
Changes in force associated with the amount of 
aligner activation and lingual bodily movement of 
the maxillary central incisor

Objective: The purposes of this study were to measure the orthodontic forces 
generated by thermoplastic aligners and investigate the possible influences of 
different activations for lingual bodily movements on orthodontic forces, and 
their attenuation. Methods: Thermoplastic material of 1.0-mm in thickness was 
used to manufacture aligners for 0.2, 0.3, 0.4, 0.5, and 0.6 mm activations for 
lingual bodily movements of the maxillary central incisor. The orthodontic force 
in the lingual direction delivered by the thermoplastic aligners was measured 
using a micro-stress sensor system for the invisible orthodontic technique, 
and was monitored for 2 weeks. Results: Orthodontic force increased with the 
amount of activation of the aligner in the initial measurements. The attenuation 
speed in the 0.6 mm group was faster than that of the other groups (p < 0.05). 
All aligners demonstrated rapid relaxation in the first 8 hours, which then 
decreased slowly and plateaued on day 4 or 5. Conclusions: The amount of 
activation had a substantial influence on the orthodontic force imparted by the 
aligners. The results suggest that the activation of lingual bodily movement of 
the maxillary central incisor should not exceed 0.5 mm. The initial 4 or 5 days is 
important with respect to orthodontic treatment incorporating an aligner.
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INTRODUCTION

  The invisible orthodontic technique is considered one 
of the greatest developments in orthodontic clinical 
treatment technology in the 21st century, and since 
its inception there have been great improvements 
in new technologies such as three-dimensional (3D) 
reconstruction, modern engineering, and computer-
aided design and computer-aided manufacturing (CAD/
CAM). With advantages such as improved esthetics, 
comfort, and maintenance of oral hygiene,1-3 Invisalign 
(Align Technology, Inc., San Jose, CA, USA) has been 
used to treat over 2,000,000 orthodontic patients 
worldwide. Recent technical progress and clinical 
experiences have greatly extended the potential 
applications of invisible orthodontic techniques, to 
include conditions such as severe crowding, rotation, 
and open bite.4-6 However, the orthodontic performance 
of the invisible orthodontic technique remains inferior 
to that of the fixed appliance technique. Kassas et al.7 
evaluated treatment outcomes of 31 Invisalign cases 
with mild to moderate malocclusions using the Model 
Grading System of the American Board of Orthodontics,8 
and found that the occlusal contacts and occlusal 
relationships showed numerically negative changes. 
Rossini et al.9 evaluated the efficacy of tooth movement 
with removable aligners reported in 11 relevant articles, 
and concluded that the most accurate movement was 
upper molar distalization (88% accuracy), and the least 
accurate was extrusion (30%), followed by rotation 
(36%). It has been reported that 70—80% of Invisalign 
patients require case refinement, midcourse correction, 
or combined auxiliaries or fixed appliances.10

  The invisible orthodontic technique uses a set of 
overlay aligners, which is different from the fixed 
appliance technique; thus, it has been a challenge to 
study the exact biomechanical mechanisms involved in 
each technique. The current study focused on material 
mechanics performance analysis. Kohda et al.11 used 
nanoindentation testing to obtain elastic modulus 
and hardness values, and reported a strong correlation 
between the mechanical properties of thermoplastic 
materials and the associated forces produced by aligners. 
Fang et al.12 reported that the residual stresses within 
five thermoplastic materials decreased over time, 
and that this process was significantly accelerated by 
immersion in a 37oC water bath. Accurate measurement 
of the orthodontic forces generated by thermoplastic 
aligners is particularly important for the characterization 
of the biomechanical mechanisms involved in the 
invisible orthodontic technique.
  Recently, with the development of micro-sensor 
technology, it has become possible to determine 
orthodontic force in real time. Rues et al.13 developed 

a true-scale orthodontic bracket with an integrated 
microelectronic stress sensor system for 3D force 
and moment measurements on individual teeth, and 
evaluated the measurement accuracy of the smart 
bracket on the basis of finite element simulations. To 
date, relatively few studies have investigated the force 
delivery system of this technology. A German research 
group14-16 has quantitatively investigated the rotation 
and tipping forces associated with a maxillary central 
incisor delivered by different thermoplastic appliances, 
and reported the effects from different materials and 
thicknesses. Kohda et al.11 measured the forces delivered 
by aligners for 0.5-mm and 1.0-mm activation for 
bodily tooth movement made from three thermoplastic 
materials with two different thicknesses, and compared 
the effects of mechanical properties, material thickness, 
and amount of activation on orthodontic forces. The 
possible influence of the amount of activation on 
orthodontic force, and its attenuation, is important to 
know when planning orthodontic treatment with an 
aligner system. However, no conclusive investigations of 
this have been reported to date.
  In the current study we manufactured five sets 
of removable thermoplastic aligners designed for 
different amounts of lingual movement, and measured 
the corresponding orthodontic forces they exhibited 
in the lingual direction with a micro-stress sensor 
measurement system.17 The goal was to investigate the 
relationships between various amounts of activation of 
the aligner, the corresponding orthodontic forces, and 
the attenuation of those forces. 

MATERIALS AND METHODS

Manufacturing the aligner
  OrthoDS_D software ver. 4.4 (Wuxi Angel Align Bio-
technology Co., Ltd., Wuxi, China) was used to design 
aligners with 0.2, 0.3, 0.4, 0.5, and 0.6 mm activations 
for lingual bodily movement of the maxillary right 
central incisor on a model twice the size of the digitized 
maxillary standard model. A 3D printer (Objet30 Pro; 
Objet Ltd., Rehovot, Israel) was used to transform the 
digital models into five corresponding photosensitive 
resin models. Five corresponding thermoplastic aligners 
were manufactured using the thermoforming technology 
with 1.0-mm thick thermoplastic materials (Erkodent 
Erich Kopp GmbH, Pfalzgrafenweiler, Germany). The 
production process is shown in Figure 1.

Measurement and analysis of invisible orthodontic 
force in the lingual direction
  Our research group cooperated with the Institute 
of Microelectrics, Tsinghua University, China, to 
develop ultrasensitive piezoresistive stress sensors17-19 
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for orthodontic force measurement (Figure 2A). The 
stress sensor was a 0.05-mm thin 7 × 6 mm silicon 
chip consisting of 11 rosettes (cells) of metal-oxide-
semiconductor field-effect-transistors (MOSFET) 
fabricated using integrated circuit technology (Figure 
2B). When the sensor chip is subjected to external force 
or moment, the resulting deformation of the sensor chip 
changes the electrical parameters of the MOSFET.20,21 By 
measuring the electrical parameters of each MOSFET, 
the stresses they are subjected to can be obtained. 
Each MOSFET rosette consists of 4 MOSFETs, and can 
measure all the in-plane stress components at a given 
location. From all 11 MOSFET rosettes, the resulting 
three forces and three moments acting on the sensor 
chip can be calculated using reverse engineering.17 
When the sensor chip is firmly bonded to a tooth, the 
sensor chip experiences the same deformation as the 
tooth surfaces as a result of the force and the moment 
applied to the tooth by the invisible aligner. Through 
the electrical signal of the MOSFETs, the stress and thus 
the deformation of the sensor chip can be measured. 
Prior to loading the aligner, known forces are applied 
to the tooth and the fitting coefficients correlating the 
measured stresses and the known forces are obtained. 
This establishes an inverse algorithm to express the 
external force as a function of the measured stresses. 

Finally, by using the fitting coefficients, the orthodontic 
forces induced by the invisible aligner are reconstructed 
from the measured stresses. Before loading the invisible 
aligner and measuring the orthodontic forces, we 
conducted 3D mechanical calibration on the chip. The 
results revealed that the mean calibration errors of the 
X, Y, and Z axes were within the range of engineering 
error.17

  The micro-stress sensor measurement system (Figure 
2C) was connected and the five sets of aligners were 
successively placed on the model of the force measuring 
system. The orthodontic forces in the lingual direction 
generated by different aligners were measured and 
recorded. To compare the differences between the 
five activation amounts, residual orthodontic force 
percentiles were analyzed with the statistical software 
PASW Statistics ver. 17.0 (IBM Co., Armonk, NY, USA). 
Repeated-measures analysis of variance (ANOVA), the 
independent t-test, one-way ANOVA, and Bonferroni’s 
test were performed to detect statistically significant 
differences. The significance level was set at p < 0.05.

Monitoring the attenuation of orthodontic force 
  We measured the orthodontic force generated by the 
aligners using a micro-stress sensor measurement system 
at 0, 1, 2, 3, 4, 5, 6, 7, and 8 hours, and at 1, 2, 3, 4, 5, 

A

B C

Figure 1. Production process 
for the thermoplastic aligners. 
A, OrthoDS_D software ver. 
4.4 (Wuxi Angel Align Bio-
technology Co., Ltd., Wuxi, 
China) was used to design 
different activation ranges for 
the lingual bodily movement 
of the maxillary right central 
incisor on a model twice the 
size of the digitized maxillary 
standard model. B, The resin 
models. C, The aligners.
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6, 7, 8, 9, 10, 11, 12, and 14 days. For each group, the 
percentage of residual orthodontic force was calculated 
as (Nn/N0) × 100, where Nn is the residual orthodontic 
force value at time Tn, and N0 is the initial orthodontic 
force value.

RESULTS

  The orthodontic forces in the lingual direction 
generated by the five sets of lingual movement aligners 
and the statistical analysis results are shown in Table 
1. The orthodontic force increased with the amount 
of activation of the aligner in the initial measurement. 
However, there was no statistically significant difference 
(p > 0.05) between the orthodontic force of the 0.5 
mm group and the 0.6 mm group. All aligners exhibited 
time-dependent force attenuation behavior. The 
orthodontic force of the 0.6 mm group was significantly 
lower than that of the 0.5 mm group from 7 hours—5 
days, the 0.4 mm group from 7 hours—5 days, the 0.3 
mm group from 6 hours—1 day except for at 7 hours, 
and the 0.2 mm group at 8 hours (p < 0.05). Figure 3 
shows orthodontic force relaxation curves. In the first 8 
hours, the attenuation speeds of the 0.2, 0.3, and 0.4 

mm groups were slower than those of the 0.5 and 0.6 
mm groups (p < 0.01). From 1—14 days the attenuation 
speed of the 0.6 mm group was faster than those of 
the other groups (p < 0.05). There were no statistically 
significant differences between the 0.2, 0.3, 0.4, and 
0.5 mm groups. As shown in Figure 4, all aligners 
demonstrated rapid relaxation during the first day, which 
decreased slowly and plateaued on day 4 or 5. There 
was no statistically significant difference between days 4 
and 5, or any of the subsequent days (p > 0.05). 

DISCUSSION

  Align Technology (San Jose, CA, USA) recommends 
an activation of 0.25—0.33 mm for each tooth,22 while 
DENTSPLY Raintree Essix (York, PA, USA) suggests 
0.50−1.00 mm.23 In the present study, aligners with 
0.2, 0.3, 0.4, 0.5, and 0.6-mm activations for lingual 
bodily movement of the maxillary central incisor were 
manufactured. We found that the orthodontic force 
in the lingual direction generated by the aligners 
increased as the amount of activation of the aligner 
increased. When the results were compared in pairs, 
there were significant differences (p < 0.01) between 
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Figure 2. The orthodontic 
force generated by the ther
mop l a s t i c  a l i g n e r s  w a s 
measured using a micro-stress 
sensor measurement system 
for invisible orthodontic tech
niques. A, The micro-stress 
sensor measurement system. 
B, The standard resin model 
with invisible aligner and the 
sensor chip bonded on the 
tooth surface and connected 
with flexible cables. C, A pho
tograph of the stress sensor.
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the orthodontic forces generated by most pairs of 
aligners, demonstrating that the amount of activation of 
the aligner was an important factor affecting invisible 
orthodontic force. However, the difference in orthodontic 
force between the 0.5 mm and 0.6 mm groups was not 
statistically significant (p > 0.05), probably because the 
design of the 0.6 mm aligner was excessive and caused 
plastic deformation of the aligner material; thus, it does 
not accurately reflect the influence of the different 
amount of activation on orthodontic force.
  When loaded with appropriate orthodontic forces, 
teeth would move fast with only the slightest harm to 
the periodontal support. Barbagallo et al.24 measured 
the orthodontic force of 0.8-mm thick thermoplastic 
aligners with 0.5 mm activation of tooth movement, 
and reported that the initial orthodontic force was 5.12 

Table 1. Comparisons of the initial and residual orthodontic forces of the five sets of lingual movement aligners 

Variable
Activation amount (mm)

0.2 0.3 0.4 0.5 0.6

Initial orthodontic force (N) 8.047 (0.366)†,‡,§,∥ 9.250 (0.333)*,‡,§,∥ 10.189 (0.399)*,†,§,∥ 11.821 (0.369)*,†,‡ 12.247 (0.332)*,†,‡

Residual orthodontic force

   1 hour 7.715 (0.354)†,‡,§,∥ 8.932 (0.449)*,§,∥ 9.594 (0.331)*,§,∥ 11.116 (0.503)*,†,‡ 11.462 (0.245)*,†,‡

   2 hours 7.411 (0.375)†,‡,§,∥ 8.731 (0.439)*,§,∥ 9.049 (0.283)*,§,∥ 10.217 (0.491)*,†,‡ 10.742 (0.246)*,†,‡

   3 hours 6.547 (0.378)†,‡,§,∥ 8.481 (0.422)*,§,∥ 8.359 (0.263)*,§,∥ 9.688 (0.453)*,†,‡ 9.814 (0.236)*,†,‡

   4 hours 6.226 (0.379)†,‡,§,∥ 7.625 (0.388)*,§,∥ 7.914 (0.255)† 8.451 (0.491)*,† 8.728 (0.235)*,†,‡

   5 hours 5.950 (0.345)†,‡,∥ 7.118 (0.338)*,§ 7.264 (0.249)*,§ 6.060 (0.392)†,‡,∥ 6.759 (0.195)*,§

   6 hours 5.540 (0.381)†,‡ 6.296 (0.354)*,∥ 6.660 (0.228)*,§,∥ 5.869 (0.343)‡ 5.611 (0.177)†,‡

   7 hours 4.925 (0.280)‡ 4.958 (0.281)‡ 5.646 (0.204)*,†,∥ 5.414 (0.355)∥ 4.403 (0.260)‡,§

   8 hours 4.355 (0.314)‡,§,∥ 4.484 (0.287)‡,§,∥ 5.525 (0.226)*,†,∥ 5.066 (0.363)*,†,∥ 3.553 (0.210)*,†,‡,§

   1 day 3.945 (0.322)‡,§ 4.133 (0.300)‡,∥ 5.226 (0.201)*,†,§,∥ 4.602 (0.373)*,‡,∥ 3.424 (0.204)†,‡,§

   2 days 3.183 (0.299)†,‡,§ 3.840 (0.363)*,‡ 5.027 (0.179)*,†,§,∥ 4.118 (0.350)*,‡,∥ 3.392 (0.192)‡,§

   3 days 2.559 (0.275)†,‡,§,∥ 3.082 (0.273)*,§ 3.506 (0.193)*,§ 4.035 (0.339)*,†,‡,∥ 3.120 (0.200)*,§

   4 days 2.363 (0.236)‡,§ 2.409 (0.280)‡,§ 3.040 (0.178)*,†,§ 3.556 (0.322)*,†,‡,∥ 2.616 (0.201)§

   5 days 2.072 (0.234)‡,§,∥ 2.289(0.195)‡,§,∥ 2.878 (0.167)*,† 3.189 (0.308)*,†,∥ 2.733 (0.165)*,†,§

   6 days 2.037 (0.201)‡,§,∥ 2.373 (0.184)‡,§ 2.884 (0.152)*,† 2.961 (0.290)*,† 2.650 (0.181)*

   7 days 1.976 (0.187)‡,§,∥ 2.341 (0.196) 2.667 (0.148)* 2.634 (0.258)* 2.584 (0.196)*

   8 days 2.001 (0.205)‡,§,∥ 2.252 (0.188) 2.496 (0.127)* 2.570 (0.245)* 2.627 (0.164)*

   9 days 1.948 (0.231)‡,§,∥ 2.172 (0.166)§ 2.510 (0.121)* 2.618 (0.282)*,† 2.576 (0.178)*

   10 days 1.886 (0.200)‡,§,∥ 2.130 (0.172)§ 2.480 (0.145)* 2.662 (0.292)*,† 2.528 (0.155)*

   12 days 1.939 (0.219)‡,§,∥ 2.174 (0.188)§,∥ 2.530 (0.145)* 2.726 (0.294)*,† 2.594 (0.170)*,†

   14 days 1.956 (0.230)‡,§,∥ 2.222 (0.199) 2.417 (0.165)* 2.633 (0.296)* 2.571 (0.160)*

Significantly different from the 0.2 mm group*, from the 0.3 mm group†, from the 0.4 mm group‡, from the 0.5 mm group§, and 
from the 0.6 mm group∥ at the same time-point (Bonferroni’s test; p < 0.05).
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Figure 3. Orthodontic force relaxation curves for the five 
sets of lingual movement aligners.
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Figure 4. Mean forces of the thermoplastic aligners, with standard deviations. A, There were no statistically significant 
differences between day 4 and any of the subsequent days as determined by Bonferroni’s test (p > 0.05) in the 0.2 mm 
group. B, There were no statistically significant differences between day 4 and any of the subsequent days as determined 
by Bonferroni’s test (p > 0.05) in the 0.3 mm group. C, There were no statistically significant differences between day 
5 and any of the subsequent days except days 10 and 14, as determined by Bonferroni’s test (p > 0.05) in the 0.4 mm 
group. D, There were no statistically significant differences between day 5 and any of the subsequent days as determined 
by Bonferroni’s test (p > 0.05) in the 0.5 mm group. E, There were no statistically significant differences between day 4 
and the subsequent days as determined by Bonferroni’s test (p > 0.05) in the 0.6 mm group. 
*p < 0.05, **p < 0.01; Bonferroni’s test.
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N. Hahn et al.14 reported that the orthodontic force of 
0.8-mm thick aligners with 0.151 mm activation was 
2.38—3.14 N. In the current study, the periodontal 
ligament could not be simulated in the resin model. 
The periodontal ligament is composed of a kind of 
viscoelastic material with a thickness of 0.15—0.38 
mm. The orthodontic force compresses the periodontal 
ligament, leading to a series of biological effects. In 
the current study, the invisible orthodontic forces were 
greater than the optimal force (0.75—1.25 N) for bodily 
movement of teeth, as suggested by Proffit and Fields.25 
This may be because the resin model used could not 
simulate the periodontal ligament and tissues. 
  There are some reports that thermoplastic material can 
be modified by prolonged exposure to heat, moisture, 
enzymes of the oral cavity, and abrasion of the aligner.26 
Eliades and Bourauel27 discovered that there was an 
aging phenomenon associated with the thermoplastic 
aligner. They reported that over time the chewing 
load changes the crystalline state of the high polymer, 
and consequently the Vickers hardness of the aligner 
increases. In addition, due to preset activation the 
aligners produce elastic deformation when placed on 
the denture, and generate a resilience force against the 
teeth which could change the width of the periodontal 
ligament, slightly change tooth positions, and reduce 
orthodontic force. 
  The intra-oral environment could not be simulated 
in this study; particularly, the viscoelastic periodontal 
ligament. Therefore, we aimed to investigate the 
changes in the aligners’ mechanical properties caused 
by internal stress. The results indicated that the aligners 
went through rapid relaxation in this laboratory study, 
and achieved a plateau of orthodontic force on day 
4 or 5. Thus, the initial 4 or 5 days is important in 
orthodontic treatment involving an aligner.
  The attenuations of aligners activated 0.6 mm 
movements were more obvious than the other aligners. 
At certain time-points, the orthodontic force of the 0.6 
mm group was even lower than aligners with smaller 
amounts of activation. This might be because the 
greater activation exceeds the stress yield of the aligner 
material, causing plastic deformation of the aligner and 
a more rapid attenuation speed. Ralph28 examined the 
relationships between the amount of deformation of 
the periodontal ligament and load, in vitro. When the 
load reached 0.3 N the amount of deformation of the 
periodontal ligament was 31 μm, and when the load 
was increased to 0.6 N the amount of deformation was 
41 μm. Yet, when the load was increased to 5 N, the 
amount of deformation was only 66 μm. The current 
study suggested, without considering the periodontal 
ligament, that the amount of activation should not 
exceed 0.5 mm for the lingual bodily movement of 

the maxillary central incisors, so that the thermoplastic 
aligners can release light and continuous orthodontic 
force, and maintain the greatest efficiency.
  Our experimental results provide a reference for 
clinical treatment design. However, the experiments 
did not emulate the clinical situation, as the intra-oral 
environment and periodontal ligaments could not be 
simulated in this study. Further, the teeth could not 
change position with the orthodontic force delivered by 
the aligners. In addition, because our study was limited 
by the size and number of the stress sensors, the aligners 
only covered anterior teeth and the force could only be 
measured on one target tooth at a time. Further studies 
with smaller sensor sizes, and with each tooth connected 
to a sensor simultaneously are needed to obtain real-
time measurements of the forces of related teeth. 
Accordingly, we will now focus on the development of a 
wireless and waterproof micro-stress sensor system, with 
a view to applying it in an in vivo study.

CONCLUSION

  In this study, the influence of different activations for 
lingual bodily movements on orthodontic force and its 
attenuation was analyzed. The following conclusions 
can be drawn from the data. Firstly, the amount of 
activation had a substantial effect on the orthodontic 
forces generated by the thermoplastic aligners. Secondly, 
the aligners relaxed quickly in this laboratory study, 
especially those with an activation of 0.6 mm. The 
activation should not exceed 0.5 mm for the lingual 
bodily movement of maxillary central incisors. Lastly, the 
initial 4 or 5 days plays an important role in orthodontic 
treatments involving an aligner.
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