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Abstract. The rapid growth of the Chinese consumer market has created a
demand for new Chinese fit wearable products. The industry requires accurate
digital data on Chinese head and facial shapes to develop new consumer
products. 3D head models that express the dimension of Chinese head anthro-
pometry are of great importance in various product design processes. Previous
3D statistical models were fitted mostly using dimensional frames made by head
and facial landmarks that cannot adequately demonstrate the complex facial
geometry. This paper proposed a 3D head fitting method for the 5th, 25th, 50th,
75th and 95th percentiles using a progressive scanning algorithm based on dif-
ferential approximation. The high-precision point cloud data obtained were
transformed into mesh models, and the facial details were integrated and
improved by 3D facial feature frameworks and artistic digital sculpting. The 3D
digital models and 3D printing models with different percentiles constructed in
this research can be utilized as design-aided tools for physiological comfort
optimization in wearable products design and other ergonomic evaluation
procedures.
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1 Introduction

Traditional 1D anthropometric data have been the primary source of the information
adopted by ergonomists for the dimensioning of head and facial tools [1, 2]. Features
such as head-breadth, head-length and head-circumference are commonly utilized
during the product lifecycle from product design to ergonomic evaluation procedures
[3–5]. Although these data are easy to understand and use, they only provide univariate
analysis of key dimensions that cannot accurately capture the complex parts of human
face shapes. Therefore, traditional data collection methods cannot fulfill the demand of
current wearable product design that highly emphasizes the importance of the head and
facial structures. For example, the design of virtual reality (VR) headsets requires not
only features such as head-circumference, but also information about the head-shapes
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and complex structures including eyes, noses and ears to perfectly fit the human head
and face to provide better user experiences.

The application of 3D scanning technology in product design has contributed to
creating more user-friendly products, which provide a better fit, satisfaction, and safety
for users. To design a headgear for Australian cyclists, a hair thickness offset method
was introduced to describe the true head shape more accurately [6]. Some researchers
used a machine learning-based method to design customizable 3D respiratory masks
[2]. The sizing system and representative models were generated based on the Civilian
American and European Surface Anthropometry Resource (CAESAR) database to
design various head-products [7–9]. A framework model was applied to the database of
facial motion data for anthropometric measurements related to the design of face masks
[10]. Marketing products depend mostly on the standard of existing Western
human-body datasets (such as CAESAR data), which are the same products used by
Chinese users. However, researchers demonstrated that the Chinese head shapes are
significantly different from those of other races [11–13]. It is widely assumed that some
famous VR products such as the Oculus rift and Google Daydream are not designed for
the Chinese population. The ergonomic designs are not suitable for Chinese heads and
noses, which lead to terrible immersive experiences. Therefore, up to date, accurate and
usable Chinese head and facial data are the key for wearable products designed for the
Chinese market.

The current market demand in China is absolutely huge. The design progress needs
to consider Chinese anthropometric data to make the products more suitable for Chi-
nese consumers. The Chinese national standard of head-and-face dimensions for adults
was first published in 1986, and it was slightly modified in 2009. However, no head
forms were fitted based on these data for product design and testing [14]. Ball et al. [15,
16] created 10 head forms from 2000 subjects in the SizeChina project using 3D
scanned data and principal component analysis to design helmets for Chinese people.
However, these head forms are primarily intended to only describe the head shape. The
low accuracy and resolution of face-shape fitting cannot express the complicated facial
details in designing head-related products, such as masks, goggles, and head-mounted
displays. Zhuang et al. [17, 18] collected 2D dimensions and 3D models on 3000
Chinese civilian workers in 2006. After editing, landmarking, and measurement, 5 head
models were fitted based on the clustering analysis of 350 3D scans, and the differences
between Chinese head shapes in the last 30 years were compared. However, most of
these methods were not aimed to fit a certain template or generic model for anthro-
pometric purposes. The models are comparatively simple, and their accuracy and
resolution were not specified in those studies. In addition, most of these studies were
based on few human scans and did not provide convincing statistical results which
considered Chinese population variations.

The 3D anthropometric data describe the complete shape characteristics of the head
surface but are complicated to interpret due to the abundance of information they
contain. Compared to traditional measurements, fitting heads obtained by scan models
can provide more comprehensive morphological diversity in a target population for
designers. Such fitting heads would facilitate the optimal design of products and
improve the development of related standards and protocols for better ergonomic
evaluations.
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Chinese national standard GB/T 12985-91 [19] stipulates the general rules of using
percentiles of body dimensions for product design progress. The percentile of a specific
dimension means all the dimensional values of that percentile for a certain population
are below that level. In the industrial design process, various products require different
percentiles of human body dimensions as the upper and lower limits. Therefore, to
facilitate Chinese population-oriented wearable products, this research adopted the
dataset of 1900 Chinese head models to extract 33 head and facial feature points for
each model, then built 3D head frameworks from different percentiles of these features.
Furthermore, high-precision 3D head fitting was accomplished for each percentile by a
progressive scanning algorithm integrated with these head frameworks. Finally, artistic
digital sculpting was appropriately performed to create more facial details on each 3D
model for appearance improvement (refer to Fig. 1).

Fig. 1. The system flow of the 3D head fitting method
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2 Methods

2.1 Data Collection

The 3D head dataset adopted in this research was from the anthropometric survey
accomplished by Hunan University in 2017. The major goal of that project was to
construct a scalable, interactive and minable repository of high-resolution Chinese
facial data available to designers and researchers. As such, 1900 male and female adult
subjects between the ages of 18 and 45 were surveyed from 7 representative cities in
China, including Harbin, Beijing, Xi’an, Chengdu, Guangzhou, Hangzhou and
Changsha.

During the survey process, participants filled out a questionnaire that recorded basic
information including age, gender, family background, and the location where they
grew up. Traditional anthropometric measurements were also recorded, which included
height, weight and 3 head measurements. A wig cap was fitted to obtain a better scan
quality of the hair during the 3D scanning. Fourteen selected manually marked land-
marks were directly labeled on each participant’s face to identify the critical bone
structures [15]. Participants were scanned using the Artec EVATM 3D scanner, and
high-resolution data were automatically captured as point cloud data.

2.2 Data Processing

Then, 1900 raw scans were collected during the scanning. The scans required extensive
post-processing before they were suitable for use in the development of design tools.
Each scan data file was processed according to the steps shown in Fig. 2, which
includes (a) data alignment, (b) irrelevant features removal, (c) global registration,
(d) sharp fusion, (e) feature smoothing, and (f) texture mapping.

During the data processing procedure, 30 models were abandoned due to
irreparable damage such as missing textures, unfixable holes, closed eye(s), or a dis-
ordered model. Finally, a total of 1870 head models were adopted for the 3D head
fitting. Given all the 3D head models, S stands for the set of head and facial surfaces,
and HS denotes the set of all points on a specific surface. This gives us HS � S. The
elements in HS can be represented as PSi ¼ XSi; YSi; ZSið Þ i ¼ 1; 2j ; � � � ;NPf g.

Fig. 2. Data processing steps
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Data Alignment. In the 3D scanning process, different scan angles, offsets or rotations
of participants would cause the coordinates to deviate among various models. The
statistical analysis in this research was based on the coordinates of all feature points
extracted from each scan to finish the 3D head and facial fitting. This requires the
feature extraction to be performed within the same space coordinate system where data
alignment was conducted. First, the Frankfurt plane was defined according to the
coordinates of the 3 reference points on each head model, which include the left
tragion, the right tragion and the left infraorbitale (or right infraorbitale). This plane
was denoted as the XOY plane for the coordinate system. The positive direction of the
X axis is set to the direction of the apex nasi, while the positive direction of the Y axis is
set to the same direction of the right tragion. By letting HA represent the set of all points
on the head and facial models, we can get HA � S. After the data alignment, each
element Psi from HS was transformed to PAi ¼ XAi; YAi; ZAið Þ i ¼ 1; 2;j � � � ;NPf g.
Landmark Selection. Landmarking is a common method for data representation
among individual human features. It was necessary for anthropometry experts to mark
anatomical features that required palpation to be located on the invisible skull. To create
consistent head and face models, in this research, 14 anatomical landmarks were
manually marked on each participant’s face before 3D scanning. They are Chin, Gla-
bella, Frontotemporale (left and right), Infraorbital (left and right), Pronasale, Sellion,
Tragion (left and right), Zygofrontale (left and right) and Lat. Zygomatic (left and right).
The selection approach of the landmarks was mainly based on the anthropometric
analysis in [20]. Due to complicated head and facial structures, those anatomical
landmarks could not obtain more detailed data for analyzing the human face. Then, 19
more landmarks indicating identifiable facial features were located and extracted in
Geomagic Wrap 2017. The name and location of the final 33 landmarks for all subjects
are shown in Fig. 3 (No. 2, 3, 4, 6, 7, 8, 9, 10, 21, 22, 23, 24, 29 and 30 are manually
marked landmarks, and the rest are physical landmarks). The feature set can be defined
as HAL, while PAL ¼ XALi; YALi; ZALið Þ i ¼ 1; 2;j � � � ; 33f g denotes all the elements.

Fig. 3. 33 Anatomical landmarks

A 3D Head Model Fitting Method Using Chinese Head Anthropometric Data 207



2.3 Anthropometric Face Frame Construction

Percentile Computing of Feature Points Coordinate. The definition of human head
dimensions requires the locations and distances among all sampling points in space.
Once the coordinate system is unified, the Euclidean distances between each sampling
point to the center of the system can be obtained by d ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

X2 þ Y2 þ Z2
p

. Therefore, the
computing of the percentiles of head dimensions can be transformed into the per-
centiles of the absolute value of feature point coordinates along the X, Y and
Z directions.
For example, given a certain feature point PAL, the p percentile along the X axis can be
computed as follows. First, the absolute values of PAL’s x-coordinates for n scan models
were sorted in ascending order to get the sorted distances Bi ¼ X1;X2; � � � ;Xn½ �. Then,
let l and m represent the integral and decimal parts of the calculation results of n� p,
respectively. Lastly, the p percentile of the feature point PAL along the X axis is
obtained by BAL ¼ 1� mð Þ � Bl�1 þm� Bl.

In the computing process, due to inevitable coordinate deviations caused by data
alignment and feature extraction, the coordinate values along the X and Y axes could be
positive or negative for feature points such as the vertex, glabella, sellion, pronasale,
subnasale, chin, menton, otobasion superius (left and right), tragion (left and right)
and otobasion inferius (left and right) that can be mapped to the Z axis. The means of
the coordinate values for these feature points were taken in this research to balance the
error. Meanwhile, the feature point vertex was computed by percentiles only on the
Z axis because it was the peak of all 33 feature points, and its coordinate errors along
the X and Y axes cannot be ignored.

Face Frame Construction. The 5th, 25th, 50th, 75th and 95th percentiles of the 33
feature points were separately computed, and all the points were marked based on their
spatial locations and connected by lines according to the facial morphology in Rhi-
nocerosTM 5.14 for each percentile. Anthropometric facial frames embodying the
characteristics of all features were constructed for each percentile (refer to Fig. 4).

2.4 Head and Facial Model Fitting

Due to the complexity and irregular nature of human heads, the facial frame can
represent only facial information approximately 33 feature points, which cannot ade-
quately express the surface characteristics. Furthermore, the frame would ignore most
of the details of the frontal, parietal and occipital areas of human heads. In this paper, a
progressive scanning algorithm based on differential approximation was proposed to
subdivide scan models, and the sampling points set was obtained by the percentiles
computed by their coordinates for the 3D head fitting.

Feature Region Division. Wearable product design often requires dimensions from
various regions of the human head (such as the Glabella-Infraorbitale distance) as
references. The height of each region on the face significantly varies thanks to the great
differences among the appearances of 1900 individuals. To account for the facial
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features of every individual, this paper vertically divided the head and face into several
regions and made the 3D fitting based on feature mapping for related regions from all
head models.

Progressive Scanning. According to 4 facial organs (including the forehead, eyes,
nose and mouth) and the common areas for wearable product design, the head and face
were vertically divided into 4 regions by the Z axis coordinates of the vertex, glabella,
Frankfurt plane, subnasale and menton. Then, each region was scanned with the
corresponding layers that were determined according to the demanded accuracy and the
height proportions of different regions in the head. In this paper, each scan model was
divided into 528, 192, 144 and 384 layers separately from top to bottom, which totals
1248 layers, and let Lj; j 2 �528½ ; 720Þ represent all layers on head and facial surface.
Let d1, d2, d3 and d4 represent the furthest distance between each facial region to the
Frankfurt plane on the Z axis. Therefore, each layer’s Z axis coordinate can be denoted
in Eq. (1) and the facial region division was shown in Fig. 5.

Zj ¼
d2 þ d1�d2

528 j� 192ð Þ; 192� j\720
d2
192 j; 0� j\192
� d3

144 j; �144\j\0
�d3 þ d4�d3

384 jþ 144ð Þ; �528� j� � 144

8>>><
>>>:

9>>>=
>>>;

ð1Þ

Contour Sampling. In the progressive scanning process, a closed and continuous
contour was obtained for each layer. We took the intersection between the Z axis with
one specific layer as the center, started from the positive direction of the X axis and
rotated clockwise with an angular increment of P

864 (refer to Fig. 6). For each rotation,
the intersection point between the line and the contour was sampled, and HF denotes
the set of all sampling points on head and facial surface, HF � HS. HFL represents the
intersection point set on Layer L, and the number of the sampling points for each layer

Fig. 4. The anthropometric facial frame of the 95th percentile
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was NFL ¼ P
864 � 1

2P¼ 1728 and elements are PFLi ¼ rFLi; hFLi; Zj
� �

i ¼ 1; 2;j � � � ;�
1728g, the distance rFLi can be denoted as below.

rFLi ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
X2
FLi þ Y2

FLi

p
hFLi ¼ P

864 i

�
ð2Þ

Percentile Computing of Contour Sampling Points. During the contour sampling
for all head scans, the p percentile of the distance rjak was computed for layer j with
angle a. The method is shown as follows. The rjak of n scans were sorted in ascending
order to obtain Cn ¼ rja1; rja2; � � � ; rjan

� �
. Then, let l and m, respectively, represent the

integral and decimal parts of the calculation results of n� p. Therefore, the p percentile
of rjak can be denoted by Ck ¼ 1� mð Þ � Cl�1 þm� Cl. HT represents the point set
obtained by 3D fitting and elements can be written as PT ¼ Xja; Yja;

��
ZjÞ j 2j �528½ ;

720Þ; a 2 ½0; 2PÞg,
where

Fig. 5. Facial feature region division

Fig. 6. Contour sampling process for each scanning layer (20 subjects)
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Xja ¼ CKcos a
Yja ¼ CKsin a

�
ð3Þ

Height Computing of Sampling Layers. The 3D head fitting requires the Z coordi-
nate for each sampling layer that was determined by the division of various feature
regions. Therefore, the Z coordinate for each layer can be computed by dividing the
percentiles of da, a ¼ 1; 2; 3; 4 equally according to the number of the sampling layers.
The dai of n scans were sorted in ascending order to obtain Dn ¼ da1; da2; � � � ; dan½ �.
Then, let l and m, respectively, represent the integral and decimal parts of the calcu-
lation results of n� p. Therefore, the p percentile of dai can be denoted by
Da ¼ 1� mð Þ � Dl�1 þm� Dl. Thus, the p percentiles of the further distance along
the Z axis between each region to the Frankfurt plane can be obtained as D1, D2, D3

and D4. The elements of HT can be written as
PT ¼ Xja; Yja; Zj

� �
j 2j �528½ ; 720Þ; a 2 ½0; 2PÞ� 	

, where

Zj ¼
D2 þ D1�D2

528 j� 192ð Þ; 192� j\720
D2
192 j; 0� j\192
� D3

144 j; �144\j\0
�D3 þ D4�D3

384 jþ 144ð Þ; �528� j� � 144

8>><
>>:

9>>=
>>;

ð4Þ

The whole computing process is shown in Fig. 7.

Head and Facial Model Fitting. Let HT be the point set of the head and facial fitting
results. Thus, the number of its elements is NP ¼ 528þ 720� 1728 ¼ 2156544. The C
++ program based on the 3D head and facial fitting methods was implemented on
Microsoft Visual Studio 2015. It was run in the National Super Computing Center in
Changsha, considering the huge memory consumption of 1900 3D models. Users can
input parameters (including the sample size and scan layers for each feature region, the
sample numbers for each layer and the specific percentiles) to get the fitting result as a
*.txt format file with coordinates of all sampling points. The coordinates of all points

Fig. 7. Height computing process for sampling layers
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were imported into Geomagic Wrap 2017 to get the surface model for each percentile
using the wrap function. The results include fitting models of all sampling points and
the mesh model transformed from them, which are shown in Fig. 8.

2.5 Head and Facial Model Fitting

The sampling point coordinates of the surface model obtained by 3D fitting were in
accordance with the percentile value across all subjects on corresponding positions.
However, the fitting model emphasized the extraction of percentiles for the entire head
and face, which would contain inevitable errors on facial details caused by individual
differences during the feature mapping process. Therefore, adjustments were made to
the fitting model according to the coordinates of 33 feature points from the face frame.
Due to the noise caused by the huge volume of data in the point cloud of the fitting
model, artistic digital sculpting was appropriately performed during the model fusion,

Fig. 8. The result of the 3D fitting models

Fig. 9. Adjustments between the fitting model and the facial frame
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and more facial details were created on each 3D model to improve the appearance. At
last, the ear model was joined with the head fitting model according to the coordinates
of otobasion superius, tragion and otobasion inferius on each side (refer to Fig. 9).

3 Result

This paper presents two types of Chinese head and facial models, the high-resolution
fitting model and the 3D printing reference model. The former can be imported into 3D
modeling software to accomplish dynamic ergonomics analysis and testing, while the
reference model could be utilized for product design references and product fitting
evaluations. 3D Models with different percentiles can be obtained according to specific
design scenarios in the future. All fitting models and 3D printing reference models were
verified with original statistical data to ensure the accuracy and reliability of the data
(refer to Fig. 10).

4 Conclusion

Traditional 3D anthropometric head models were constructed by frames composed of
feature points and straight lines between them, which cannot adequately express the
complicated surface details of human heads and faces. This paper proposed a 3D fitting
algorithm based on progressive scanning for different facial feature regions and contour
sampling on each scanning layer. The fitting meshes were reconstructed on the sam-
pling points through 3D software and integrated with 3D facial frames built by per-
centiles of 33 feature point coordinates to improve the accuracy. Lastly, artistic digital
sculpting was appropriately performed to create more facial details on each 3D model
to improve the appearance.

The 3D head and facial fitting algorithm proposed in this paper is of important
significance in the research on contemporary Chinese head sizes and Chinese
market-oriented wearable product designs (such as smart glasses, VR&AR headsets,

Fig. 10. The final fitting models after digital sculpting
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face masks, etc.). Product designers only need to set the 3D model with the specific
percentiles they require to define the design boundary in the corresponding scenarios. It
does not require professional statistical knowledge or time to analyze mass anthro-
pometric data. In addition, 3D printing models with different percentiles can also be
utilized for the design-aided tools for product comfort analysis and other ergonomics
evaluation. So far, the methods and models proposed in this research have been applied
in several companies for the design of the next generation of wearable devices.

In the future, the algorithm can also be generalized to other anthropometric issues,
and the fitting models can be extended to other body parts to guide the product design
in that area. Furthermore, our algorithm can be modified to support the Chinese head
size research for different age groups, genders and cities.
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