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ABSTRACT Orthodontic clear aligners, along with their attachments, are used for the corrective alignment
of teeth during orthodontic treatment. Although the clear aligner technique has gained widespread popularity
due to its aesthetic quality, studies that examine and map the measurement of forces applied to clear
aligner attachments are lacking. This investigation describes the topographical visualisation of the force
in clear aligner attachments. We describe a method using Prescale R pressure Im and an image processing
technique to obtain the topographical visualisation of a clear aligner’s distributed force on the attachment in
an in-vitro study using resin models. The variation of colour density due to the distributed force is calibrated
with a force gauge for validation. The image processing technique is demonstrated through the histogram-
based K-means clustering method with 3D visualisation of the distributed force. This method involves
pressure Im calibration, followed by sample preparation and image processing analysis. The proposed
topographical pressure mapping system illustrates the distributed force on the clear aligner attachment
as the force applied is directly proportional to intensit. For active aligners, the mean force ranged from
6.2 6.3 N, and for passive aligners, the mean force ranged from 4.8 4.9 N. Therefore, the net force exerted
on asingle clear aligner attachment in a resin model for this study was 1.3 1.4 N. The preliminary ndings of
this work can be developed further to be a reference in future clinical orthodontic clear aligner and attachment
research.

INDEX TERMS Image colour analysis, image processing, orthodontic clear aligner, force measurement.

I. INTRODUCTION Malocclusion is de ned as the misalignment of the teeth
Clear orthodontic aligners and their attachments are used of the upper and lower dental arches. Orthodontics aims to
to adjust tooth alignment during orthodontic treatment. correct malocclusions using orthodontic appliances are used.
Clear aligners, alternatives to xed appliances to treat mal-

The associate editor coordinating the review of this manuscript and occlusions, are gaining widespread popularity. Patients have
approving it for publication was Abdullah Iliyasu . indicated their preference for clear aligners over conventional
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xed appliances is due to aesthetics [1], [2]. Less pain was
also reported [3]. Furthermore, clear aligners are the chosen
therapy for adults at risk for periodontitis and gingivitis [4].
Additionally, clear aligners rarely cause emergencies, yield-
ing less chairside time, which is a great advantage for clin-
icians [3]. In the next sub-sections, we discuss on the clear
aligners, method force measurement using image processing
method or electronic methods.

A. CLEAR ALIGNERS

Clear aligner therapy has been shown to be more challeng-
ing than xed appliances to address extrusive movements,
rotations of rounded teeth and the buccolingual inclina-
tion of anterior teeth [3], [5], [6]. In addition, limitations
exist with clear aligners when treating intrusion and severe
overbites [7]. The systematic review by Rossini et al. also
included studies of attachments to increase the accuracy
and predictability of tooth derotations in clear aligner ther-
apy. The forces and pressures exerted upon a tooth have
been widely researched to understand the levels required for
orthodontic tooth movement. The toot’s supporting struc-
tures, such as the alveolar bone and periodontal ligaments,
are subjected to these forces as well [5], [8]. Hence, the
exerted forces and pressures should be within normal limits
to minimise any iatrogenic damage to the teeth. Therefore,
measurements of the distributed forces exerted by the clear
aligners onto the attachments on the teeth are useful, and the
toot’s movements, such as rotational and de-rotational shifts,
can be better understood. This procedure achieves the desired
tooth movement per the corrective protocol prescribed by the
orthodontist, yielding minimal damage to the teeth.

B. FORCE MEASUREMENT IN ORTHODONTICS USING
PRESCALE FILM

The Fuji Im Prescale R products have been widely used
in occlusion, bite force recording, temporomandibular joints,
and orthodontic [9] [12]. Jalalpour et al. [13] concluded
that thecontact pressure could be measured by the thermal
contact resistance, whereby a high torque produces a dark
stain concentration.

Barbagallo et al. proposed a similar pressure Im approach
to measure the force on removable thermoplastic appliances
(RTA) [14] using Pressurex R Im. They studied patients
with palatally displaced rst premolars treated with a series
of four active appliances for eight weeks. The forces exerted
by a clear aligner onto the rst premola’s palatal surface
were quanti ed using digital imaging and spectrophotometry
analyses. The image stains of the pressure sample were taken
using AnalySIS Soft Image System software, employing
spectrophotometry to calculate the colour intensity threshold.
A calibration curve showed that the known pressure applied
was directly proportional to concentration based on the spec-
trophotometry analysis. However, the ndings were limited
to force measurement observations as no topographical map-
ping of force was provided.
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A recent study by Cervinara et al. [12] used Fuji-

Im PrescaleR on an upper right incisor, using three-
dimensional (3D) printed resin casts to identify and quantify
high-pressure areas from a clear aligner. However, the models
required that a thin layer was removed to accommodate the

Im, likely affecting the accuracy of the results. This study
applied Fuji Im FPD-8010E analysis software. The analysis
system scans the prescale Im, digitising and storing the
scanned results of the images [12]. The output of the analysis
was presented as a at two-dimensional (2D) image of pres-
sure mapping that visualised the teet’s appearance with colour
levels of stain. This method was also limited to determining
the pressure level without 3D visualised mapping.

C. IMAGE PROCESSING OF PRESCALE FILM

An important aspect of prescale Im analysis is the image
processing technique used to scan and identify the Im’s
colour brightness. Image processing through computer vision
has been widely implemented in various applications, espe-
cially in the medical imaging eld. The image segmenta-
tion technique is used for the detection of abnormal tissue,
such as from a brain tumour, with magnetic resonance imag-
ing (MRI) [15] [17] and for the identi cation of leukaemia
cells [18].

Image segmentation is crucial in image processing to
extract and analyse the region of interest (ROI). This tech-
nique can be performed on a grayscale image through
monochrome image segmentation or colour image through
colour image segmentation [19], [20]. Real-time applica-
tion of monochrome image segmentation has been pro-
posed using the watershed algorithm. [21]. However, colour
image segmentation provides more information on the inten-
sity of a pixel than a grayscale image represented by a
histogram [22], [23].

Generally, colour image segmentation involves three pri-
mary colours in the “‘colour space’, namely red, green and
blue (RGB). There are several well-known colour spaces
besides RGB, namely HSV and Lab [24]. HSV colour space
represents the hue, saturation, and value of the image. In the
Lab colour space,‘L’ indicates luminance or brightness,‘a’
indicates the amount of green or red, and ‘b’ indicates the
amount of blue or yellow in the image [23], [25], [26].

Colour image segmentation can be used as a measurement
tool through clustering, spatial clustering and schemes of
split-and-merge [27]. Clustering is an unsupervised learning
method in machine learning, widely studied in computer
vision [28] [30]. In this approach, the image features are
learned from unlabelled data [31], [32]. The most com-
monly used clustering method is the K-means clustering
method [15], [20], [33], [34], which is a clustering algorithm
developed in the 1950s and named by James MacQueen
in 1967 [35]. Research on‘K-mean’ clustering method was
reviewed by Yuan and Yang in 2019 to select the k-value
method [36]. This algorithm nds the image features by
grouping the image pixels and locating various features from
an existing object, form or colour in the image.
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D. ELECTRONIC FORCE SENSORS

Apart from using prescale Ims, other methods have been
proposed to measure forces in orthodontic treatment, such
as the use of exi-force electronic sensors [12], [37] [39].
Although some authors have demonstrated the attempt to
quantify the force [37], [40] [42], the visualisation of the
mechanical force is a challenge due to the small form factor
of the attachment. Extensive studies have been conducted
to simulate the moment and torque using the nite ele-
ment technique and numerical methods [12], [43] [46]. The
attachments also proved bene cial when intraoral elastics
were used, optimising aligner tand minimising uncontrolled
intrusion [47]. Uniform compression areas along the root
surfaces were also observed with the presence of composite
attachments [48].

In another study that measured forces in orthodontic treat-
ment, a modular force-torque device was developed, which
was used in several follow-up studies [49] [51]. This device
was complemented by a goniometer that helped simulate
the tipping sequence. In addition, a sensor measuring the
force components was xed in the device. A three-point
bending recovery system was also used to measure the clear
aligner material’s resilience quanti ed as force and energy
generated [52]. This method was preceded by a study that
used a small force sensor embedded on the studied tooth
to measure forces [53], which affected the properties of the
contact surfaces.

From the literature, the use of electronic sensors to measure
the localised force is possible. However, an electronic sensor
will only provide a localised force measurement that requires
electronic signal conditioning. Therefore, this method is not
practical for orthodontic applications since clear aligners
apply pressure in several areas to allow tooth movement.
In addition, this method cannot determine the distributed
force mapping because of the form factor of the sensitive
area.

Based on the review of these methods, we propose the
use of prescale Im to obtain an accurate distributed force
measurement in an orthodontic resin model. The proposed
method integrates the following technical contributions. First,
this method can produce a contour-based topographical force
mapping that is useful for force evaluation by orthodontists.
Second, based on the image processing technique, we can
determine the exact force value at a critical point on the
aligner to predict the rotational or lateral movement of the
tooth. Third, other aligner companies have conducted predic-
tive topographical mapping to visualise the forces, showing
how the aligners and their attachments operate. Having a
more accurate method would prove technically and commer-
cially bene cial. Fourth, this method will be a bene cial tool
in exploring research involving clear aligners via topograph-
ical mapping. This study aims to perform a topographical
force mapping and determine the range of forces involved in
the two attachment types in clear aligners in the lab setting.
This study proposes the K-means clustering algorithm in
combination with applying the prescale Im from Fuji Im
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to visualise the force mapping exerted by the aligner onto the
attachments.

Il. METHODOLOGY

This study was approved by the Research Ethics Committee
of the Universiti Kebangsaan Malaysia (UKM) (Reference
Number JEP-2021-410). We obtained the clear aligners and
resin models from the WhiteSmile Clear LaboratoryServices,
Visivest Sdn Bhd (07-51 Berjaya Times Square, 1 Jalan
Imbi, 55100 Kuala Lumpur Malaysia). The aligners were
made of Tristar material which is the latest generation of
multilaminate materials. It is formulated by combining dif-
ferent layers of thermoplastic polyurethanes, thermoplastic
elastomers, and polyethylene terephthalate glycol (PETG).
This combination achieves a high elastic limit, low*creep and

ow’, and low force decay throughout the application.

The resin model was created using a scan of an anonymous
patient. Most of the teeth in the resin model were removed
before applying the aligners to record the pressure speci ¢
to the attachments. This procedure minimises interferences
in clear aligner therapy, where complex interactions can
occur between other teeth and aligners. By reducing interfer-
ences, the pressures exerted over a single tooth can be better
quanti ed.

In this study, passive and active clear aligners were tested.
Passive aligners are not used in the real clinical scenario since
they do not have any sculpting on the attachments that will
produce an additional force from the aligner. The passive
aligner was chosen such that initial passive forces upon seat-
ing of the aligner can be measured against an active aligner
with active orthodontic attachments. The difference of forces
yields the absolute force from the aligner attachments. Three
passive aligners of rectangular and ellipsoidal attachments for
both active and passive were used to measure the forces. The
sculpting of the resin models to produce the active aligners is
shown in Fig. 1.

During the thermo-press process, the sculpted area of the
resin model with 30 wm in-depth causes the active aligner
to be suctioned into the dimpled area. This process creates
an increased thickness, therefore producing an additional
force from the aligner to rotate the tooth in question. When
the active aligner is placed onto the original non-sculpted
attachment on the resin model, it will apply a localised force
onto the attachment. For this study, we only focused on the
sculpted area of the attachment, which is the area of interest.

Fuji Im pressure-sensitive Im was utilised in this experi-
ment, composed of two Imtypes: A- ImandC- Im.A- Im
is a coated base of colour-forming material that consists of
microcapsules, while the C- Im is a coated base of colour-
developing material [38], [54]. The coated sides of the two

Ims need to be placed facing each other before the force
is applied to generate a pink stain. A pink stain forms when
the microcapsules burst from the reaction between the colour-
forming and the colour-developing materials [55]. In this
study, the A-and C- Ims were attached and inserted between
the clear aligner and the 3D resin teeth model. As the pressure
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sculpt verfically on the lingual side

(a) Ellipsoidal attachment

sculpt vertically on the
lingual side close to distal
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(b) Rectangular attachment

FIGURE 1. Sculpted area of an active aligner that will move the tooth of
a) ellipsoidal attachment and b) rectangular attachment.

Im was inserted, a stain developed from pressure in the area.
Therefore, the pressure presented by the stain was measured
by the calibration method described in the following section.

A. CALIBRATION OF PRESCALE FILM AND FORCE
MEASUREMENT

The experimental design involved the apparatus preparation,
thedetermination of force magnitude, force implementation,
and the analysis of pressure Im using the image processing
approach. In addition, the intra-correlation coef cient (ICC)
was used to assess intra- and inter-rater reliability.

1) FORCE GAUGE CALIBRATION KIT

Fig. 2 shows the setup of the steel stand with a force gauge
(Sauter FH 10UK Force Gauge) attached. The force gauge
has a resolution of 0.005 N and a maximum force of 10 N. The
wheel located at the top of the stand controls the force gauge
height. When the wheel is rotated, the force gauge moves
down or up. This movement then applies a speci ¢ force
value onto the pressure Im. The embedded electronic sensor
measures the applied force at the end of the force gauge.
With this method, the force applied to the active and passive
attachment for ellipsoidal and rectangular aligners could be
measured. The calibration curve has a linear relationship
between the number of red pixels and the pressure applied,
meaning a higher applied pressure causes more bubbles to
burst. Hence, the pixel value increases.
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Steel
stand

FIGURE 2. Steel stand and force gauge for force calibration kit.

2) THE MAGNITUDE OF FORCE MEASUREMENT
This experiment was conducted using a ‘super low pressure’
Im type indicated by the LLW code. The ‘L’ indicates low
pressure, and the ‘W’ indicates the presence two Im sheets.
The LLW pressure Im is sensitive, whereby the maximum
force that can be applied is 10 N. A total of ve force
readings were selected for this experimental setup. For the
calibration, the magnitudes of force applied to the Im were
2.125, 4.325, 6.114, 8.080 and 9.600 N, as measured by the
force gauge. The purpose of this calibration is to establish a
relationship between the calibrated forces and the resultant
stains on pressure Im. This procedure is needed for the
baseline measurement of the force exerted by the clear aligner
and the ellipsoidal attachment for the active and passive cases.

B. IMAGE PROCESSING APPROACH

This sub-section explains the proposed setup to perform force
mapping by analysing the sample image through an image
processing approach, including pre-processing, clustering,
colour segmentation, the elimination of illumination, colour
space conversion for ROI intensity and 3D topographical
mapping, as depicted in Fig. 3.

1) DATA SAMPLE ACQUISITIO

Fig. 3 shows the setup for the image acquisition technique
used to analyse the prescale Im. An image sample of the
resin model of the tooth with the placement of the clear
aligner was captured using a high-resolution Sony micro-lens
DSC-QX10 camera. The resin model and the camera were
placed in a mini studio box with a controlled brightness from
the LED array. The camera was wirelessly connected to an
Android smartphone via a near eld communication (NFC)
connection. The three points of view for image acquisition
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/ Input raw image sample /

!

Image pre-processing:
e Crop of magnified ROI
e Image conversion from RGB to Lab colour space

!

Image clustering using K-means

!

Statement
K=3

Condition
(mask 3)

Condition
(mask 2)

Condition T
(mask 1)

Yes

Mask 1

Mask 2

Mask 3

Image colour segmentation

|

Colour space conversion for ROl intensity

|

3D topographical mapping

End

FIGURE 3. Block diagram of image processing approach.

setup are the plan, front and side views. In addition, the force
indicator’s image was captured from the same views as the
image sample of the clear aligner attachment. The micro-
lens Sony camera setting was controlled with a smartphone
using the Imaging Edge Mobile app. In addition, the white-
balance and auto-focus settings were engaged when capturing
the image.

2) PRE-PROCESSING IMAGE PROCESS

The pre-processingimage process requires cropping the
image sample according to the ROI, where the red-stained
region is desired to remove the unwanted background so that
the algorithm would focus on the foreground. As a result,
a cropped image typically has some loss in image resolution.
However, the‘Initial Magni catio’ parameter was adopted to
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(c) Front view

FIGURE 4. Image sample acquisition.

maintain the image resolution, as the image was magni ed to
aspeci c region from the input image.

The cropped ROI image of the pinkish stain is in RGB
colour space. Various colour space conversions can identify
and visualise speci ¢ colours, such as RGB, HSV and Lab,
as illustrated in Fig 5. In our case, Lab colour space was more
appropriate for the colour space conversion to perform the
clustering method.

3) K-MEANS IMAGE CLUSTERING AND SEGMENTATION

The Lab colour space is a three-axis colour system that con-
tains dimensions ‘L’ that indicates lightness, while ‘a’ and
‘b’ indicate colour dimensions. All colours in the spectrum
are included within the ‘a” and ‘b’ colour spaces. Using
the K-means clustering method, this colour space lters the
image with a clustered index based on different colour inten-
sities. Each object has a location in space. The K-means
clustering method nds and partitions such objects within
each cluster as close as possible and as far as possible from
objects in other clusters using the objective function J, as
in (1).

k n i 2
JD Zle ZiDl Hxi(” i H @)
where k indicates the number of clusters, n indicates the
number of cases and the term Hxi(” Cj H represents distance
function.

The ROI was selected using colour image segmentation
through image RGB conversion to Lab colour space using
the K-means clustering method, as illustrated in Fig. 3. Three
initial ‘K’ values were used in the K-means clustering pro-
cess. The clustering was performed to identify the objects
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FIGURE 5. Image sample acquisition.

or regions inside the image sample. Given three conditions
(three clusters), the user must identify and select the fore-
ground mask (exact ROI). The selected mask was converted
into a binary version to extract the image noise through the
‘L’ space since the ROl is in the Lab colour space. Never-
theless, no background subtraction with a speci ¢ method
is involved in this conversion. A binary version rescales the
image into black (0) and white (256) pixels by default using
Otsu’s threshold method using (2). Otsu’s method chooses
the threshold value by an intraclass variance of the black and
white pixels [56].

0, iIff(x,y) <T

1, iff (x,y) T @

gx,y)D
where x and y represent a grey value, T represents a threshold
value, g(x,y) is the threshold image, and f(x,y) is the input
image.

4) COLOUR SPACE CONVERSION FOR ROI INTENSITY

Next, to index the intensity colour, the nal output of
the segmented mask was reverted into the original colour
space, which is RGB, as indicated in Fig. 3. The segmented
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ROI image input data matrices were converted to an intensity
image. However, to illustrate an image mapping, the image’s
colour in the RGB channel needed to be assigned to the HSV
colour space conversion using (3). HSV was chosen because
of the high clarity of pixel intensity in the saturation channel.

G! B
(MAX MIN) .
- 72 ifR D MAX

), ifG) D MAX 3)

R @&
(4C—MAX MIN) o0
-2 ifB® D MAX

B' R
H D <2C—MAX MIN

6
MAX MIN
SD ———
MAX
V D MAX

The MAX and MIN indicate the R'G'B triplet, which are
the conditional statements for maximum and minimum red,
green, and blue values, respectively. The RGB values ranging
from 0 to 255 are converted to HSV. Unlike the RGB, HSV
values range in different perspectives. The ‘Hue’ component
represents a variety of colours from 0 to 360 degrees. The
‘Saturation” component illustrates the intensity of a colour
ranging from 0 to 1. Lastly, the “Value’ component describes
the brightness of a colour.

Here, the image intensity level could be visualised accord-
ing to the colour range. Hence, a 2D topographical map of the
intensity level could be created.

5) INTENSITY TO FORCE MEASUREMEN

Based on the force calibration, the intensity level could then
be converted into a force. The relationship was evaluated by
the histogram and the calibration curve of the force versus
red pixels. Red pixels are the colour of prescale, representing
the force region. Hence, the outcome of the relationship
would determine the proportions between intensity and force
measurement.

6) 3-D TOPOGRAPHICAL MAPPING

The distributed height of the image surface was visualised
by implementing a MATLAB function called mesh. The
mesh function creates a 3D surface plot, a grid gure in
the xy plane de ned by the mesh of X and Y. The Z-axis
represents the imag’s colour level (intensity) displayed by
the surface height derived from the ‘Saturation’ channel of
the HSV colour space. Based on the calibration of prescale
measurements, the graph relationship between the pixel level
and the force applied was generated from the intensity of
the segmented image. Hence, the force could be determined
from the indexed intensity colour level. Therefore, the force’s
magnitude is shown on the Z-axis of the 3D topographical
based on the relationship between intensity level and force
indicator reading obtained from the calibration curve.
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In the 3D map, the image is assigned by sets (active
and passive for both rectangular and ellipsoidal). A three-
column matrix of RGB triplets speci es a custom colourmap
where each row indicates one component colour red, green
and blue. From the saturation channel intensity, the indexed
coloured ROI that ranges from 0 to 1 indicates the force in
Newtons. Finally, the force is distributed based on a gen-
eralised extreme value (GEV). The GEV consists of three
parameters  k (shape), sigma (o-scale) and (w-location).
This distribution represents a measurement or observation to
evaluate the mean value of the force absent using (4):

1 N
uD N ZiDl Ai. @)

where symbol represents the population mean, and the N is
the total number of exact values of the force. Meanwhile, the
symbol 3" indicates the sum of all population scores (force
value), and A represents a force value.

I11. RESULTS AND DISCUSSION

The intraclass correlation coef cient (ICC) for the intra- and
inter-rater reliability for force measurements wasabove 0.95,
which suggests very good reliability. In this experimental
work, the proposed force measurement system was analysed
using the image processing approaches. The following anal-
ysis focused on the calibration of the absolute force mea-
surement on the sample of ve applied forces. The same
procedure was applied to the clear aligner and the 3D model
teeth with active and passive attachment based on this force
calibration measurement.

A. FORCE INDICATOR BARS COLOUR CLUSTERING AND
SEGMENTATION
Using the ‘“Initial Magni catio’ parameter, each force indica-
tor reading in Fig. 6 was cropped according to the ROI. This
gure was obtained during the calibration setup. This param-
eter prevents quality loss after cropping, as the cropped image
was displayed by magnifying the initial image. Fig. 7(a)
shows the cropped image of ve force indicators taken with
the same setting as the clear aligner photos. Here, each indi-
cator is cropped separately for clarity. The cropped force
indicators depict the increasing stain-coloured areas from low
to high forces as measured based on the burst of the pressure

Im bubbles.

As we implement k-means using Lab colour space, three
masks (conditions) were assigned in an image sample con-
sisting of two backgrounds and one foreground, as illustrated
in Fig. 6 (b). Fig 7 shows a sample of three clusters from
the ROl method described previously, where the subjected
ROI (foreground) is labelled in the white mask, cluster 3.
By user input, the subjected ROI was selected.

Generally, the selected ROI was in the RGB colour space,
which was converted into the HSV colour space. This conver-
sation was chosen because of the advantage of the saturation
channel in HSV colour space that can illustrate the radiation
of colour intensity, as shown in Fig. 9. The saturation channel
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FIGURE 6. Sample of a force indicator.

(@) (b)

FIGURE 7. Cropped (a) and clustered index (b) of ROl image for five force
indicators, 2, 4, 6, 8 and 9 N (from left to right).

FIGURE 8. A sample of a) cluster index, (b) cluster 1 represent
background 1, (c) cluster 2 represent background 2, and (d) cluster 3
represent foreground.

produces a pure red, green or blue pixel [57], and the colour of
this stain is mostly red. The colour intensities of high forces
(8 to 9 N) have high brightness in almost all areas. Mean-
while, low forces of 2 to 6 N depict low brightness and only
cover a relatively small exposure area. Based on the obser-
vation of each force indicator sample, we can conclude that
high and low forces produce bright and dim colour intensities,
respectively.

B. 2D MAPPING OF FORCE INDICATOR
The indexing of colours was performed for each force indica-
tor to visualise the level of colour intensity. The colour index
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FIGURE 9. Radiation of colour intensity on saturation of HSV colour space
for 2, 4, 6, 8, and 9 N (from left to right).

(@) (b)

©) (d)

©

FIGURE 10. 2D topography map to show intensity levels.

is scaled from 0 to 1.0, as depicted in the 2D topographical
map in Fig. 10. The high force is shown as having a larger,
red-coloured area (Fig. 10(e)), which signi es a higher colour
intensity compared to the low force (Fig. 10(a)). The colour
intensity level shows a similar visual representation to the
initial cluster index images but differs in brightness. This
difference is due to the larger forces covering more areas
with higher colour intensity, indicating high pressure. A range
value of intensity level was scaled by a colour map array
called the ‘jet’ code to differentiate the intensity levels.
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FIGURE 11. Histogram of the merge force indicator.
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FIGURE 12. Calibration curve-based force versus the average number of
red pixels.

C. INTENSITY TO FORCE MEASUREMENT

The statistical differences between the low and high forces
were measured based on the saturation channel from HSV,
which represents the intensity colour level. The statistical
comparison was presented using a histogram of intensity
versus bin count, as shown in Fig. 11. The histogram demon-
strates that the intensity variation is directly proportional to
the force applied (intensity / force applied). The bin count
has a maximum peak at a certain intensity, represented by the
magnitude of the force. In addition, the calibration curve of
the force versus the number of pixels can be plotted, as shown
in Fig. 12.

D. IMPLEMENTATION OF A CALIBRATED FORCE
MEASUREMENT TOOL TO CLEAR ALIGNER
AND 3D TEETH MODEL
The intensity level determined from the histogram is directly
proportional to the estimated force applied between the clear
aligner and the teeth model. Therefore, a 3D topographical
image was mapped with the saturation channel from the HSV
colour space that implements the estimation of intensity and
force. This process illustrates the level of force that was
applied.

Next, the rectangular and ellipsoidal clear aligners were
analysed using a similar image processing method with the
force indicator. Figs. 13 (a) to (d) show the cropped and
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FIGURE 13. (a) Cropped and segmented image of rectangular active and
passive attachment and (b) cropped and segmented image of ellipsoidal
active and passive attachment.

segmented images of the rectangular and ellipsoidal attach-
ments. The cropped image focuses on the sculpted part of
the attachment, where the forces should differ between active
and passive attachments. The application of the distributed
force over speci c areas of the tooth is then quanti ed using
the image processing technique. This analysis allows the
visualisation of the distributed force.

The 3D topographical map is obtained from the segmented
image by plotting the forces in MATLAB. Figs. 14(a) to (d)
show the two samples of rectangular attachments with active
and passive aligners, respectively. The gures illustrate the
force distribution exerted by the aligners onto the attachment
surface. For the active rectangular attachment in Figs. 14(a)
and (c), the force ranges from 5 10 N, localised around
the middle of the sculpted area. In contrast, the forces in
the passive rectangular attachment are signi cantly lower,
as shown in Figs. 14 (b) and (d). The central region has a
small force (less than 3 N). Around this region, the force is
absent and therefore not mapped, which is expected as the
passive aligner is not sculpted for any force exertion.
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FIGURE 14. 3D maps of rectangular (a) active and (b) passive attachment
(Sample 1); 3D maps of rectangular (c) active and (d) passive attachment
(Sample 2).

, I Ative ellipsoidal Foe Passnue ellipsnidal sy

; ¢

FIGURE 15. 3D maps of ellipsoidal (a) active and (b) passive attachment
(Sample 1); 3D maps of ellipsoidal (c) active and (d) passive attachment
(Sample 2).

Similarly, for the ellipsoidal attachment case in
Figs. 15 (a) to (d), the active attachment shows the peak
force at the sculpted area around the centre region. The same
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FIGURE 16. Sample of force distribution of (a) rectangular and
(b) ellipsoidal attachment.

TABLE 1. A summary of the statistical parameter of force distribution.

Range of Standard

Type No. of

Shape of peak force  deviation, Me_an,
aligner sample (xlo) c
1 5.224-7.514 1.145 6.369
Active 2 5.308-7.567 1.129 6.438
L 3 5.005-7.417 1.206 6.211
Ellipsoidal I 24586283 1913 4370
Passive 2 3.450-6.401 1.476 4.925
3 4.162-6.693 1.265 5.427
1 4.615-7.033 1.209 5.824
Active 2 5.394-7.470 1.038 6.432
Rectangular 3 4.858-7.701 1.422 6.279
Passive 1 3.432-6.734 1.651 5.083
2 3.079-5.806 1.364 4.442
3 3.278-6.719 1.721 4.998

trend occurs for the passive aligner, but the intensity and
distribution area is less, as expected. The force histogram is
plotted in Fig. 15 to visualise the force composition.

Figs. 16(a) and (b) show the histogram plot and its
corresponding best- t probability density function curve.
The best- t curve was chosen using MATLAB based on
the statistics toolbox. The most suitable probability den-
sity function was determined to be the GEV distribution.
The statistical parameters, such as mean, variance and stan-
dard variation, were obtained from the MATLAB toolbox.
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TABLE 2. Average mean of force different types of aligners.

Shape . Average of Average difference
Aligner i . .
mean, Xqp, (Active—passive)
L Active 6.179
Ellipsoidal Passive 4841 1.338
Active 6.340
Rectangular Passive 4908 1.432

Table 1 summarises the statistical parameter of force distri-
bution for all 12 samples. The range of the peak force was
calculated by taking the difference in mean force value from
one standard deviation. The equation is shown in (5).

Range of peak force DX o (5)

where ¥ is the mean and o is the standard deviation. Three
similar samples were analysed for each category to achieve
consistency and repeatability of the force measurements on
the aligners. For example, the peak force of the active aligner
ranges from 4.6 7.7 N. In contrast, the peak force of the
passive aligners ranges from 2. 6.7 N.

Table 2 summarises the mean for the different types of
aligners, indicating that the mean for active aligners is consis-
tently higher than that for the passive aligners. The average of
mean value for each case is obtained by averaging the mean
value in Table 1. This result shows that the active aligners
produced higher localised forces on the attachments.

IV. CONCLUSION

The level of force on the active attachment is higher than that
on the passive attachment because the active attachment is
supposed to direct force from the aligner to move the tooth in
the desired direction. The results are consistent with this the-
ory. The rectangular and ellipsoid buccal attachments deliv-
ered similar forces to the tooth. Both forces were lower than
those delivered by a rectangular attachment on the palatal
region of the tooth in other studies [58]. The attachment
shape has little effect on bodily tooth movement [59]. Our
results aligned, as the force distribution over rectangular and
ellipsoid composite attachments were similar.

Our study demonstrated the mapping of the force distri-
bution of the buccal rectangular and ellipsoid attachments,
both active and passive. The composite attachment produces
a moment to counteract the unfavourable inclination pro-
duced by aligners, which eventually produces a favourable
tooth movement [48]. In our study, we measured the hor-
izontal (seating pressure) and the vertical components of
pressure [10]. The seating pressure is then eliminated by sub-
tracting the value obtained from the passive aligner. There-
fore, the average net force from the attachment exerted was
1.3 1.4 N. This result is comparable to values measured
by Cervinara et al. [12], another in-vitro study using resin
models and pressure Ims, but without the additional images
of topographical mapping obtained in our study.

One of our study’s limitations was that the experiment was
conducted in-vitro, where the presence of alveolar bones and
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the periodontal ligament was not simulated. Their presence
might alter the net force delivered to the teeth, owing to
the viscoelastic properties of the periodontal ligament that
distribute force into the bone. In in-vitro studies, the main
challenge is simulating the force in humans [51]. In  xed-
appliance treatment for rotation movements, the theory of
net force by Prof t is roughly 0.5 N [60]. In this lab study,
since a resin model was used, the teeth did not move with
the attachment without the periodontal ligament. There-
fore, the range of forces was expected to be considerably
higher (1.3 1.4 N). This observation is similar to other resin
model studies, which recorded higher and similar-ranged
forces [12]. The study also focuses on the force exerted on
a single attachment rather than on the whole tooth or whole
arch. Therefore, the results should be interpreted for the
attachment only. A future extensive study that is in-vivo in
nature is warranted. However, this preliminary nding can
lead to the effective exploration of topographical mapping in
the clinical setting.

The proposed topographical pressure mapping system
clearly visualised the distributed force on the clear aligner
attachment. For active attachments, the mean force ranges
from 6.2 6.3 N. In contrast, for the passive aligners, the mean
force ranges from 4.8 4.9 N. Therefore, the average net force
from the attachment exerted was 1.3 1.4 N. The preliminary
results obtained in our study showed how the actual topo-
graphical mapping of forces could be obtained. Despite the
implementation of image colour space conversion has been
done more than once, the integrity and reliability of the image
are preserved and not affected. This method will be a valuable
tool in the clinical, research, and commercial eld. In terms
of clinical, mor comprehensive studies could compare the

ndings to the theory of orthodontic tooth movement. This
technique can also be a reference method to identify the opti-
mum force for tooth movement in treatment using aligners.
It also allows practitioners and patients to understand better
how the attachments on aligners work and why they need to
be in a speci ¢ location on the teeth. A patient would appre-
ciate visual data rather than just descriptive data. In terms of
research, there have been many types of research focusing on
orthodontic appliances and how they are associated with pain,
where in general clear aligners are found to be less painful in
terms of patient-reported outcomes. Having the actual forces
measured would quantify data on their association with pain.
Commercially, this unique method could be used in many
other aligner companies to allow for evaluation and quality
purposes. Furthermore, the preliminary nding of this work
could be developed further to be used as a reference in future
clinical orthodontic clear aligner and attachment research.
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