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Background: Three-dimensional (3D) imaging is a powerful tool for the analysis of soft tissue morphology. 
3D photogrammetry outperforms conventional photogrammetric methods and gains popularity among 
plastic surgeons. However, commercial 3D imaging systems bundled with analytical software are costly. This 
study intends to introduce and validate an automatic, low-cost, and user-friendly 3D facial scanner.
Methods: An automatic and low-cost 3D facial scanning system was developed. The system consisted of 
a 3D facial scanner running automatically on a sliding track and a 3D data processing tool. Fifteen human 
subjects underwent 3D facial imaging by the novel scanner. Eighteen anthropometric parameters were 
measured on the 3D virtual models and compared with caliper measurements (the gold standard). Further, 
the novel 3D scanner was compared to the commonly used commercial 3D facial scanner Vectra H1. Heat 
map analysis was used to evaluate the deviation between the 3D models obtained by the two imaging systems.
Results: The 3D photogrammetric results were highly correlated with the direct measurement results 
(P<0.001). The mean absolute differences (MADs) were less than 2 mm. Bland-Altman analysis indicated 
that, for 17 of the 18 parameters, the largest differences within the 95% limits of agreement margin were 
within the 2.0 mm clinical acceptance. Heat map analysis showed the average distance between the 3D 
virtual models was 0.15 mm, with a root mean square of 0.71 mm.
Conclusions: The novel 3D facial scanning system is proven to be highly reliable. It provides a good 
alternative to commercial 3D facial scanners. 
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Introduction

Three-dimensional (3D) facial imaging has been widely 
accepted as a powerful tool for surgeons to obtain information 
on facial soft-tissue morphology. Anthropometric analysis 
based on 3D imaging outperforms direct measurement 
and two-dimensional (2D) photogrammetry in many ways  
(1-3). The capturing process only takes seconds, and the 
system generates a high-resolution and fully textured 3D 
facial image shortly after. The 3D image can be stored and 
exported in multiple formats. It supports linear, angular, 
surface area, and volumetric measurements. 

There are many commercial 3D scanners in the 
market. They can be categorized as nonportable devices 
like 3dMDface system (3dMD Inc., Atlanta, GA, USA) 
and Vectra XT (Canfield Scientific, Inc., Parsippany, NJ, 
USA) and handheld devices like Vectra H1/H2 (Canfield 
Scientific, Inc.) and Artec Eva (Luxembourg). All of the 
above 3D scanners have been validated to be accurate 
and reliable in different clinical scenarios (4-6). However, 
commercial 3D scanners are constantly questioned for their 
cost-to-benefit ratio (7). Nonportable 3D scanners are too 
costly for private practitioners, and a handheld 3D camera 
can cost more than $15,000 in Asian countries. Though 
some companies provide a lower price option for fewer 
functions in the analysis module, the high price still impedes 
many clinicians from getting access to advanced technology.

To address this problem, attempts have been made to 
develop low-cost 3D scanners. One good solution is to 
develop a smartphone-based 3D facial scanning system. 
Mai et al. reviewed studies that developed and validated 
mobile device-compatible 3D scanners and concluded 
that their accuracy was clinically acceptable though not as 
good as professional scanning systems (8). Further study 
demonstrated a third-party iPhone application (ScandyPro, 
New Orleans, LA, USA) could be accurate to within  
0.5 mm when compared to Vectra H1 (9). The software 
was free to download, and unlimited exportations within  
1 week, 1 month, and 1 year were $1.99, $5.99, and $49.99, 
respectively. Other studies applied smartphone-based 3D 
imaging systems in scanning external ears (10,11) and 
palatal defect models (12).

In this study, we introduce an automatic, low-cost, and 
nonportable 3D facial imaging system and validate its 
accuracy and reliability for clinical use. 

Methods

Study population

This study was designed to enroll 15 participants (8 
males and 7 females). There were no specific criteria for 
enrollment. The study was conducted in accordance with 
the Declaration of Helsinki (as revised in 2013). The 
Institutional Review Board of Peking Union Medical 
College Hospital provided written ethical approval for this 
study (No. I-22PJ676). All volunteers signed the informed 
consent and agreed on their images and anthropometric 
data to be used for analysis.

3D imaging using the novel 3D facial imaging system and 
Vectra H1 handheld camera

Cristom-F is a novel nonportable 3D facial scanner based 
on phase-shifting fringe analysis. The scanner mainly 
consists of three camera lenses (A, B, and C), light-emitting 
diodes, and a power supply (Figure 1). When the white 
structured light is projected onto an object, the fringe 
patterns get distorted by the uneven surface. The deformed 
fringe patterns can be captured and demodulated to achieve 
a 3D digital reconstruction of an object. Camera lens 
A and C capture point cloud data to provide geometric 
information, and camera lens B collects color and texture. 
Scanning is performed three times from the frontal view, 
the left oblique view, and the right oblique view. The 
scanner is installed on a sliding track and driven by a motor 
(Figure 2). The capturing process is automated and takes less 
than 20 seconds (watch the video, Video S1). A complete 
set of 3D point cloud data is obtained at each scan and 
processed to create a 3D mesh (13). The entire scanning 
process eventually generates three 3D meshes (Figure 3A). 
A step called global adjustment is performed in the specially 
designed software (RECAM 3D imaging system) to fuse the 
three meshes into one according to the surface curvature 
(Figure 3B) (14). Finally, color and texture are integrated 
into the 3D mesh to complete a 3D image (Figure 3C). 
The whole process is automated and does not require any 
manipulation from the operator. When scanning a number 
of participants at a time, Cristom-F can outperform many 
other commercial devices for it saves much time and effort. 

Facial scanning was done in an outpatient consulting 
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room. All participants wear a surgical cap to wrap their 
hair and fully exposed their faces with no make-up or 
jewelry. Calibration was necessary before scanning the first 
participant. All participants were asked to keep in neutral 
head position and try not to move during the scanning. 
One clinician supervised the scanning process without any 
manipulation. 

All 15 participants were scanned again to obtain another 
set of 3D images using the handheld Vectra H1 3D camera 
in the same environment.

Direct measurement as the gold standard

A digital caliper was used to perform direct measurement 
as the gold standard. Nineteen landmarks, as defined by 
Farkas (15), were manually located onto each 3D image 
(Figure S1). To describe the horizontal (X-axis direction), 
vertical (Y-axis), and sagittal scale (Z-axis) of a 3D image, 
this study selected 18 anthropometric parameters defined 

by the landmarks (Table 1). There were seven horizontal 
parameters including ocular width, intercanthal width, 
and biocular width in the upper 1/3 face, midface width 
and nose width in the middle 1/3 face, and philtrum and 
mouth width in the lower 1/3 face. There were six vertical 
parameters including forehead height in the upper 1/3 face, 
nose height, nose bright length and morphological face 
height in the middle 1/3 face, and mouth height and lower 
face height in the lower 1/3 face. Finally, there were five 
facial depth parameters including upper facial third depth 
and orbito-tragial depth in the upper 1/3 face, maxillary 
depth in the middle 1/3 face, and labio-tragial depth and 
lower face depth in the lower 1/3 face. The measurement of 
the 18 parameters was manually taken using a digital caliper.

Evaluation of the 3D images generated by the novel 
imaging system

One author (Y.C.) measured the aforementioned parameters 
on 3D models generated by the Cristom-F 3D facial 
scanner in Geomagic Wrap 2017 (Geomagic, Inc., Research 
Triangle Park, NC, USA). The results were compared to 
the gold standard (results from the caliper measurement) to 
evaluate the validity of the novel device. 

The same author took a second measurement of all 
the parameters 1 week apart. The first and the second 
measurement were compared to perform the intra-observer 
reproducibility test. Another author (Z.L.) measured the 
parameters on 3D models once again separately. The 
measurement of two different researchers was compared to 
perform the inter-observer reproducibility test.

Virtual models generated by the two 3D imaging systems 
were compared. All 3D images were trimmed appropriately 
to remove unnecessary parts. Two 3D images of the same 

Figure 1 The appearance and the internal structure of the Cristom-F facial imaging system. (A) The scanner is about 30 cm long, 16 cm 
wide, and 10 cm tall. (B) The scanner consists of three camera lenses, a white structured light emitter, and a power supply. The manufacturer 
authorizes the use of this figure.

Figure 2 The novel 3D facial scanner is installed on a sliding track 
and driven by a motor to move automatically. The imaging process 
takes less than 20 seconds. Please also see the Video S1.

Camera lens BCamera lens A

A B
Power supply & 
USB splitter Camera lens C

White structured light emitter
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participant were aligned using the best-fit algorithm in the 
software. Deviation analysis was performed to detect the 
average distance between the two 3D images.

Statistical analysis

The accuracy of the Cristom-F 3D facial scanner was evaluated 
by comparing the 3D photogrammetric results to the gold 
standard. Mean absolute difference (MAD) and relative error 
measurement (REM) were used to describe the difference. 
Further, The Pearson’s product moment correlation coefficient 
(PPMCC) was used to test for consistency.

For bias, Bland-Altman analysis was performed to test 
for the agreement of the measuring results given by the 
two 3D imaging systems. Before the analysis, Shapiro-Wilk 
test was performed to confirm the normal distribution, and 
Levene Statistic was performed to confirm the homogeneity 
of variance. 

Intra- and inter-observer Reproducibility was evaluated 
by calculating the intraclass correlation coefficient (ICC). 
ICC higher than 0.75 suggested good reproducibility.

Statistical analysis was performed using SPSS 23.0 (IBM, 
New York, USA). The level of statistical significance was set 
at 0.0028 (0.05/18) after Bonferroni correction.

Figure 3 The image processing procedures. (A) Scanning is performed three times for each participant. Each scanning generates one 3D 
mesh. (B) Global adjustment is performed in the specially designed software to fuse the three meshes into one according to the surface 
curvature. (C) Color and texture are integrated into the 3D mesh to complete a 3D image.

Table 1 Anthropometric parameters design

Area Horizontal parameter Vertical parameter Facial depth parameter

Upper one-third face Orbital width (en-ex) Forehead height (tr-n) Upper facial third depth (t-n)

Intercanthal width (en-en) Orbito-tragial depth (t-ex)

Biocular width (ex-ex)

Middle one-third face Midface width (t-t) Nose height (n-sn) Maxillary depth (t-sn)

Nose width (al-al) Nose bridge length (n-prn)

Morphological face height (n-gn)

Lower one-third face Philtrum width (cph-cph) Mouth height (ls-li) Labio-tragial depth (t-ch)

Mouth width (ch-ch) Lower face height (sn-gn) Lower face depth (t-gn)

en, the point at the inner commissure of the eye fissure; ex, the point at the outer commissure of the eye fissure; tr, the midline point at the 
hairline; n, the most posterior midline point at the nasofrontal region; t, the notch at the superior margin of each tragus; al, the most lateral 
point on each alar contour; sn, the midline point at the junction of the nasal septum and the upper lip; prn, the most prominent point at 
the nasal tip; gn, the most inferior midline point on the chin; cph, the point on each elevated margin of the philtrum; ls, the midline point 
representing the mucocutaneous vermilion border of the upper lip; li, the midline point representing the mucocutaneous vermilion border 
of the lower lip; ch, the point located on each lateral oral commissure. 

A B C
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Results

The 3D photogrammetric results were highly correlated 
with the direct measurement results, as the Pearson’s 
product-moment correlation coefficient (r) was higher 
than 0.95 (P<0.001) for all 18 anthropometric parameters  
(Table 2). The MADs were less than 2 mm, and the REMs 
were no larger than 3.5%. 

The bias between the 3D photogrammetric results 
and the direct measurement results was shown by the 
Bland-Altman plots. In the upper one-third face, for each 
parameter, 93% (14/15) of the differences were within the 
95% limits of agreement margin, and the largest difference 
within the 95% limits of agreement (shown in black dot) 

was less than the clinical acceptance of 2 mm (Figure 4). 
In the middle one-third face, for each parameter, all the 
differences were within the 95% limits of agreement 
margin. For nose width, nose height, nose bridge length, 
morphological face height, and maxillary depth, the largest 
difference within the 95% limits of agreement (shown in 
black dot) was less than 2 mm (Figure 5). In the lower one-
third face, for philtrum width, all the differences were 
within the 95% limits of agreement margin; for mouth 
width, mouth height, lower face height, and lower face 
depth, 93% (14/15) of the differences were within the 
95% limits of agreement margin; for labio-tragial depth, 
86.7% (13/15) of the differences were within the 95% 
limits of agreement margin. For each parameter, the largest 

Table 2 The accuracy analysis of 3D virtual models obtained by Cristom-F facial scanning system

Parameter
Caliper Cristom-F

MAD REM PPMCC
Mean SD Mean SD

Upper one-third face

Ocular width 28.56 1.60 28.28 1.63 0.43 1.5% 0.962 

Intercanthal width 36.56 2.37 36.76 2.70 0.54 1.5% 0.972 

Biocular width 93.68 4.94 93.33 4.89 0.47 0.5% 0.995 

Forehead height 68.32 8.23 68.31 8.26 0.62 1.0% 0.995 

Upper facial third depth 119.30 7.38 118.79 7.63 0.78 0.7% 0.992 

Orbito-tragial depth 83.01 4.83 82.42 5.26 1.16 1.4% 0.969 

Middle one-third face

Midface width 150.34 8.58 151.76 9.16 1.42 0.9% 0.993 

Nose width 39.13 3.04 39.67 2.87 0.74 1.9% 0.971 

Nose height 50.76 4.56 51.28 4.80 0.67 1.3% 0.990 

Nose bridge length 45.76 5.61 45.98 5.54 0.71 1.6% 0.989 

Morphological face height 116.86 8.24 117.20 8.20 0.71 0.6% 0.995 

Maxillary depth 126.44 7.48 126.24 7.80 0.86 0.7% 0.988 

Lower one-third face

Philtrum width 11.99 2.13 12.05 2.23 0.33 2.7% 0.986 

Mouth width 49.95 3.33 50.16 3.80 0.75 1.5% 0.961 

Mouth height 17.37 2.18 16.99 2.17 0.60 3.5% 0.963 

Lower face height 66.10 4.79 65.91 4.42 0.67 1.0% 0.986 

Labio-tragial depth 112.72 7.43 113.12 8.15 1.16 1.0% 0.979 

Lower face depth 146.22 9.77 147.05 10.71 1.39 0.9% 0.978 

Mean, SD, and MAD are expressed in millimeters. SD, standard deviation; MAD, mean absolute difference; REM, relative error 
measurement; PPMCC, Pearson’s product-moment correlation coefficient. 
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Figure 4 Bland-Altman analysis of parameters on the upper one-third face. SD, standard deviation; en, the point at the inner commissure 
of the eye fissure; ex, the point at the outer commissure of the eye fissure; tr, the midline point at the hairline; n, the most posterior midline 
point at the nasofrontal region; t, the notch at the superior margin of each tragus.

Figure 5 Bland-Altman analysis of parameters on the middle one-third face. SD, standard deviation; t, the notch at the superior margin of 
each tragus; al, the most lateral point on each alar contour; n, the most posterior midline point at the nasofrontal region; sn, the midline 
point at the junction of the nasal septum and the upper lip; prn, the most prominent point at the nasal tip; gn, the most inferior midline 
point on the chin.
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difference within the 95% limits of agreement margin 
(shown in black dot) was less than 2 mm (Figure 6).

The ICC values of the intra- and inter-observer 
reliability tests were all higher than 0.8 (Table 3), indicating 
good reproducibility of measurement on 3D models 
obtained by the Cristom-F facial imaging system.

Further, deviation analysis was performed to detect the 
average distance between the 3D images obtained by the 
novel system and by the Vectra H1. The results were shown 
in the heat map (Figure 7). The mean distance of all 3D 
model pairs was 0.15±0.87 mm. 

Discussion

This study introduced and validated an automatic, low-
cost, and user-friendly 3D facial imaging system. After 
rigid comparison with the gold standard and Vectra H1 3D 
camera, the system was proved to be accurate and reliable 
for clinical use.

In recent years, 3D imaging has been intensively used 
in plastic and reconstructive surgery. It generates 3D facial 
models which enable surgeons to perform presurgical 
simulation and postoperative evaluation quantitatively 

(16-20). The main advantages of 3D imaging and 3D 
photogrammetry include quick capture, good precision, 
low requirements for the participants, and allowing for 
advanced morphological analysis. The common 3D facial 
imaging devices are already good enough to fulfill most 
clinical demands, but there is room for improvement.

Commercial 3D facial scanners are costly. In mainland 
China, one handheld Vectra H2 3D camera bundled with 
Vectra Analysis Module usually costs more than $15,000. 
Nonportable 3D cameras such as 3dMDface and Vectra XT 
are more expensive. The high price is the main cause many 
institutions do not use 3D imaging technology in their 
clinical practice. Few multi-centered studies use 3D imaging 
as the evaluation tool. Though there are inexpensive 
and easy-to-use 3D scanners such as Structure Sensor 
(Occipital, San Francisco, USA), most of them are not 
specially designed to do facial scanning and the precision of 
the 3D models does not meet clinical needs. The authors 
have invented a 3D facial imaging system running in an 
Apple IOS environment (21). It enables patients to do 3D 
facial scanning on their own so that a remote follow-up 
can become a reality. However, the system is not without 
limitations. Some patients have trouble with the scanning 

Figure 6 Bland-Altman analysis of parameters on the lower one-third face. SD, standard deviation; cph, the point on each elevated margin 
of the philtrum; ch, the point located on each lateral oral commissure; ls, the midline point representing the mucocutaneous vermilion 
border of the upper lip; li, the midline point representing the mucocutaneous vermilion border of the lower lip; sn, the midline point at the 
junction of the nasal septum and the upper lip; prn, the most prominent point at the nasal tip; gn, the most inferior midline point on the 
chin; t, the notch at the superior margin of each tragus.
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process, though in the presence of an instructional video, 
leading to unsuccessful scanning or low-quality 3D images. 
Additionally, it must work on iPhone X/iPad Pro (2nd 
generation) or higher. Patients without the required devices 
are currently unable to do 3D scanning by themselves. In 
short, the system is a good alternative for remote follow-up 
but may not be the first choice in the consulting room.

Another drawback of the commonly used commercial 
portable 3D facial scanners is that the capturing process 
highly relies on human operation. The camera should be 
positioned properly to generate qualified images. This 
requires standardized training and experience. Beginners 
are prone to make mistakes like holding the camera at the 
wrong level or forgetting to turn on the ranging light. 

Therefore, this study introduces an automatic, low-

cost, and highly accurate 3D facial scanner for clinical 
use. The scanner underwent a rigid test for its accuracy. 
When comparing 3D photogrammetric results with the 
gold standard, the authors adopted 18 anthropometric 
parameters to evaluate the scanner’s accuracy. In the upper 
one-third face, the MADs of the six parameters were all less 
than 1.2 mm; in the middle one-third face, the MADs of 
the six parameters were less than 1.5 mm; in the lower one-
third face, the MADs of all the six parameters were less than 
1.4 mm. Bland-Altman analysis indicated good consistency 
between the two methods. For the 17 parameters except 
for midface width, the largest differences within the 95% 
limits of agreement margin were within the 2.0 mm clinical 
acceptance. 

Midface width, defined as the horizontal distance 

Table 3 The reproducibility analysis of 3D virtual models obtained by Cristom-F facial imaging system

Parameter
The ICC values (95% CI) of  
intra-observer reliability test

The ICC values (95% CI) of  
inter-observer reliability test

Upper one-third face

Ocular width 0.997 (0.970–1.000) 0.983 (0.846–0.998)

Intercanthal width 0.995 (0.957–1.000) 0.996 (0.961–1.000)

Biocular width 0.996 (0.963–1.000) 0.973 (0.768–0.997)

Forehead height 0.995 (0.954–0.999) 0.962 (0.676–0.996)

Upper facial third depth 0.996 (0.960–1.000) 0.963 (0.683–0.996)

Orbito-tragial depth 0.962 (0.680–0.996) 0.921 (0.403–0.992)

Middle one-third face

Midface width 0.999 (0.992–1.000) 0.997 (0.976–1.000)

Nose width 0.992 (0.930–0.999) 0.995 (0.951–0.999)

Nose height 0.993 (0.937–0.999) 0.959 (0.657–0.996)

Nose bridge length 0.992 (0.931–0.999) 0.968 (0.725–0.997)

Morphological face height 0.990 (0.915–0.999) 0.959 (0.669–0.996)

Maxillary depth 0.993 (0.931–0.999) 0.961 (0.680–0.996)

Lower one-third face

Philtrum width 0.961 (0.702–0.996) 0.939 (0.528–0.993)

Mouth width 0.919 (0.475–0.991) 0.933 (0.473–0.993)

Mouth height 0.923 (0.441–0.992) 0.875 (0.245–0.986)

Lower face height 0.993 (0.936–0.999) 0.945 (0.623–0.994)

Labio-tragial depth 0.989 (0.899–0.999) 0.971 (0.756–0.997)

Lower face depth 0.996 (0.964–1.000) 0.992 (0.928–0.999)

ICC, intraclass correlation coefficient; CI, confidence intervals. 
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between the two tragi, is the least accurate parameter. 
It may result from the slight distortion of the ears. 3D 
imaging is seldom used in the anthropometric analysis of 
the auricle, as the edge of the 3D virtual model is subjected 
to distortion. 

Many portable 3D devices generate a 3D image by 
stitching three 2D photos from different angles. The 
automatic stitching algorithms work on human faces with 
no facial expression or obvious deformity, which limits 
portable 3D imaging devices from being applied in dynamic 

analysis and facial deformity evaluation. Currently, facial 
dynamic analysis based on 3D images can be achieved via 
four-dimensional imaging technology, which can be simply 
defined as “a time sequence of 3D facial images” (22). 3D 
imaging of faces with severe deformity is usually achieved 
by using nonportable devices like 3dMDface or Vectra 
XT. Both methods require expensive hardcore. Our novel 
device has the potential to provide a cost-effective solution 
by using multiple synchronized cameras positioned at 
different angles to do continuous scanning. Future studies 

Figure 7 Heat map analysis results of 15 pairs of 3D virtual models. The average distance between the 3D virtual models was 0.15 mm. The 
average RMS was 0.71 mm. This image is published with the participants’ consent. D, distance; RMS, root mean square. 

D: 0.08 mm RMS: 0.94 mm

D: 0.19 mm RMS: 0.94 mm D: 0.59 mm RMS: 1.23 mm D: 0.02 mm RMS: 0.50 mm D: 0.01 mm RMS: 0.52 mm D: 0.20 mm RMS: 0.75 mm

D: 0.04 mm RMS: 0.65 mmD: 0.09 mm RMS: 0.35 mmD: 0.27 mm RMS: 1.21 mmD: 0.16 mm RMS: 0.57 mmD: 0.07 mm RMS: 0.39 mm

D: 0.23 mm RMS: 0.65 mm D: 0.03 mm RMS: 0.49 mm D: 0.16 mm RMS: 0.87 mm D: 0.08 mm RMS: 0.55 mm
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will evaluate the availability of using the modified imaging 
system. 

Conclusions

This study introduced and validated a novel, nonportable 
3D facial imaging system. 3D virtual models generated 
by the novel device are highly accurate and reproducible. 
The novel system not only greatly reduces the cost of 3D 
imaging but enables an automatic capturing process without 
manual operation. 
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Supplementary

Figure S1 A figure to demonstrate the anthropometric landmarks 
used in this study. This image is published with the participant’s 
consent. tr, the midline point at the hairline; en, the point at 
the inner commissure of the eye fissure; ex, the point at the 
outer commissure of the eye fissure; t, the notch at the superior 
margin of each tragus; n, the most posterior midline point at the 
nasofrontal region; prn, the most prominent point at the nasal 
tip; sn, the midline point at the junction of the nasal septum and 
the upper lip; al, the most lateral point on each alar contour; cph, 
the point on each elevated margin of the philtrum; ch, the point 
located on each lateral oral commissure; ls, the midline point 
representing the mucocutaneous vermilion border of the upper lip; 
li, the midline point representing the mucocutaneous vermilion 
border of the lower lip; gn, the most inferior midline point on the 
chin; gn, the most inferior midline point on the chin.

Video S1 A video to demonstrate how the 3D scanner moves on 
the sliding track.


