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Surface wear of attachments in patients iy

during clear aligner therapy: a prospective
clinical study
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Abstract

Background This prospective clinical study aimed to quantitatively evaluate the surface wear of attachments
and investigate the associated risk factors. Additionally, the wear values and regions of three types of commonly used
attachments were explored.

Methods Participants were recruited from the population of patients who received clear aligner therapy from Octo-
ber to December 2022. Intraoral scanning was performed on eligible participants before treatment (T0), immediately
after initial bonding of attachments (T1), and at 2 months (T2), 4 months (T3), 6 months (T4), and 8 months (T5)

after starting treatment. The attachment volume, average depth and regions of attachment wear were measured
using superimposed digitized models. The Kruskal-Wallis test was performed to compare data between multiple
groups. Multiple linear regression analyses were performed to evaluate risk factors for the volume of attachment wear.

Results A total of 47 patients with 617 attachments were included. As treatment time increased, the attachment vol-
ume decreased significantly (P=0.003). The initial attachment volume was positively related to the volume of attach-
ment wear (3=0.527, P<0.001). The volume of attachment wear was significantly greater in females than in males
(8=0.147,P=0.020) and in optimized attachments than in conventional attachments (3=0.308, P<0.001). The wear
of 3-mm rectangular attachments progressed from edges to buccal surfaces, with the deepest wear at corners of gin-
gival edges; the wear of the optimized attachments was primarily located on surface ridges. The wear volume ratio

of the optimized root control attachments was significantly greater than that of the 3-mm rectangular attachments
atT3 (P=0.011),T4 (P<0.001),and T5 (P<0.001).

Conclusions The volume of attachment wear increased gradually with treatment time. Sex, attachment type, and ini-
tial attachment volume were risk factors for the volume of attachment wear. The deepest wear regions of 3-mm
rectangular attachments were at the corners of gingival edges, while the deepest wear regions of optimized attach-
ments were at surface ridges. Four months after treatment, optimized root control attachments showed more relative
wear than 3-mm rectangular attachments.
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Background
Clear aligners have become prevalent in the treatment
of different forms of malocclusion due to the develop-
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more comfortable, and more convenient for maintain-
ing periodontal health [2, 3]. However, clear aligners still
have some limitations in their efficacy when treatment
involves complex tooth movements, such as rotation,
torque, and extrusion, due to their mechanical proper-
ties. [4, 5].

To enhance the effectiveness of clear aligners, several
auxiliary devices have been developed, and among them,
attachments are one of the most potent. Attachments
are composite resin buttons bonded to tooth surfaces
that can assist with retention and improve the efficiency
of tooth movements [6—8]. Materials for attachments
should have sufficient aesthetic and mechanical prop-
erties. It is necessary for the material to both match the
color of natural teeth and resist staining [9]. Further-
more, due to the frequent removal of aligners, the mate-
rial needs to have good resistance to wear. Wear refers
to the gradual loss and distortion of materials on solid
surfaces. This phenomenon occurs due to the mechani-
cal and/or chemical interactions between two surfaces in
relative motion [10]. To ensure full utilization of attach-
ments during orthodontic treatment, it is essential that
their geometry and integrity are maintained consistently.
The wear of attachments may impact anchorage control,
thus affecting treatment outcomes [11].

The majority of current studies on the surface wear of
attachments have been either in vivo qualitative studies
or in vitro studies. Barreda et al. [12] used scanning elec-
tron microscopy to observe the surface wear of attach-
ments over six months. They reported that surface wear
occurred after six months of treatment and that Filtek
7350 XT (3 M ESPE, USA) composite resin exhibited
better wear resistance. Lin et al. [13] performed visual
inspection and reported that the first-year damage rate
for attachments was approximately 12%. Chen et al. [14]
tested the wear resistance of three kinds of composite
resin used for attachments by an in vitro test. They con-
cluded that Filtek Z350 XT Flowable (3 M ESPE, USA)
composite resin showed greater volume loss. To date,
few in vivo studies have been conducted to quantitatively
evaluate the surface wear of attachments. A recent study
used a three-dimensional (3D) model superimposition
method to evaluate the surface wear of attachments in
patients treated with clear aligner therapy [15]. However,
the study only compared differences in surface wear and
bond failure of different types of attachments. The values,
regions, and risk factors for the surface wear of attach-
ments during orthodontic treatment remain unclear.

The primary objectives of the current study were to
quantitatively evaluate the surface wear of attachments
in patients during clear aligner therapy and to investigate
the risk factors related to attachment wear. The second-
ary objectives were to explore the regions and values of
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surface wear for three types of commonly used attach-
ments (3-mm rectangular/optimized rotating/optimized
root control) to provide theoretical support for future
research.

Material and methods

Study participants

The participants of this prospective study were recruited
among patients receiving orthodontic therapy with
clear aligners from October to December 2022 in the
Department of Orthodontics, Beijing Stomatological
Hospital, Capital Medical University. The study proto-
col was approved by the Research Ethics Committee of
Beijing Stomatological Hospital, Capital Medical Uni-
versity (CMUSH-IRB-KJ-PJ-2022-25), and prospec-
tively registered with ChiCTR (registration number:
ChiCTR2200064347). All participants signed informed
consent forms. The inclusion criteria were as follows:
(1) treatment with Invisalign® (Align Technology, USA);
(2) permanent dentition; and (3) diagnosis of mild to
moderate crowding based on model analysis (crowding
degree <8 mm). The exclusion criteria were as follows: (1)
poor oral hygiene; (2) periodontal disease; (3) a habit of
eating hard foods; (4) bruxism; (5) dental dysplasia; and
(6) resin/crown restorations.

Clear aligner therapy

All attachments for the included participants were
bonded using Filtek Z350 XT (3 M ESPE, USA) compos-
ite resin according to the manufacturer’s instructions.
All participants were instructed to change aligners every
7-14 days and wear them for at least 20-22 h per day.
Aligners were to be removed before eating and replaced
after tooth brushing. All participants received profes-
sional oral hygiene instructions. A two-month follow-up
cycle was assigned for each participant.

Data collection

Prior to orthodontic treatment, the following demo-
graphic and clinical data were collected: age, sex, den-
tal malocclusion, vertical skeletal pattern, and anterior
overbite. Dental malocclusion was classified as class I,
11, or III according to the angle classification. The verti-
cal skeletal pattern was classified by the Frankfort hori-
zontal plane-mandibular plane (FH-MP) angle obtained
through cephalometric analysis. FH-MP angles<25.5°,
25.5°-36.7°, and > 36.7° were categorized as low, average,
and high angles, respectively. The anterior overbite was
classified as an open bite, a normal overbite, or a deep
overbite based on the vertical distance of the maxillary
anterior teeth covering the mandibular anterior teeth.
Intraoral scanning with an iTero Element scanner (Align
Technology, USA) was performed at various times: before
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treatment (T0), immediately after the initial bonding of
attachments (T1), and at 2 months (T2), 4 months (T3),
6 months (T4), and 8 months (T5) after starting ortho-
dontic treatment. All digitized models were saved in ste-
reolithography (STL) format. The clinical information of
the attachments, including arch, tooth position, and type,
was noted. Lost attachments that were recorded during
participants’ regular appointments were excluded from
the final measurements.

Model superimposition and measurement

All digitized models were imported into Geomagic Stu-
dio 2014 (Geomagic Co., USA) to accomplish the super-
imposition, and all teeth with single attachments bonded
were analyzed. A target tooth is taken as an example to
illustrate the process of superimposition and measure-
ment. The target tooth was segmented from the whole
dental arch model, which was obtained at TO (Fig. 1A)
and T1/T2/T3/T4/T5 (Fig. 1B). The tooth surfaces with-
out resin were selected as a reference for superimposition
(Fig. 1C). The segmented TO and T1/T2/T3/T4/T5 mod-
els were automatically superimposed based on the “best-
fit matching” function provided by the software until the
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minimum distance between the reference surfaces was
reached. About 30,000 triangular surfaces were analyzed
and calculated during each superimposition. The root-
mean-square (RMS) values ranged from 10 to 30 pm dur-
ing the superimposition process. After superimposition,
the superimposed models were imported into Geomagic
Qualify 2014 (Geomagic Co., USA). A Boolean calcula-
tion was performed to subtract the segmented TO model
from the segmented T1/T2/T3/T4/T5 model. The attach-
ment area was selected to obtain the attachment volume
at different follow-up times using the volume calculation
function provided by the software (Fig. 1D). The seg-
mented T1 model was superimposed on the segmented
T2/T3/T4/T5 model based on the above methods. The
superimposed models were also imported into Geomagic
Qualify 2014 (Geomagic Co., USA). The segmented T1
model was set as a reference. A 3D deviation analysis was
automatically performed by the software. The attachment
area was selected to determine the average wear depth
and wear regions. The deviations between the superim-
posed models are illustrated with a color map (Fig. 1E).
The green color represents no differences. The yellow
color represents the surface of the reference model (T1)

C D

E

Fig. 1 Superimposition and measurement of the models. A The target tooth without attachments was segmented from the whole dentition
model (T0). B The target tooth with attachments was segmented from the whole dentition model (T1/T2/T3/T4/T5). C Tooth surfaces without resin
were selected (T1/T2/T3/T4/T5). D A Boolean calculation was performed after the TO (gray) and the T1/T2/T3/T4/T5 (blue) segmented models were
superimposed based on the tooth surface without resin using the best-fit algorithm. The attachment area was selected to obtain the attachment
volume at different follow-up times. E A 3D deviation analysis was performed after the T1 and T2/T3/T4/T5 segmented models were superimposed
according to the above method. The segmented T1 model was set as a reference. The attachment area was selected to determine the average wear
depth and wear area. The color map shows the morphological differences. The green color represents no differences. The yellow color represents
the surface of the reference model (T1) on the inner side, which probably indicates the existence of plaque. The blue color represents the surface
of the reference model (T1) on the outer side, which indicates that wear has occurred. The extent of wear is proportional to the darkness of the blue
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on the inner side, which probably indicates the existence
of plaque. The blue color represents the surface of the ref-
erence model (T1) on the outer side, which indicates that
wear has occurred. The extent of wear is proportional to
the darkness of the blue.

The volume of attachment wear at different follow-up
times was defined as the attachment volume loss (mm?)
between T1 and T2/T3/T4/T5. The ratio of wear volume
at different follow-up times was defined as (attachment
volume loss at different follow-up times/initial attach-
ment volume) * 100%. The 3D deviation analyses were
conducted only on three types of commonly used attach-
ments (3-mm rectangular/optimized rotating/optimized
root control) to observe wear regions and measure the
average wear depth. All measurements were conducted
three times by the same operator at a 2-week interval,
and the average values were calculated.

Sample size calculation
The sample size calculation was conducted based on a
previous pilot study (unpublished data). With a sample
size of 47 participants, a paired t test was calculated to
have 90% power in detecting an effect size of 0.43 at a sig-
nificance level of 0.05.

Statistical analysis

All statistical analyses were performed using IBM SPSS
26.0 for Mac (SPSS, USA). The interclass correlation coef-
ficient (ICC) was used to evaluate intraoperator agree-
ment. The Shapiro—Wilk test was conducted to test the
normality of the data. The continuous data are presented
as the mean *standard error of the mean (SEM). The
median and Q1 and Q3 (interquartile range) were also
given if the data were not normally distributed. Statistical
analyses to compare multiple independent groups were
conducted using the Kruskal-Wallis test. Multiple linear
regression analyses (stepwise method) were conducted
to determine the associated risk factors for the wear vol-
ume of attachments. The potential risk factors were age,
sex, dental malocclusion, vertical skeletal pattern, ante-
rior overbite, arch, tooth position, attachment type, and
initial attachment volume. The criteria for inclusion and
exclusion of the variables in the regression model were
a<0.05 and a>0.1, respectively. A P value less than 0.05
was considered statistically significant.

Results

Fifty-five patients were initially eligible for the study.
Ultimately, 47 patients were included in the final analysis
because 8 patients were unable to attend regular follow-
up visits. Table 1 shows the clinical characteristics of the
included participants. Throughout the 8-month follow-
up period, 105 attachments were lost, and ultimately,
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Table 1 Clinical characteristics of included participants

Variable Mean, n SEM, %
Continuous variables
Age (years) 26.77 845
Categorical variables
Sex
Male 14 29.79%
Female 33 70.21%
Dental malocclusion
Class | 21 44.68%
Class Il 15 31.91%
Class Il 11 23.40%
Vertical skeletal pattern
Low angle 8 17.02%
Average angle 19 40.43%
High angle 20 42.55%
Anterior overbite
Open bite 3 6.38%
Normal overbite 12 25.53%
Deep overbite 31 65.96%

SEM Standard error of the mean

617 attachments were included in the final analysis. The
characteristics of the included attachments are provided
in Additional File 1.

The ICC for attachment volume was 0.998, indicative
of high intraoperator agreement. After 8 months of treat-
ment, the median wear volume and wear volume ratio of
the attachments was 0.813 mm? and 13.72%, respectively.
As the treatment time increased, the attachment volume
decreased significantly (?=0.003), while the wear volume
and wear volume ratio of the attachments increased sig-
nificantly (P<0.001). The wear volume of the attachments
at different follow-up stages is summarized in Table 2.

The multiple linear regression model showed sta-
tistically significant results (F=15.318, P<0.001). The
adjusted R’ was 0.167. After stepwise regression, age,
dental malocclusion, vertical skeletal pattern, ante-
rior overbite, arch, and tooth position were excluded
from the model. Table 3 shows the results of the multi-
ple linear regression. The most significant influencing
factor for the wear volume of attachments was the ini-
tial attachment volume. The initial attachment volume
was positively related to the volume of attachment wear
($=0.527, P<0.001). The volume of attachment wear was
significantly greater in females than in males (5=0.147,
P=0.020) and in optimized attachments than in conven-
tional ones (8=0.308, P<0.001).

Figure 2 shows the color maps of three types of com-
monly used attachments obtained by 3D deviation anal-
yses after 8 months of treatment. The wear regions of
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Table 2 Wear volume of attachments during the follow-up period
Time Attachment volume (mm?3) Wear volume (mm?3) Wear volume (%)

Mean+SEM Median (Q1,Q3) Pvalue Mean+SEM Median (Q1,Q3) Pvalue Mean+SEM Median (Q1,Q3) Pvalue
T1 6.205+0.144 6565, (4.475,7.615) 0.003** - - - - - -
T2 5920+£0.143 6.619,(4.233,7.301) 0.284+0.019 0.194,(0.096,0396) <0.001***  510+038 3.34,(1.64,6.69) <0.0071***
T3 5722+0.141 6.020, (4.045,7.063) 0483+0.022 0411,(0.259,0635) 8.52+042  7.16,(4.37,11.26)
T4 5516+£0.138 5.750, (3.885,6.830) 0.689+0.028 0.587,(0.409,0.853) 12.01+052 12.01,(7.01,15.07)
T5 5.280+0.137 5.485, (3.668,6.626) 0.925+0.032 0.813,(0.586,1.190) 16.20+0.62  13.72,(10.24,19.77)

SEM Standard error of the mean; Q7, Q3 Interquartile range
**P<0.01; ***P<0.001

Table 3 Results of multiple linear regression’ (stepwise method)

Independent variables Regression SE tvalue Pvalue

coefficient
(B)
Sex
Male Reference
Female 0.147 0.065 2346 0.020*
Attachment type
Conventional Reference
Optimized 0.308 0.074 3871 <0.007%**
Initial volume 0.527 0018 6.586 <0.007%***

 Dependent variable: wear volume of attachments
*P<0.05; ***P<0.001

3-mm rectangular attachments progressed from edges
to buccal surfaces, with the deepest wear at the corners
of the gingival edges (Fig. 2a, b). The wear regions of the
optimized rotating (Fig. 2¢, d) and optimized root control
(Fig. 2e, f) attachments were primarily located on the sur-
face edge ridges. The wear volume of the 3-mm rectan-
gular attachments was significantly greater than that of
the optimized root control attachments at T3 (P=0.009),
T4 (P=0.011), and T5 (P=0.001) (Fig. 3A). The wear
volume ratio of the optimized root control attachments
was significantly greater than that of the 3-mm rectangu-
lar attachments at T3 (P=0.011), T4 (P<0.001), and T5
(P<0.001), while the wear volume ratio of the optimized
rotating attachments was significantly greater than that
of the 3-mm rectangular attachments at T5 (P=0.047)
(Fig. 3B). However, the average wear depth of the three
types of attachments did not show significant differences
(P>0.05) (Fig. 3C). The wear values of the three types of
attachments are provided in Additional file 2.

Discussion

This study demonstrated that the volume of attach-
ment wear increased gradually as the treatment time
increased. The median volume of attachment wear was

0.813 mm? after 8 months of treatment. According to
a previous study, the wear volume of Filtek Z350 XT
composite resin utilized for producing attachments was
approximately 0.75 mm? in an in vitro wear test, which
is comparable to our results [14]. However, Palaniappan
et al. [16] evaluated the wear of several composite res-
ins used for posterior restorations. The 1-year surface
volume loss of restorations was found to be approxi-
mately 0.15 mm?, lower than that reported in our study.
There are several possible explanations for this result.
First, the wear of attachments under clinical conditions
may be impacted by multiple factors, such as tooth
brushing, eating, occlusal force, aligner removal, and
the oral environment. Patients treated with clear align-
ers have to brush their teeth more often than individu-
als with just posterior restorations, and they also need
to remove their aligners frequently. More frequent fric-
tion may have resulted in greater wear of attachments.
Second, the variation in the wear volume between stud-
ies could be attributed to the differences in composite
resin characteristics and types. The wear resistance
of composite resin is influenced by the size, quantity,
geometry, and distribution of fillers, the type of mono-
mers, and the bond between the organic matrix and fill-
ers [10]. Previous studies have reported that the wear
resistance of composite resin could be improved by
reducing the size and the distance between filler par-
ticles and increasing the bonding strength between the
matrix and the filler [17, 18]. Moreover, the differences
between studies may also be associated with the pre-
cision of scanners, methods for superimposition and
measurement, and the accuracy of the superimposition
software [19]. Previous clinical trials investigating the
wear of composite resin often made impressions and
replicas first, which were then scanned with an opti-
cal scanner for superimposition and measurement [16,
19]. Replication procedures could cause errors that may
influence the measurement of wear. With the emer-
gence and application of optical impression technology,
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Fig. 2 Color maps of three types of commonly used attachments generated from 3D deviation analyses. The 3-mm rectangular attachment (a)

and its locally enlarged view (b). The optimized rotating attachment (c) and its locally enlarged view (d). The optimized root control attachment (e)
and its locally enlarged view (f). The color map shows the morphological differences. The green color represents no differences. The yellow color
represents the surface of the reference model (T1) on the inner side, which probably indicates the existence of plague. The blue color represents
the surface of the reference model (T1) on the outer side, which indicates that wear has occurred. The extent of wear is proportional to the darkness

of the blue

clinicians can obtain digital models more conveni-
ently through intraoral scanning. Several studies in the
field of orthodontics have utilized the iTero scanner
to acquire digitized models for measurement [14, 20].
According to previous studies, the mean precision of
the iTero Element scanner ranged from 20 to 50 pm,
which is acceptable for research purposes [21, 22]. This
study incorporated previous research methods using
Geomagic software to superimpose the 3D models for
volumetric measurement and 3D deviation analysis [14,
23, 24]. This method can not only obtain wear values
but also allow the observation of wear regions. When
using software for 3D superimposition, the “best-fit
matching” function employs a high-level, freeform sur-
face-based registration method called the iterative clos-
est point (ICP) algorithm, proposed by Besl and McKay
[25]. This method can clearly reveal the goodness-of-fit
(RMS) values. A deviation of less than 10 um indicates
an excellent fit, while a deviation greater than 50 pm
indicates a poor fit [26]. In this study, the standard
deviation of the reference surfaces during superimposi-
tion ranged from 10 to 30 pm, which is acceptable.

Our previous study assessed risk factors for attachment
loss, revealing that arch and tooth position significantly
impacted attachment loss. Attachments in the man-
dibular arch and molars exhibited higher loss rates [27].
However, regarding risk factors for the wear volume of
attachments, the final regression model included three
variables: sex, attachment type, and initial attachment
volume. In the final model, the initial attachment vol-
ume (8=0.527, P<0.001) contributed the largest amount
of explained variance, followed by the attachment type
(5=0.308, P<0.001) and sex (8=0.147, P=0.020). Taken
together, these variables accounted for 16.7% of the
explained variance in the wear volume of attachments. It
is expected that attachments with a larger initial volume
will exhibit a greater wear volume since there is a greater
surface area for relative friction. Our results showed
that the optimized attachments were prone to wear. A
possible explanation for this might be that optimized
attachments have active surfaces that can exert precise
biomechanical forces on teeth [28, 29]. One intriguing
finding of this study was that females were observed to
have a greater volume of attachment wear than males.
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Fig. 3 Comparison of wear between three types of commonly used attachments. The wear volume (A), the ratio of wear volume (B),
and the average wear depth (C) are shown throughout the follow-up period. * indicates P < 0.05; ** indicates P<0.01; *** indicates P < 0.001

According to McGrath et al. [30], females are more likely
to perceive oral health as improving their quality of life,
mood, appearance, and general well-being. Several stud-
ies have reported that females are more prone to experi-
encing oral impacts than males [31, 32]. Based on these
findings, we speculated that female patients may exhibit
greater frequency, duration, and care of brushing during
orthodontic treatment, along with a higher frequency of
aligner removal, resulting in a greater volume of attach-
ment wear.

According to color maps generated from 3D devia-
tion analyses, the corners of the gingival edges were the
region of deepest wear of 3-mm rectangular attachments.
It is possible that the reason for this is that aligners were
first dislocated from the gingival side, causing the gingi-
val edges of attachments to be subjected to greater fric-
tion. The wear regions of the two optimized attachments
were primarily located on the surface edge ridges, pos-
sibly as a result of the presence of active surfaces. This
study revealed that after 4 months of orthodontic treat-
ment, the 3-mm rectangular attachments exhibited a sig-
nificantly greater wear volume and smaller wear volume
ratio than the optimized root control attachments. The
regression model results suggested that the wear vol-
ume was more strongly affected by the initial attachment

volume than the attachment type. The 3-mm rectangular
attachments had noticeably larger initial volumes than
the optimized root control attachments, which provides
a reasonable explanation for the results. The optimized
root control attachments had a smaller wear volume, but
their relative wear was greater than that of the 3-mm rec-
tangular attachments due to their smaller initial volume.
This indicates the significance of assessing the wear of
optimized root control attachments during the follow-up
monitoring of patients undergoing clear aligner therapy,
as excessive wear may adversely affect the retention of
aligners and the efficiency of tooth movement.

There are some limitations to the current study that
cannot be ignored. Since only one type of compos-
ite resin (Filtek Z350 XT) was used, it is not possible
to generalize the results to all resins. Previous studies
have indicated that aligner materials deliver decreased
forces over time and show signs of aging [33, 34]. In this
study, participants were instructed to change aligners
every 7—14 days. Variations in the duration of wearing
each set of aligners may impact the accuracy of the out-
comes. Moreover, multiple linear regression was utilized
to analyze the potential risk factors for the volume of
attachment wear in this study. However, the sample size
remains insufficient, and a larger sample size will provide
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more accurate results, thus enabling the analysis of addi-
tional potential risk factors. To obtain more accurate
results, the accuracy of the oral scanner and the precision
of the superimposition method need to be improved in
future studies. It may be possible to overcome attach-
ment wear by developing resins with better wear resist-
ance. However, additional research is necessary to fully
investigate this potential solution. Although we examined
the surface wear of attachments, the influence of attach-
ment wear on tooth movement remains unclear. There-
fore, future research on this topic is recommended.

Conclusions
The conclusions of this study can be summarized as
follows:

1. After 8 months of treatment, the median wear vol-
ume and wear volume ratio of the attachments was
0.813 mm? and 13.72%, respectively. As the treatment
time increased, the attachment volume decreased,
while the wear volume and wear volume ratio of the
attachments increased.

2. The wear volume of attachments was not affected
by age, dental malocclusion, vertical skeletal pattern,
anterior overbite, arch, or tooth position. Attach-
ments with larger initial volumes exhibited larger
wear volumes. Moreover, the volume of attachment
wear was greater in females than males and in opti-
mized attachments than in conventional attach-
ments.

3. The wear regions of 3-mm rectangular attachments
progressed from edges to buccal surfaces, with the
deepest wear at the corners of the gingival edges,
while those of optimized rotating and root control
attachments were primarily located on the surface
edge ridges.

4. Four months after orthodontic treatment, the relative
wear of the optimized root control attachments was
greater than that of the 3-mm rectangular attach-
ments. The surface wear of optimized root control
attachments needs to be carefully monitored by cli-
nicians to prevent excessive attachment wear from
affecting the retention of aligners and the efficiency
of tooth movement.

List of abbreviations
3D Three dimensional

CAD-CAM  Computer-aided design and computer-aided manufacturing
FH-MP Frankfort horizontal plane-mandibular plane

STL Stereolithography

RMS Root-mean-square
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SEM Standard error of the mean
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