideally aligned plastic teeth and then 
placed in a water bath (Polyscience, Niles, IL) at 115°F for 5 minutes. This step was repeated with 
Aligners B-F, with a 5-minute ice bath in between each aligner to allow for complete cooling of the wax.  
 

Once Aligner F was completed, a digital scan was taken of the model with the achieved rotation. 
Initial and final digital scans were imported into GeoMagic Studio 2014 (3D Systems, Rock Hill, SC). The 
final digital scan was superimposed over the initial digital scan with regional superimpositions on the 
non-moving posterior teeth (see figure 5). Points were then placed on the mesial and distal of incisal 
edges of the incisors (#8,10) and the most mesial and distal points of the canine (#6) for the initial and 
final scan (see figure 6 and 7). The mesiodistal rotations were measured by connecting the two points on 
the incisal edges of the incisors and the most mesial and distal points of the canine.  

 
A plane was then created using the mesiolingual cusp tips of the second molars (#2,15) and the 

middle of the incisal edge of #9, which were all non-moving teeth (see figure 8). The plane was then 
offset occlusally 10mm from the digital model. The points of the initial and final scans were then 
projected to this plane (see figure 9). This essentially converted the points from a 3D space with plotted 
points to a 2D plane with plotted points. The distance between the two points on one tooth from the 
initial scan and the same tooth from the final scan determined the length of two intersecting vectors. 
This in turn allowed for the calculation of a degree of rotation.  The formula for calculating the angle is: 

 

A = (x1 – x2), (y1 – y2) 
B = (x1 – x2), (y1 – y2) 

cos Ɵ = (𝐴𝐴∗ 𝐵𝐵)
�|𝐴𝐴|�∗ �|𝐵𝐵|�

 

The data was then exported to an Excel (Microsoft, Redmond, WA) file. The final formula was 
done in Excel to calculate the inverse cosign to arrive at an angle of rotation. This value that was 
calculated was the amount of degrees that the tooth was rotated by the CAT series.  The rotational “lag” 
was then calculated by subtracting the degrees of rotation achieved from the ideal 9°. All three teeth 
(#6,8,10) were analyzed at the same time. This was repeated for each initial and final scan 
superimposition (36 times).  

The outcome variable, the amount of aligner “lag” measured by absolute difference in degree 
from the ideal 9°, was normally distributed according to Shapiro-Wilk Test (p = 0.21); therefore, the 
outcome data was presented as mean and standard deviation.  A repeated-measures analysis of 
variance (ANOVA) was performed to determine significant differences in the outcome among different 
tooth shapes (i.e., Tooth Number) as the outcomes were measured from the same sample (alpha = 
0.05).  Statistical analyses were performed with SAS version 9.4 (Statistical Analysis Software, Cary, NC). 

 

 



Results 

A repeated-measures ANOVA result indicated that there were significant differences in lag 
among tooth shapes (F(2, 105) = 13.14, p <.0001).  The Tukey’s post hoc test result indicated that the lag 
with Tooth #8 (Mean = 3.12, SD = 1.76) was smaller than Tooth #6 (Mean = 5.46, SD = 2.23)(p <.0001) 
and Tooth #10 (Mean = 4.95, SD = 2.08) (p = 0.0007).  No significant difference in lag was found between 
Tooth #6 and Tooth #10 (p = 0.55). 

 

Discussion 

The null hypothesis was rejected because there was a significant difference between the groups. 
There was a statistically significant difference between the central incisor and the lateral incisor and 
between the central incisor and the canine. There was no significant difference between the lateral 
incisor and the canine.   

The results of the current study resemble those of others that found derotations of canines to 
have relatively poor accuracy. 6,15,23 The literature describes derotations of cylindrical teeth as one of the 
most difficult movements to perform with aligners. Thermoplastic appliances tend to lose anchorage 
and slip off due to the absence of undercuts and a round tooth shape. Attachments would be needed on 
the tooth’s surface so that counter-moments can occur, leading to tooth movement in the opposite 
direction.6,16,24 According to Kravitz et al., the use of interproximal reduction (IPR) can also positively 
influence the correction of derotations.15 

The highest accuracy of rotation, or least amount of lag, was achieved by the maxillary central 
incisor. These results are similar to those of Kravitz et al. and Nguyen and Cheng who reported that 
incisors achieved the highest accuracy of rotation and canines and premolars the lowest accuracy of 
rotation.15,25 

The lateral incisor on the other hand, did not respond as per previous studies. In Kravitz et al.’s 
study, there were no statistically significant differences in rotations among incisors, which lead us to 
believe that shape may have a greater influence than size in reference to derotations with Invisalign.15 In 
this instance, inability of the clear aligner to derotate the lateral may have been more an aspect of the 
study limitations. 

There were limitations to this study whose purpose was to investigate the rotational lag and 
provide a baseline for what may be achieved with CAT alone, using 0.30mm Essix material without 
auxiliaries in an in vitro setting. First, the lateral incisor tended to intrude into the wax more often than 
the canine and the central incisor. The intrusion was a variable observed while completing the study; 
however, it was not measured. Intrusion of the lateral incisor would mean that it was not fully seated in 
the aligner, which would account for the incomplete rotation.  

Additionally, a limitation of the water bath was that the water temperature fluctuated in the 
range of 112°F to 119°F. An effort was made to soften the wax to allow for tooth movement, but not 
soften it to the point that the teeth intruded into the wax and out of the aligner.  

The initial position of the plastic teeth may have been affected when placing the melted wax 
into the stent. A more rigid stent that held the crowns of the plastic teeth more securely while melted 



wax was poured to hold them in place, would have helped with this aspect of the study. The occlusal 
force that is provided by aligner tray seaters (chewies), or even an opposing aligner to continuously seat 
the aligner was also absent from this study since there were no forces on the aligners while they were in 
the water bath.  

Many of the retrospective studies that compared the movements of teeth before and after CAT 
had difficulty with superimposition because most of the teeth were moving at the same time and in 
multiple directions.11,15 The intention of this in vitro study was to investigate one specific movement, 
rotation, of the teeth in question, #6,8,10. Superimpositions were more accurate because regional 
superimpositions on non-moving posterior teeth were used and not just a few points.  

All achieved rotations were smaller than the predicted 9° by different amounts. However, none 
of the teeth studied were within 2° of the ideal 9° making the study clinically relevant, in that rotations 
remained that would have points deducted in the ABO Cast-Radiograph Evaluation. Given that this was 
an in vitro study where plastic teeth and wax were used, more complete expression of the CAT was 
expected than was achieved for all teeth in question. It is apparent that an aligner rotational “lag” exists, 
but further studies need to be completed in vivo in order to extrapolate data and apply in a clinical 
setting. 

 

Conclusions 

Within the limitations of this study, it was concluded that CAT was more effective in rotating 
central incisors than lateral incisors and canines. However, none of the teeth in question achieved 
rotations within 2° of the expected 9°, that may have made it more clinically relevant.  
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Figure 1: 3D digital model of the ideal occlusion with vertical cutouts at #6, 8, and 10. 

Figure 2: Plastic test teeth (#6,8,10) placed in the transfer stent.  

Figure 3: 3D digital model of ideal occlusion with vertical cutouts placed into the transfer stent. 

Figure 4: 3D digital model of ideal occlusion with plastic test teeth in place. 

Figure 5: Digital superimposition of initial and final digital scan with regional superimposition on non-
moving posterior teeth. 

Figure 6: Digital model of initial scan with points placed on mesial and distal of incisal edges of #8 and 10 
and the most mesial and distal points of the canine (#6). 

Figure 7: Digital model of final scan with points placed on mesial and distal of incisal edges of #8 and 10 
and the most mesial and distal points of the canine (#6). 

Figure 8: Plane created using the mesiolingual cusp tips of the second molars (#2,15) and the middle of 
the incisal edge of #9. 

Figure 9: All points from initial and final scan were then projected to the plane.  
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