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Abstract 
This work presents an on-going work on a new 

approach to perform craniometric analysis based on 

contactless 3D modelling of skulls. Beside the 

acquisition process with a 3D range sensor and initial 

results in the semi-automatic detection of features in the 

skulls, we also present some results in the development 

of a 3D interactive interface that eases interaction for 

users with little experience on digital 3D manipulation. 

The final objective is to provide an easy to use 3D 

interface to allow semi-automatic detection of features in 

skulls. It is our belief that this system might be the first 

step towards a new methodology for craniometric 

analysis that can solve several of the current problems 

such as repeatability, wide access to skull information or 

bone damage during measurements. 

Keywords: 3D Models, Range acquisition, 

Craniometry, Visualization, Virtual Reality. 

1. Introduction 

Craniometric analysis is the main tool used in 

Anthropology to identify sex, ancestry and variations in 

populations[1]. The diagnosis of these characteristics is 

typically performed using traditional craniometric 

measurements (physically measured in the skulls) [2, 3]. 

These traditional techniques suffer from several 

drawbacks: poor repeatability (intra- and inter-observer), 

impossibility to perform on fragments, inadequacy to 

describe complex shapes and the need for actual contact 

with the skulls that may damage the bones. Two 

examples of traditional measurements are presented in 

Figure 1. In this work a new approach is proposed to 

perform craniometric analysis using a 3D structured light 

scanning system to create a 3D digital model of the 

model and performing the analysis in this digital 3D 

copy instead of manipulating the original skull. This 

methodology presents several advantages: preservation 

of skulls that are very delicate structures and can easily 

be damaged during physical measurements, possibility to 

define new measures that can be hardly measured 

manually (cross section or contour based measures), ease 

of information exchange allowing for skull geometry 

analysis in laboratories all over the world. The approach 

also seems promising from other point of view: 

automation of the process may result in less subjectivity 

and increase repeatability in the measures. Another 

interesting possibility is to virtually combine several 3D 

models of fragments from a skull to perform a 

craniometric analysis based on fragments that is not 

possible with traditional methods. 

 

 

Figure 1: Examples of Craniometric 
measurements 



The intra- and inter-observer variations related to 

craniometric measures is an important problem and 

caution should be used when considering craniometric 

measures[4]. Some preliminary work only used 3D 

digital acquisition of skulls to minimize the variability 

problems using hand-held laser scanners [5-7] but in 

these studies, no real 3D model is obtained and 

processed, instead the 3D sensor manipulated by the 

anthropologist is only used to measure the (x,y,z) 

cartesian coordinates of several feature points, no dense 

model is created. Our approach is to generate a complete 

textured 3D model of the skull where the measurements 

might be done later and automate some of the 

measurements to ease the process and improve 

repeatability. 

2. Skull acquisition 

The acquisition of the 3D models is performed using a 

structured light scanner (Breuckmann Smartscan see 

Figure 2). The acquisition was done by a team that 

includes a 3D acquisition technician and anthropologists 

to ensure that important sections of the skulls are 

acquired and to define a methodology that can be easily 

repeated in the future. The scanner is sensitive to natural 

light so the scans are digitized under controlled light 

conditions. A methodology was refined in order to 

acquire as much detail as possible with as few scans as 

possible. Most of the scans are made from an inferior 

view of the skull, specifically the teeth area. As the 

scanner works in stereo mode there is a limitation on the 

depth of the acquired surface. Proprietary software of the 

sensor was used to register all range images and texture 

images together to provide a complete 3D model of the 

skull under study. Figure 3 shows a skull resulting from 

an acquisition. This model was processed from 21 scans 

with the 3D sensor. The final textured triangular mesh is 

composed of about 1.5 million triangles with an error 

below 30 µm. The expected error depends mainly on 

lighting conditions and characteristics of the surface 

being scanned. 

 

 

Figure 2: Breuckman Scanner used in 
acquisitions 

 

Figure 3: model of an acquired skull (1.5 million 
triangles) 

3. Visualization and interaction 

3.1. Development platform 

The application to visualize, interact and generate 

craniometric measurement from the 3D models is 

developed using C++. Qt was used for the user interface 

and VTK [8] for the 3D visualization and interaction 

with the model. Currently the application runs both on 

Microsoft™ Windows® Operating System and 

GNU/Linux Operating System. The software allows 

opening the 3D model and interacting with it, changing 

the point of view and picking 3D coordinates on the 

model. It also gives the possibility to compute Euclidean 

distance between points selected by users giving the 

possibility for an expert to perform craniometric 

measurements selecting the points of interest. Figure 4 

shows the prototype while visualizing one of the 

acquired skulls. 

 

3.2. Manual selection and Skull alignment 

In order to automatize the process of detecting important 

feature points, it is of important to define an alignment 

for the model that is independent of the user. As it is, the 

acquisition process does not guarantee any given 

orientation of the 3D model, but many of the 3D 

measurements are easier to obtain once the skull is 

orientated according to the specialists’ recommendation. 

Several methods are already documented for aligning 3D 

models (since this is the initial step of many 3D data 

retrieval procedures) based, for example on PCA [9, 10]. 

Other system tries to detect symmetry in models using 

for instance Extended Gaussian Images [11] . However, 

the alignment in craniometry is particularly difficult 

since this is not a typical man-made object and the 

reference planes (Frankfurt and mid-sagittal plane) are 

defined by feature points normally specified by an 



anthropologist. A method to automatically detect 

reference planes is presented in [12], but it requires a 

template skull with known landmarks that we do not 

have at present. 

In the current system, the alignment of the skulls is still 

manual. The expert picks manually a set of feature points 

(five) to define the planes that will be used to orient the 

skull. Based on these points the coordinate system is 

defined and the skull is moved to a new coordinate 

system centred at the geometric centre of the model (as 

shown in Figure 4) using the mid-sagittal plane as YZ 

plane (green blue axes Figure 4) and the Frankfurt plane 

as XY (red blue axes Figure 4), plane XY (red green 

axes) correspond to the occipital. 

 

Figure 4: Skull with axes after manual alignment 
in the application  

3.3. Measurements 

Given the alignment of the skull, it is possible to define 

automatically several craniometric measurements that are 

related to simple geometric definitions. Currently, the 

system provides automatically the following features: 

 Zygion (bilateral): most lateral point of the zygomatic 

arch, on each side. Given the aligned skull Zygia are 

defined as the points with maximum and minimum X 

coordinates, respectively to the right and left points. 

Since the zygomatic arch might not be the largest 

zone of the skull, we only consider the portion of the 

skull with negative Y values; 

 Basion: the point is situated on middle border of the 

anterior margin of the foramen magnum. This feature 

point is defined as the point with minimum Y 

coordinate in the Z axis (considering a threshold of 

±0.01mm in X and ±10mm in Z coordinates); 

 Vertex: highest point of the skull over the sagittal 

suture, the latter being oriented according to the 

Frankfurt. Currently this point is not used to compute 

any measure, but since it is a point of interest, 

craniometric wise, and easy to compute we 

automatically provide it. The point is defined as the 

highest Y coordinate with the Z and X values within 

a threshold of ±0.01mm; 

 Bregma: intersection point between the sagittal suture 

and the coronal suture. The algorithm selects a 

starting point as the coordinate with greater Y value 

on the region of points of X and Z within a ±0.01mm 

threshold. Then, it analyses neighbour points in order 

to find a discontinuity in the Y values, i.e., sudden 

smaller followed by higher Y values with the aim of 

finding the coronal suture. Once the suture region is 

found, the Bregma is selected as point in the region 

with smaller Y coordinate. Given its simplicity this 

measure depends heavily on a correct initial 

alignment since it does not guarantee to find suture 

crossing. We plan to further improve the algorithm to 

avoid such dependence from the alignment. Possible 

ways to improve this detection might use analysis of 

the normal/curvature of the surface or the use of 

texture to detect both sutures and improve robustness 

of the found feature; 

 Opisthocranion: point with minimal z coordinate in 

the rear of the skull. The point is simply defined as 

the minimal Z coordinate value in the Z plane 

(sagittal), with X varying within a 0.01mm threshold. 

The feature points are not the final results since 

anthropologists do not work with absolute coordinates 

but relative coordinates corresponding to distances 

between features. Based on these initial features, the 

system can provide directly the following relevant 

craniometric measurements: 

 Facial width (or Bizygomatic Breath) –

corresponding to the distance between the two Zygia 

points; 

 Height of the skull – distance between the Basion 

and the Bregma points. 

 

 

Figure 5: A view of the skull with two of the 
automatically detected feature points (pink dots, 
Basion in the left-down area and Zygion in the 

right-top area) 

3.4. Additional interaction tools 

It was clear from the beginning that a fully automated 

system would be difficult since several feature points 



correspond to anatomic structures that might be difficult 

to describe easily through an algorithm. However, an 

interactive system where the experts provide a region of 

interest and a set of rules might be a good compromise to 

detect more difficult feature points without the need for 

precise picking and reducing repeatability problems, 

since the fine precision would not be dependent of the 

expert. With this philosophy in mind, we included two 

interaction mechanisms to ease user interaction that we 

will describe next. 

First, the user can specify a neighbourhood by selecting a 

point. The system will automatically compute the 

connected n components of the selected point. For 

example, with n=5 the application will detect and 

analyse the neighbours in 5 levels of shared vertexes. 

This technique is illustrated in Figure 6 to detect the 

Nasion. The user selects a point close to the point of 

interest and the neighbouring region (in green) is 

automatically searched to find the point closest to the YZ 

plane. 

 

Figure 6: Neighbouring techniques used to 
detect Nasion 

In alternative, users can also provide a region of interest 

using a 3D Box Widget to indicate volumes of interest. 

Figure 7 illustrates the use of the technique for the 

detection of the Glabella. The detected feature point is 

represented in blue. The area selected by the user using 

the box widget is represented in red. The position of the 

box widget is initialized in a picked position and can 

then be moved and resized interactively to define the 

area of search for the feature. 

These two methods (neighbour and box widget) are 

available to select any feature point given a simple 

requirement: the point must be the largest or smallest 

coordinate in one of the 3 axes in the given region. The 

area of interest can be updated incrementally until the 

user is satisfied with the resulting detected feature point.  

Using these interaction tools, the user can define two 

additional feature points: 

 Nasion: intersection point between the Frontonasal 

Suture and the Internasal Suture. It corresponds to the 

origin of the nose. The neighbouring methods search 

for the suture, i.e., the point with smallest Z 

coordinate value. 

 Glabella: Point located just above the Frontonasal 

Suture, between the Superciliary Arches. This is the 

most salient point of the front, regarding the occipital 

plane. It may, however, form a depression with the 

Superciliary Arch (a single continuous small 

elevation). In this situation, the method searches for 

the coordinate with highest Z coordinate in the 

region. 

 

 

Figure 7: Use of the Box Widget to specify a 
region of interest around the Glabella 

Given these two additional feature points combined with 

the already defined features, it is possible to compute 

two additional craniometric measures: 

 Maximum length of the skull – corresponding to  

distance between the Glabella and the 

Opisthocranion; 

 Length of the base of the skull – corresponding to 

the distance between the Nasion and the Basion; 

4. Results 

Table 1 presents the preliminary results obtained for the 

4 computed measurements. Three different skulls were 

used (corresponding to the reference numbers 25, 38 and 

65). In the table we present the results for typical 

craniometric measurement performed by two different 

anthropologists in the real skull (each anthropologist 

correspond to a different user 1 and 2 in the specialist 

column). We also present the measurement with a 3D 

model in our system, using both interaction tools 

(neighbour and 3D box) for the detection of the Nasion 

and Glabella. The measures with the system were 

performed by 2 non-experts (once more corresponding to 

the users 1 and 2 in the Neighbour and 3D box columns) 

to provide some insight about repeatability of the 

measures. 

Based on these results, and even though the system is in 

a preliminary stage, it seems that even non-specialists are 

able to produce results very close to typical 

measurements. As expected the two interaction tools for 

specifying region of interest give similar results 

(providing a different manner to define regions of 

interest). The inter-observer error is substantially 

reduced, for a given aligned model, as expected given the 



automation of the point selection. However in this stage 

both non-expert used the same alignment for the skulls, 

if each user provided a different alignment we expect 

variability given that at the moment the feature detection 

depends heavily on a correct orientation of the skulls. 

Some discrepancy between experts and semi-automatic 

measurements (for example in the height of skulls 38 and 

65) might also be related to an incorrect alignment of the 

skulls that could result in a poor detection for example of 

the Bregma. 

 

 Facial width 

Specialist Neighbour 3D box 

25 user 1 134 136.7 136.7 

user 2 136 136.7 136.7 

38 user 1 120 121.3 121.3 

user 2 119 121.3 121.3 

65 user 1 136 136.2 137.2 

user 2 134 136.2 136.2 

 

 Maximum length of the skull 

Specialist Neighbour 3D box 

25 user 1 182 181.3 181.4 

user 2 181 181.4 181.4 

38 user 1 180 179.7 179.7 

user 2 180 179.4 179.7 

65 user 1 177 175.1 175.2 

user 2 175 174.7 175.2 

 

 Height of the skull 

Specialist Neighbour 3D box 

25 user 1 142 142.6 142.6 

user 2 142 142.6 142.6 

38 user 1 133 136.8 136.8 

user 2 133 136.8 136.8 

65 user 1 140 137.8 137.8 

user 2 139 137.8 137.8 

 

 Length of the base of the skull 

Specialist Neighbour 3D box 

25 user 1 106 105.4 105.4 

user 2 106 105.4 105.4 

38 user 1 95 96.4 96.4 

user 2 95 96.4 96.4 

65 user 1 105 106.3 105.6 

user 2 106 105.6 105.6 

Table 1: Measurements obtained by two 
specialists and with the developed system 

5. Visualization in a virtual environment 

A critical point identified in an early stage of the work is 

the importance of user interaction with the application. 

Given the geometric complexity of the skulls and the 

large number of measurements to perform (above 20 

craniometric measures are usual in an analysis), it seems 

difficult to find a reliable automatic process to detect all 

the feature points of interest. Anthropologists also have 

agreed from the beginning that even in measurements 

that could be computed automatically, it would be 

essential for them to validate the results to ensure 

correctness of the final results. 

On the other hand, manipulation and interaction of 

objects in 3D software is known to be complex and 

require training in order to be effective. Typically non 

experts enjoy the system until they try it for the first time 

and start having difficulties to perform even a simple 

operation as camera manipulation. This is even more 

critical when experts have little knowledge of 3D 

software applications. 

To overcome these limitations and provide an easy to use 

user interface, a virtual reality set up is under 

development in parallel with the application. The idea is 

to provide a natural user interface that may ease any 

input that the software may need form users.  

The VR set-up is based on a Head-Mounted-Display 

(HMD - VR2000 from VRealities), two 3DOF (Degrees 

Of Freedom) orientation sensors from InterSense, one 

wired and the other wireless and a Nintendo Wii Remote. 

Currently VRJuggler and OpenSceneGraph are used to 

render of the 3D model. 

In the VR set up (see Figure 8), the user sees the 3D 

skull model through the HMD and the orientation sensor 

on the HMD maps the head orientation to the camera 

position. At the same time, the user may rotate the skull 

using the wireless orientation sensor in his/her hand. The 

wiimote control is used in the actual configuration for 

scaling of the model. This configuration was selected as 

it seems the most natural to handle the skull orientation. 

However other configurations might be tried in the future 

namely, the use of a 6DOF sensor to provide directly 

position and orientation avoiding or complementing the 

use of the wiimote for scaling purposes. 

 

Figure 8: Visualization of skull model in a VR 
set-up. Movements of the sensor (right hand) 

are mapped in skull orientation and zooming is 
possible using the wiimote (left hand). 



6. Conclusion and future work 

With this work, we believe we have just scratched the 

surface with plenty of room for improvement. As it is the 

system already gives the possibility to perform a simple 

analysis of a skull, given its 3D model, however most of 

the process still depends on the experts that have to 

provide several feature points to obtain the 

measurements. Some measurements are already 

performed automatically by the system and tools were 

developed to ease (whenever possible) the user selection, 

asking for a region of interest rather than a precise 

feature point. The next steps will be towards a better 

automation of the process to reduce user intervention. 

First of all, algorithms have to be implemented to allow 

for automatic alignment of the skulls. As long as this 

process depends on user intervention, repeatability 

problems will be inherent given that the alignment will 

be user dependent. We also plan to develop new tools 

using geometric properties (such as curvature and normal 

analysis), to provide more robust algorithm to find 

additional feature points and measures. Another topic of 

interest is the use of texture. Currently all the analysis is 

done based only on geometric information from the 

model, but texture can also be used and combined with 

geometry to detect feature points. 

Future work will also involve a better characterization of 

the results, evaluating for example the real accuracy of 

the new methods when compared with traditional 

methods (with millimetre precision) and a larger study 

involving more skulls and more measurements to 

evaluate more precisely the inter- and intra-observer 

variability. 

Beside feature detection, the work might also result on 

the definition of new craniometric measurements based 

on cross sections or geometric shapes that are not 

possible with previous methodologies. 

Regarding the user interface the next step involves the 

integration in the VR environment of a force feedback 

sensor (Phantom & DOF haptic device) to allow experts 

to “feel” the skull geometry when providing input to the 

system. We expect haptic feedback to be valuable since 

anthropologists very often use touch to detect 

protuberances or depressions while performing 

traditional craniometric analysis. 
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