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ABSTRACT 

 

Univariate anthropometric data have long documented a difference in head shape 

proportion between Chinese and Caucasian populations. This difference has made it 

impossible to create eyewear, helmets and facemasks that fit both groups well.  

However, it has been unknown to what extend and precisely how the two populations 

differ from each other in form. In this study, we applied geometric morphometrics to 

dense surface data to quantify and characterize the shape differences using a large 

data set from two recent 3D anthropometric surveys, one in North America and 

Europe, and one in China. The comparison showed the significant variations 

between head shapes of the two groups and results demonstrated that Chinese 

heads were rounder than Caucasian counterparts, with a flatter back and forehead. 

The quantitative measurements and analyses of these shape differences may be 

applied in many fields, including anthropometrics, product design, cranial surgery and 

cranial therapy. 
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1 INTRODUCTION 

 

Knowledge of the form of the human head is essential information for a variety of fields, 

including design, medicine and anthropometrics (Coblentz et al., 1991; Farkas, 1994; 

Kouchi and Mochimaru, 2004; Meunier et al., 2000). The differences in head 

dimensions among various populations have been studied (Lee and Park, 2008; 

Yokota, 2005). It has also been suggested by both popular anecdote and traditional 

univariate anthropometric dimensions (Farkas, 1994) that Chinese and Western head 

are different. This cultural difference has made it impossible to create eyewear, 

protective helmets and hygienic facemasks that fit both groups well, as shown by the 

recent marketing trend advertising "Asian fit" versions of high-end fashion eyeglasses. 

However, it has remained unknown to what extent and in precisely what way the 

Chinese and Western heads differ from each other in 3D shape. 

 

Traditionally, univariate anthropometrical measurements of human body using tape and 

calliper were commonly taken to compare the cultural difference due to its simplicity 

(Farkas, 1994). Later on, digitizer (Liu et al., 1999; Wang et al., 2005) and other 

methods were used to collect 3D landmark coordinates which can be used for statistical 

shape analysis (Bookstein 1991; Badawi-Fayad and Cabanis, 2007; Mutsvangwa and 

Douglas, 2007). However, the information of 1D dimension and sparse 3D landmarks 

could not satisfy the fitting requirements of products (Goonetilleke and Luximon, 2001; 

Meunier et al., 2000). In order to capture more detailed 3D geometry of human body, 

researchers started using CT scan (Chen et al., 2002; Niu et al., 2009) and 
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stereophotogrammetry (Coblentz et al., 1991). Even though these 3D geometries have 

brought new information for anthropometry area, it has been found that the technologies 

could not be applied to a large number of subjects due to the procedure and difficulty of 

data processing. Recently, 3D laser surface imaging technology has allowed digitization 

to record the entire surface of the subjects as a 3D point cloud with high density (Ball 

and Molenbroek, 2008; Goonetilleke and Luximon, 2001; Krauss et al., 2008; Meunier 

et al., 2000; Robinette et al., 2002; Witana et al., 2009). The method for processing the 

huge amount of laser scanning data has become a new challenge for analyses. 

 

Several surface modelling and shape description methods have been applied to 3D 

anthropometric data processing. In theoretical applications, geometric morphometrics 

have been widely used to study shape variations in biological forms in evolution (Collard 

and O’Higgins, 2000), paleoanthropology (Ponce de Leon and Zollikofer, 2001), and 

medical research (Hammond et al. 2004, Hennessy et al. 2007). Kouchi and Tsutsumi 

(1996) studied morphological characteristics of cross-section of 3D foot shape model to 

find out the relation between foot outline medial axis and 3D shape. A 3D face form 

using the free form deformation method was analyzed for spectacle frames design 

(Kouchi and Mochimaru, 2004). In addition, the non-uniform rational Bsplines (NURBS) 

method was applied to reconstruct 3D human heads (Zhang and Molenbroek, 2004). 

Recently, surface parameterization method has been used on 3D human body 

frequently (Allen et al., 2003; Xi et al., 2007; Xi and Shu, 2009). When the data is 

manipulated with the surface parameterization technique, a statistical shape analysis 

comparison can be performed on whole surfaces with dense sample of coordinates. 
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Consistent parameterization (Xi et al., 2007; Xi and Shu, 2009) deformed a generic 

mesh model and fit it onto each human head scan. This method has ensured that all the 

parameterized models are well corresponded in 3D positions where anthropometric 

landmarks locate, and the other parts on the parameterized models are corresponded 

accordingly. As a result, the same vertices denote the same semantic position on each 

parameterized head model. The 3D consistent parameterization thus creates a solid 

basis for latter comparisons, because it represents the individual head shape in all 

directions and local positions consistently. This approach has been shown previously to 

be effective in studying the relationship between human facial dysmorphogenesis and 

cognitive function (Hennessy et al. 2007), 3D human shape variations within a 

population (Xi and Shu, 2009). Based on the theory of the method development, it will 

be appropriate method on statistical comparison of different populations.   

 

Therefore, the main objective of this study is to compare the 3D shape differences 

between Chinese and Western heads using 3D anthropometrical data through various 

methods including parameterization technique, contour and landmarks. The quantitative 

measurements and analyses of these shape differences will help answer practical 

questions in many fields, including anthropometrics, product design, cranial surgery and 

cranial therapy.  

 

2 METHODS 
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In order to compare the head shape differences between Chinese and Western 

population, 3D head shape data was obtained from two recent digital anthropometric 

databases, one representing North American and European Caucasians (CAESAR) and 

the other representing the Chinese (SizeChina). The parameterized models, the 

characteristic contour and the selected landmarks of these two data sets were 

processed and compared statistically.  

 

2.1 Data Acquisition 

 

2.1.1 SizeChina database 

SizeChina was the first high resolution 3D digital anthropometric survey using laser 

scan technology to study the size and shape of the adult Chinese head (Ball and 

Molenbroek, 2008). The project was inspired by the widespread perception that 

headgear designed using Caucasian data was unsuitable for Asian users. Using 

Cyberware 3030 Color 3D scanner (www.cyberware.com), SizeChina documented head 

data from both men and women between the ages of 18 and 70+. The scanner captured 

a cylinder space about 30 cm in height and 40-50 cm in diameter. The sampling pitch or 

scanning resolution of scanner used in SizeChina survey was 1° on theta, 0.7mm on y 

(vertical) and minimum 0.1mm on z (diameter). Scanning was conducted at six different 

mainland sites (Shenyang, Beijing, Lanzhou, Chongqing, Hangzhou, Guangzhou), 

chosen to represent a broad geographical range between north, south, east and west 

recording a total of more than 2000 subjects. No restrictions were placed on the height, 

weight or socio-economic status of volunteer subjects. Data collected from each subject 
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included standard univariate measurements including weight, height and head 

dimensions; high resolution digital photographs of front and side profiles; demographic 

data; and the 3D digital scans.  

 

2.1.2 CAESAR database  

The Civilian American and European Surface Anthropometry Resource (CAESAR) 

(Robinette et al., 2002) offered an extensive 3D digital database recording scan 

measurements of male and female adult civilian subjects aged 18 to 65. CAESAR was 

the first large-scale anthropometric study to record 3D digital scans of body shape in 

addition to traditional univariate measurements and demographic data. Digital scan data 

recorded the geometry of body shape in full 3D space, providing a detailed and 

accurate description of body shape, as well as automatic consistency in data collection. 

The 4,000 individuals surveyed came from three representative NATO (North Atlantic 

Treaty Organization) countries: the United States of America, Canada, the Netherlands, 

and Italy; and were selected to cover a representative range of weight, ethnic origin, 

and socio-economic status. Cyberware WB4 scanner (www.cyberware.com) was used 

in CAESAR survey. The sampling pitch was 1.2mm on x (horizontal), 2mm on y 

(vertical) and 0.5mm on z (depth).    

 

2.1.3 Data set selection 

Original individual scans were selected from both studies: 600 scans from CAESAR and 

600 scans from SizeChina. Only male subjects were selected due to the large noise of 

head scans caused by female’s hair. Since SizeChina survey was conducted at 6 
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locations, 100 high-quality scans from each location were randomly chosen for this 

study. High-quality scan meant that the data did not include a lot of error such as noise, 

missing data and big gap caused by the movement of the head during scanning. 

Selection of CAESAR scans was made by first eliminating all of the subjects who had 

self-identified themselves as belonging to non-Caucasian groups. Of the remaining 

scans, 600 high-quality scans were randomly chosen from different regions to match 

SizeChina sample numerically. The CAESAR 3D head data was extracted from the full 

body scans to general new head-only files to serve as the basis for comparison with 

SizeChina dataset. 

 

2.2 Data parameterization 

 
 
Original head scan data from both studies required parameterization to make their 

results directly comparable. The 3D head data from SizeChina and CAESAR did not 

correspond to each other in terms of the number of data points since two different 

resolutions were used when collecting data. The CAESAR scans offered a lower level of 

data density than did the SizeChina survey.  In both cases, this study made use of initial 

"raw" data scans. The individual "raw" data results from both studies were incomplete 

due to occlusions and lighting conditions that affect laser scanners. Data gaps in both 

sets of scans were typically found around the ears, under the nose, and at the top of the 

head, where "shadowing" had affected the penetration of the laser. 
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To eliminate the effect of the data density and scan gaps a consistent method was used 

to parameterize both sets of scans to the same standard, starting with the raw scan 

data. Using the method of Xi et al. (2007), which improved upon the method originally 

proposed by Allen et al. (2003) the individual raw scans were fitted onto a generic "head 

mesh" model obtained from the computer animation industry. The model had 11213 

vertices in total. Homologous correspondence among the models was achieved by 

using the anthropometric landmarks to guide the surface fitting. The fitting process was 

an iterative optimization, which minimized the distances between the anthropometric 

landmarks on the generic model and those on each scan, minimized the distances 

between the rest vertices and their nearest neighbors on each scan, and ensured 

smoothness on the deformed mesh. Taking on the dimensions of each scan, the head 

mesh model created "watertight" parameterized models for use in analysis.  

 

2.3 Alignment 

 

A Procrustes Alignment was conducted on the 3D head models from both SizeChina 

and CAESAR databases. Due to the computation complexity, it was unrealistic to 

selecting all 11213 vertices for alignment. A test was completed to select the best 

number of vertices for doing the alignment without sacrificing much accuracy. It was 

found that the alignment did not generate a big difference after selecting 50 vertices. 

Therefore, the alignment started with randomly selecting 51 vertices on the generic 

head model, and applied their indices onto each parameterized 3D head model in 

comparison. This calculated the coordinates of a set of 51 vertices for each 
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parameterized head model, and the sets of vertices were in a good correspondence. 

Then the alignment minimized the distances to the corresponding vertices on instant 

meshes, so as to remove the variance in head pose and position.  

 

2.4 Characteristic contour 

 

To study the head shape variation, the upper part of the head at the level of the 

forehead was examined. The well-known Frankfurt Plane or Basic Plane run through 

roughly the center of the head, as defined by the lower points of the bony orbit of the left 

eye socket (infraorbitale), and the upper margin of the auditory meatus or ear canal 

(tragion). A horizontal section of the head taken through the Frankfurt Plane would 

include the upper portion of the face, showing an irregular contour. A Reference Plane, 

which corresponded to the standard Reference Plane of the ASTM F2220-02 Standard 

Specification for Headforms (American Society for Testing and Materials), was taken 

through the corresponding vertex just above the eyebrows and parallel to the Frankfurt 

Plane (Figure 1). The same vertex on the parameterized head model gave the same 

meaning of the Reference Plane on the forehead for every subject. The vertical 

distances from this Reference Plane to Frankfurt Plane are 61.95±3.05 mm (mean ± std) 

with minimum 52.72 mm and maximum 71.51 mm. The horizontal section of the head 

taken through this Reference Plane showed a highly regular contour that was 

characteristic of the head overall, without including the face. Software Polyworks was 

used to cut the section and create a simulated smooth curve for each 3D head using 

IMEdit module. A sampling based on the length of the curve was performed to create an 
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equal number of vertices for each curve. This was achieved by choosing the first point 

to align with the front of the head and evenly sampling 200 points with the same 

distance on the curve. Therefore 201 points, which could be regarded as landmarks on 

the curve, were employed to form a characteristic contour (Figure 2). A Procrustes 

superimposition on the characteristic contour was conducted for further analysis and 

comparison. 

 

Insert figure 1 here 

Insert figure 2 here 

 

 

2.5  3D Landmarks 

 

For further statistical analysis of the shape difference, we selected 50 landmark points 

across the entire head model, including the facial area (Figure 3). The principal of 

landmarks selection was trying to take the anthropometric landmarks on the face and try 

to have other points more evenly distributed on the head as much as possible. The 

numbers of points were decided such that the point set provided a representative 

sample of the points of the model while permitting the statistical tests to remain 

computationally feasible.  

 

Insert figure 3 here 
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2.6 Analysis 

 

Three general types of analyses were undertaken on the three data sets of the 

parameterized models, the characteristic contours, and the selected landmarks. First, 

three-dimensional principal component analyses were performed on the dense 

parameterized models, to determine the principal components of the shape changes. 

Next, the points of the characteristic contours were superimposed by generalized 

Procrustes analysis to determine whether characteristic shape differences existed 

between the groups. Here, the probability of the differences being significant was 

calculated in terms of Goodall (1991)’s F statistics using the Two Group subroutine of 

the Integrated Morphometrics Package (IMP) software 

(www3.canisius.edu/~sheets/morphsoft.html). Finally, Goodall’s F statistics were 

calculated using the selected 3D landmarks. 

 

 

3 RESULTS 

 

The simple statistics and correlation coefficients of the comparison between 600 scans 

from SizeChina and 600 scans from CAESAR are shown in Table 1 to Table 3. The 

ages of all participants were between 17 to 77 years old with 39 years old in average.  

 

Insert Table 1 to 3 here 
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3.1 3D Principal Component Analysis on the parameterized models 

 

Principal Component Analysis (PCA) on the parameterized dense surface data of 

Chinese and Western heads was performed. The number of variables entered into 

Principal Component Analysis depended on the number of vertices in each 3D model. 

In the current comparison, we used a generic model with 11213 points for both 

SizeChina and CAESAR. We arranged the x, y, and z coordinates of each vertex into a 

shape vector; therefore, the dimension of the principal component (PC) was three times 

of the number of vertices. These components were the most significant of the 

mathematical eigen functions that described the shape of the head. The high density 

data cloud was reduced into vectors by means of subspace shape analysis. These new 

vectors were perpendicular to each other and they were sorted in an order of their 

importance in representing variations within the original data set. The percentiles of all 

PCs are plotted in Figure 4 and the eigen values of first 10 PCs are shown in Table 4. 

The first five PCs explained 74.75% shape variations. By traversing along each PC, the 

shape variances could be visualized (Figure 5). Three flatshading models, representing 

the shapes by selecting component weights from − -3σi, to zero, then to 3σi, are 

displayed for each component. Here the σi is squared root of the ith eigen value. In non-

mathematical terms, the first PC (PC1) could be roughly described as affecting the 

approximate overall size or volume of the head. PC2 corresponded roughly to the 

overall height of the head. PC3 affected the relative proportion of the face to head, as 

well as the height of the cranium alone. PC4 was roughly the depth of the head from 
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front to back. PC5 was related to jaw area and shape of the cranium. In this common 

PCA space, we mapped the mean Western head and Chinese head onto PCs to 

calculate their coordinates in the space. By doing an interpolation (and extrapolation) 

between the two coordinates and doing reconstructions on 3D head mesh, a series of 

3D head shapes were created for visualizing the shape differences. Figure 6 

demonstrates that the head shape changes from Chinese (round shape) to Caucasian 

(Oval shape). 

 

Insert Figure 4 here 

Insert Figure 5 here 

Insert Figure 6 here 

Insert Table 4 here 

 

3.2 Procrustes Analysis on the characteristic contours 

 

A Procrustes superimposition of the 201 points on the characteristic contours from each 

of Chinese and Caucasian was performed to align all the points (Figure 7), 

demonstrating the existence of a difference. In general, the Caucasian head is more 

oval than the Chinese head. To establish the probability of the difference being chance, 

Goodall’s F test was performed with results of F value (264.24) and p < 0.0001, which 

showed that the chance that the two populations were the same was extremely low. The 

high level of difference was further confirmed by the results of the Canonical Variate 

Analysis (CVA) shown in Figure 8. The CVA could simplify the difference descriptions 
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among groups (Zelditch et al., 2004). It started with a PCA of within-group variances 

and created a new coordinate system in which the groups of variables were redefined. 

A rescaling on the coordinate system was done in proportion to within-group variances 

in the original space. A new direction was calculated in which groups of data tended to 

be farthest by performing a PCA on the group centroids. The axis produced by this 

computation was called Canonical Variates (CVs).  

Procrustes superimposition calculated the mean contours of Chinese and Caucasian 

heads. Since the two mean contours were corresponded, a vector representing the 

distance between two corresponding vertex could be calculated and labeled. The vector 

plot in Figure 9 illustrates the shape differences between two groups at each of the 201 

points. The mean contour of Chinese is drawn as the basic contour, and the vectors 

labeled on the points represent distance vectors which correspond to the points on the 

mean contour of Caucasian. We found that the contours can be represented with a 

simple model that consisted of an ellipse at the back of the head and a circle in the 

front. Figure 10 shows this model fitted to the mean shapes of the two populations. In 

this fitting, each contour could be represented by three coefficients: radius of the circle, 

long (A) and short (B) radius of the ellipse. By plotting each contour into a new 

coordinate space, Figure 11 displays the difference between the two groups and the 

variation inside each group with the radius of front circle against the ratio of the long and 

short radius of the ellipse (A/B). This confirmed the anecdotal observations and 

traditional univariate anthropometric dimensions (NASA, 1978) of the head shape 

differences. 

 
Insert Figure 7 here 
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Insert Figure 8 here 

Insert Figure 9 here 

Insert Figure 10 here 

Insert Figure 11 here 

 
 
 

3.3 Geometric morphometric analysis on 3D landmarks 

 

In a final comparison of the differences between the two populations, we performed 

geometric morphometric analysis using the 50 selected 3D landmarks. Analysis of 

three-dimensional configurations of landmarks was performed within the same 

theoretical framework as analysis of two-dimensional configurations (Zelditch et al., 

2004). The software "Simple3D" in the IMP package was used to take raw data of 

landmarks, perform Procrustes superimposition, compute centroid size, and perform 

Goodall's F-test for significant differences between two groups. Goodall’s F test (F = 

186.24, p < 0.0001) indicates that the two populations are different. The permutation 

version (with 1600 permutations) of Goodall’s F test resulted in the same F value.  

 

4 DISCUSSION 

 

Formal research into univariate anthropometric differences between different ethnic 

populations is long overdue. New technology has brought a complete new area for 3D 

anthropometry studies. High resolution laser scanning system provides massive and 
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accurate 3D surface information which enables more detailed 3D comparisons than 

univariate measures typically including only head length, width and circumference. 

Through data parameterization from 3D head scans obtained from the two recent 

anthropometric surveys CAESAR and SizeChina, we were able to compare the two 

populations using 3D parameterized head model, characteristic contour and 3D 

landmarks in this study. Statistical comparisons of the 3D scan data confirmed that 

there was a significant morphological difference between the shape of the Caucasian 

head and the shape of the Chinese head. This difference was revealed through 

Procrustian and Goodall's F analysis of data from the two surveys, as illustrated with 

visual schematics and scatter graphs. The results were consistent with univariate 

measures in the literature (Farkas, 1994). However, the measures from this study were 

slightly larger than traditional univariate measures. The differences might be caused by 

non-contact measure (the laser scanning technology) and contact measure (traditional 

caliper). More attention will need to be paid in product design process when using the 

measures from different techniques. 

 

The findings of this study explain why headgear designed using Caucasian 

anthropological head shape data has never been able to enjoy success in Asian 

markets. With access to SizeChina data, Western designers can now begin to meet the 

needs of Asian clients in head related products for the first time. The 3D standard head 

form for Chinese should be used in order to achieve better performance and satisfaction 

especially for the products such as helmets which requires small tolerance and high 

performance.  
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Further understanding of head shape differences between populations will require a 

concerted multi-disciplinary effort, offering insight into both practical and theoretical 

areas. In combination with genetics, evidence of physical differences may help to trace 

the origin of different ethnic groups. Combined with anthropology, shape data can offer 

insight into whether head differences relate to social customs or environmental factors.  

 

5 CONCLUSION 

 

Head shape is an important anthropometric variable, relevant to the fields of biology, 

medicine and design. Using a large digital data set taken from two recent 3D 

anthropometric surveys (SizeChina and CAESAR), we show significant statistical 

variations between head shapes of Chinese and Caucasians. We applied geometric 

morphometrics to the dense surface data to quantify and characterize the shape 

differences. The comparison shows that Chinese heads can be generally characterized 

as rounder than their Western counterparts, with a flatter back and forehead. The 

findings of this study show that head related products such as headgear designed using 

Western anthropological head shape is not appropriate for the Chinese head. Designers 

and manufactures have to understand more the disparity and build new standards for 

different populations in order to achieve better fitting and performance.  
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