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ABSTRACT 

The purpose of this study was to determine the dimensional accuracy of the skull models produced by Rapid 
prototyping technology using stereolithography apparatus. Computed tomography images were captured from four dry 
normal adult human skulls. The resultant 2-D images were stored in Digital Imaging and Communications in Medicine 
(DICOM) format. The segmentation of the images was prepared in MIMICS software. The slice files were then 
exported to a stereolithography apparatus (SLA) to produce the replica of each skull. Eight linear measurements were 
repeatedly made between identified landmarks on each of the original skull and its replica model using an electronic 
digital calliper. Each of the linear measurements was repeated 5 times and the average was taken to determine the 
absolute difference and percent difference between the original skull and its replica model. The overall absolute 
difference between the four human adult skulls and its replica models was 0.23 mm with a standard deviation of 1.37 
mm. The percent difference was 0.08% with a standard deviation of 1.25%. The degree of error established by this 
system seems affordable in clinical applications when these models are used in the field of dental surgery for surgical 
treatment planning. 
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INTRODUCTION 

Thus far, 3-dimensional (3D) reconstructed 
image derived from computed tomography (CT) 
data was the best option available for evaluation 
and treatment of surgical problems in dental and 
craniomaxillofacial surgery and various other 
specialties. The major drawback of this modality 
is that the reconstructed images could not be 
analyzed comprehensively on various planes and 
sections as it is only represented as pictures on a 
screen (Anderl et al., 1993). Rapid prototyping 
(RP) technology for medical biomodelling is the 
latest innovation whereby medical treatment 
planning could be done using a 3D anatomical 
model of the human part involved. The basic 
principle of this technology is building up a 3D 
structure layer by layer based on captured CT 
scan digital data. Several RP techniques exist 
such as stereolithography, fused deposition 
modeling, selective laser sintering and 3D 
printing. They adhere to the similar basic 
principle but with the differences mainly from the 
materials and methods used to produce the 
model. 
 Stereolithography is a typical modality of 
RP. Its medical application was first introduced 
in 1991 at the Clinic for Maxillofacial Surgery in 
Vienna (Lindner et al., 1995). It produces a 3D 

stereolithography model (SL model) from 
reformatted CT images which directs the 
ultraviolet laser beam to ‘draw’ layer after layer 
of the desired structure in a vat filled with a 
liquid photosensitive resin. These layers of resin, 
which solidifies upon contact with the laser 
beam, are superimposed onto each other until the 
entire model is formed. 
 The current clinical applications of the 
SL model are vast and expanding rapidly. Its 
main uses are for diagnostics and treatment 
planning in the field of dental surgery, 
traumatology, oncologic surgery, reconstructive 
surgery and craniofacial surgery (Kermer, 1999). 
Other uses of such models are as in advance 
dental implantology procedures, documentation 
of unusual cases, training of junior staffs and 
students and patients’ education via excellent 
communication between surgeons and patients in 
the presence of the model (Ramieri et al., 1999). 
In the field of orthognathic surgery, SL model 
also allows direct simulation of osteotomies and 
grafts, the measurements of segmental jaw 
movements, the preoperative construction of 
templates and surgical prostheses, which in turn 
expedite intraoperative time and thus able to 
reduce the morbidities associated with prolonged 
operation while at the same time able to increase 
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accuracy and minimized surgical complications 
(Bill et al., 1995). 
 Many authors have reported regarding 
the superiority of the SL model for medical 
applications. Klein et al. 1992 reported that 
accuracy was found to be much higher using the 
stereolithography system than in milled models. 
The SL model is also claimed to be able to 
accurately replicate the surface curvatures of a 
skull. (Van Lierde et al., 2002). Barker et al. 
(1994) conducted a study to determine the 
accuracy of producing an SL model by measuring 
several distance measurements of a dry skull and 
a geometric phantom and comparing the distance 
measurement between the anatomical landmarks 
of both. They reported that the results for the 
geometric phantom demonstrated a mean 
difference of +0.47 mm, representing an accuracy 
of 97.7- 99.1%. Measurements of the skull 
produced a range of absolute differences 
(maximum +4.62 mm, minimum +0.1 mm, mean 
+0.85 mm). 
 The objective of this present study was to 
determine the dimensional accuracy of the 
anatomical model replicas produced by rapid 
prototyping (RP) machine (SLA Viper Si2, 3D 
Systems, Valencia, CA, USA). This RP machine 
was newly acquired by the University Hospital 
and this study is important to establish the 
amount of error that this machine will produce 
when a model replica is manufactured. 
 
MATERIALS AND METHODS 

Four dry adult human skulls were used in this 
study. The specimens were subjected to careful 
visual inspection to ensure that they are free from 
any anatomical deformities. All skulls were found 
intact and none had any metallic dental 
restorations or implants that may interfere with 
the CT scan investigation leading to scattered 
radiation. 
 The skulls were then placed individually 
on a Computed Tomography (CT) scanner table 
so that the Frankfort plane was perpendicular to 
the table. This is to ensure that the scanning 
position and orientation simulate to those of 
clinical CT scan. Axial CT images were obtained 
from the skulls using a Light Speed Plus (General 
Electric Medical System, U.S.A.) with a 1.25 mm 
section thickness in spiral mode and a 512 x 512 
matrix. The pitch used was √1.5. Scanning was 
carried out with a tube current of 200 mA at a 

120 KVP. The resultant 2-D image was stored in 
Digital Imaging and Communications in 
Medicine (DICOM) format. The segmentation of 
the images was done using MIMICS software 
(Materialise, Leuven, Belgium). Finally, the slice 
files were exported to the RP machine, (SLA 
Viper Si2, 3D Systems, Valencia, U.S.A.) to 
produce the replica model of each skull. 
 Nine points were carefully selected and 
eight linear measurements were repeatedly made 
between identified point landmarks on each of the 
original skull and its replica using an electronic 
digital caliper (Ultra Gold Pro-Max, Fowler-
NSK, Japan) for comparison. Table 1 lists the 
landmarks used in this study and Table 2 lists the 
linear measurements defined using the 
abovementioned point landmarks. 
 The eight linear measurements done on 
each skull include a vertical, medio-lateral and 
antero-posterior measurement. A total of two 
vertical heights, three medio-lateral widths and 
three antero-posterior depth linear measurements 
were made. A single examiner did all the 
measurements. Each linear measurement was 
repeated 5 times. After the first eight linear 
measurements were completed, the results were 
blinded to the observer before attempting the 
second measurements. The same blinding was 
done when the observer measured for the third, 
fourth and the fifth time. The blinding was done 
to minimize the examiner bias. The average of 
five readings of each linear measurement was 
considered for the final statistical analysis in 
order to minimize the intra-examiner variation. 
 Statistical analyses were carried out using 
the SPSS version 11.0. The absolute difference 
and percent (%) difference was computed using 
the following equations: 
 
Absolute Difference  
       = Measurement on skull – Measurement on SL model 
 
% Difference  
= Measurement on skull – measurement on SL model × 100 
  Measurement on skull  

 
The mean, standard deviation (SD) and 95% CI 
were calculated for the absolute and percent 
differences. To test whether the mean absolute 
difference and percent difference were 
statistically different from zero, we used “one-
sample t test”. 
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Table 1 Definition of landmarks 

Landmark Name Definition 
 

ZF 
 
Innermost point of 
zygomaticofrontal suture 

 
Point at the medial margin of the 
zygomaticofrontal suture (bilateral) 

Co Condylion The superior-most point on the head of 
the mandibular condyle (bilateral) 

Go Gonion The point at which the mandibular 
angle is the most inferiorly, posteriorly 
and outwardly directed (bilateral) 

Me Menton The inferior-most midline point on the 
mandibular symphysis. 

CRa Internal cranium 
(anterior) 

The most prominent anterior internal 
cranium 

CRp Internal cranium 
(posterior) 
 

The most prominent posterior internal 
cranium 

 
 

Table 2 Definition of linear measurements 

Measurement Definition 

Length of internal cranium 
CRa-CRp 

Anteroposterior length of the bony internal cranium 
 

Bizygomatic width 
ZF-ZF 

Distance between left and right ZF 
 

Bicondylar width 
Co-Co 

Distance between left and right condylion 
 

Bigonial width 
Go-Go 

Distance between left and right gonion 
 

Ramus Height (Left) 
Co-Go 

Distance between condylion and gonion (Left) 
 

Ramus Height (Right) 
Co-Go 

Distance between condylion and gonion (Right) 
 

Body length (Left) 
Go-Me 

Distance between gonion and menton (Left) 
 

Body length (Right) 
Go-Me 

Distance between gonion and menton (Right) 
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RESULTS 

Mean, absolute and percent difference for each 
linear measurement of the dry skulls and their SL 
replica models were tabulated (Table 3). The 
overall absolute difference of the four skulls and 
its SL replica models was 0.23 mm with a 
standard deviation of 1.37 mm. The percent 
difference was 0.08% with a standard deviation 
of 1.25% (Table 4). 
 
DISCUSSION 

The clinical success in applying biomodelling 
technology for patient management and surgical 
procedure simulation is largely dependant on the 
accuracy of the replica model made available for 
diagnosis and treatment planning (Lill et al., 
1992; Barker et al., 1994; Kragskov et al., 1996). 
Our study revealed that the mean absolute 

difference of the four dry skulls from their SL 
models was 0.23 mm with a standard deviation of 
1.37 mm. The mean percent difference was 
0.08% with its 95% CI as -0.37% and 0.53%. It 
means that in average, the SL model may be 
0.37% bigger than the original skull on one 
extreme and 0.53% smaller than the original skull 
on the other extreme. In other words, if a dry 
skull is reproduced for several times by SLA 
machine, the mean length on SL model for the 
length of 100 mm on the dry skull would become 
99.47 mm and 100.37 mm as lower and upper 
limits with 95% confidence respectively. In 
clinical practice, the mean variation of ±0.5mm 
for the size of 100mm (or ±0.5%) would be a 
negligible error and should be considered that the 
accuracy of SL model is acceptable. The 
differences in this study were smaller compared 
to other studies worldwide (Table 5). 

 
 

Table 3 Means, absolute and percent differences of measurements. 

Meana Difference Measurement Dry Skull SL Model Absoluteb Percentc 

Length of internal cranium 151.07 148.38 2.69 1.77 

Bizygomatic width (Zf-Zf) 94.07 93.65 0.42 0.44 

Bicondylar width (Co-Co)  111.58 111.74 -0.16 -0.14 

Bigonial width (Go-Go) 91.83 91.76 0.07 0.08 

Ramus height (Left) (Co-Go)  56.13 56.17 -0.04 0.04 

Ramus height (Right) (Co-Go)  56.17 56.05 0.12 0.14 

Body length (Left) (Go-Me)     74.06 74.46 -0.40 -0.58 

Body length (Right) (Go-Me) 75.72 76.56 -0.84 -1.13 
a Mean value of four skulls in millimeter 
b Absolute difference (Mean value of four skulls is presented.)  
c Percent difference (Mean value of four skulls is presented.) 

 
 

Table 4 Overall differences between dry skulls and SL models. 

Difference Mean (SD)a 95% CI mean t stat (df)b P valueb 

Absolute 0.23 (1.37) (-0.26, 0.72) 0.96 (31) 0.344 

Percent 0.08 (1.25) (-0.37, 0.53) 0.36 (31) 0.724 
a Mean and SD of 32 measures (Eight measurements on 4 skulls) 
b One sample t test (Null Hypothesis: Mean=Zero) 
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Table 5 Comparison with other studies. 

Absolute difference (mm) Percent difference (%)  

mean (SD) mean (SD) 

Our results 
(Skull – RP model) 0.23 (1.37) 0.08 (1.25) 

Choi et al. (2002) 
(Skull – RP model) 0.62 (0.53) 0.56 (0.39) 

Lill et al. (1992) 
(Skull – Milled model) 1.47 (0.94) 2.19 (1.37) 

Barker et al. (1994) 
(Skull – RP model) 1.90 (1.48) 2.54 (1.38) 

Kragskov et al. (1996) 
(3D CT image – RP model) 1.98 (1.20) 3.59 (2.67) 

Lill et al. (1992) reported that milled model 
showed a mean inaccuracy of 1.47 mm, with 
standard deviation of 0.94.The model deviated 
from the original skull by 2.19%. Barker et al. 
(1994) reported a mean absolute difference of 
1.90 mm, with standard deviation of 1.48 
between the dry skull and the model. Kragskov et 
al. (1996) conducted a study involving patients 
with four different syndromes. In their study, 3D 
visual reconstructed model measurements were 
compared to the replica model measurements, as 
the patient’s skull could not be measured directly. 
The mean absolute difference was 1.98 mm and a 
% difference of 3.59%. Choi et al. (2002) in their 
study revealed an absolute difference of 0.65 mm 
and a percent difference of 0.56 %. 
 Many factors are implicated in the 
dimensional accuracy of the SL replica models. 
The most important determinants of accuracy are 
the nature of the anatomical structure of interest, 
the CT scanner, and the RP machine. The 
anatomical structure of interest must be well 
captured and documented by the CT scanner. 
This means that only highly calcified structures 
such as bone and teeth may be well recorded and 
duplicated by the RP machine. Structures that are 
less well captured in CT scan images may not 
contain enough data that will enable the 
segmentation software to process and convert it 
to the stl file. Thus the inadequate processed data 
will not enable the RP machine to build an 
accurate model to that of the original scanned 
structure. The CT scan protocol is very important 
particularly in determining the thickness of axial 
slices since thinner slices will certainly provide 

more data and minimize loss of contour that will 
finally provide a much smoother surface of the 
replica model with all finer details present. The 
segmentation software itself and its threshold 
value should be powerful for this purpose. Digital 
data may be lost during transport of information 
from the CT scanner to the Mimic segmentation 
software and from there afterwards to the RP 
machine. The RP system itself that is used to 
produce the models does have certain critical 
aspects that frequently need to be validated for 
accuracy purpose, of which the most important 
are the RP laser system and the type of resin 
material use. Both these factors play a major role 
in the polymerization of the resin leading to the 
final biomodel product. In this study, the laser 
system used has a maximum power of 102 mV, 
normal beam width of 9.94 mm and high-
resolution beam width of 3.00. The resin material 
used was RPC Nd 220. 
 If the critical factors determining the 
accuracy of the replica models are known, it 
should be possible to produce an error free and 
perfect biomodel using the RP technology. Some 
of the errors are controllable while others are not. 
CT scan protocol is an important stage in the 
production of SL model as the quality of the CT 
images directly influences the accuracy of the SL 
model. Many elements of error can be generated 
at this stage including section thickness, pitch, 
gantry tilt, tube current and voltage, patient 
movement, metal artifact of intraoral prostheses 
and slice image construction algorithm. Of these, 
section thickness is the major determining factor. 
The CT data is obtained as slices in two-
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dimension; thus in order to reconstruct a 3D 
image, the third dimension is derived from the 
section thickness. In thick sections, the ‘inter-
slice-averaging’ or ‘volume-averaging’ effect 
will greatly reduce the precision of the model 
produced. On the other hand, the usage of very 
thin sections will inevitably increase the radiation 
exposure to the patient. Therefore there should be 
a balance between the expected model accuracy 
and the radiation exposure. Table 6 shows the 
different methods used in the production of RP 
model in other studies as compared to our study. 
 The 3D reconstruction phase is also 
subjected to errors namely the threshold value 
determination and volume-averaging effect. 

Threshold value is the specific density of slice 
image that separates the organ of interest from 
other structures by defining its boundaries. Choi 
et al. (2002) presented the ‘dumb-bell effect’ 
which describes the effect of threshold value on 
the external and internal dimensions of a SL 
model. They noted that the threshold value is 
proportional to the internal measurement but is 
inversely proportional to the external 
measurement. Meanwhile threshold value does 
not affect measurements along the central line. 
Errors can also be due to surface smoothing and 
interpolation methods for 3D image 
reconstruction.

 
Table 6 Comparison of the methods used in other studies 

 CT protocol 3D modelling software RP machine 

Present study 
(Skull – RP model) 

Light Speed Plus  
(General Electric Medical 
System, USA.)  
Section thickness:1.25 mm 
Section interval   :1.25 mm 
200 mA 120 KVP 
Matrix size 512 x 512 

MIMICS, (Materialise, 
Leuven Belgium) 

SLA Viper Si2 
(3D Systems, 
Valencia, CA, USA) 

Choi et al. (2002) 
(Skull – RP model)  
 

Somatom Plus 4  
(Siemens, Enlargen, Germany) 
Section thickness:1.0 mm 
Section interval   :1.5 mm 
200 mA 120 KVP 
Matrix size 512 x 512 

V-works (Cybermed 
Inc., Seoul, Korea)  

SLA 5000 
(3D Systems, 
Valencia, CA, USA) 

Lill et al. (1992) 
(Skull – Milled model) 
 

Somatom DR3  
(Siemens, Enlargen, Germany) 
Section thickness:2 mm   
Section interval   :1 mm  
Matrix size 256 x 256 

ENDOPLAN 
(Kiel, Germany) 

MEK 
(Kiel, Germany) 

Barker et al. (1994) 
(Skull – RP model) 
 

GE9800  
(General Electric Medical 
System, U.S.A.)  
Section thickness:1.5 mm   
Section interval   :1.5 mm  70 
mA 129 KVP 

ANALYZE 
(Biotechnology 
Computer Resource, 
Mayo Foundation, MN, 
USA) 

SLA 250 
(3D Systems, 
Valencia, CA, USA) 

Kragskov et al. (1996) 
(3D CT image – RP model) 
 

Somatom DRH, Somatom Plus 
(Siemens, Enlargen, Germany) 
Section thickness: 2~4 mm   
Section interval   : 2~4 mm  
280 mA 125 KVP 
Matrix size 256 x 256 

Camra 
(ISG, Toronto, Canada) 

SLA 250 
(3D Systems, 
Valencia, CA, USA) 
 

 
 
 
 

 
 
 
 



Archives of Orofacial Sciences 2006; 1: 60-66 

 66

Residual polymerization and transformation of 
the photosensitive resin, apart from laser 
diameter, laser path, layer thickness, timely 
creation and removal of support structures and 
finishing are among the sources of error in the 
production and curing of the SL model using the 
RP technique. However these errors are 
considered to be within acceptable range (Choi et 
al., 2000). 
 An inevitable source of error in 
determining the dimensional accuracy of the SL 
model is the measurement error that includes 
human error as well as the accuracy and 
resolution of the measuring instrument. The 
major component of human error is in defining 
the exact location of the anatomical landmarks 
used. An incorrect placement of a landmark can 
considerably alter the resulting accuracy of the 
SL model. Therefore care must be taken in 
determining the position of the anatomical 
landmarks. 
 The linear measurements done in this 
study looked at the vertical, medio-lateral and 
antero-posterior dimensions of the skull and its 
replica. It therefore gave a comprehensive picture 
of the possible dimensional distortions that may 
occur in the model replica and make no 
allowance for weakness of the validation study. 
Only four replica models were used in this study 
and the number is considered appropriate mainly 
due to the high cost of each replica model.  
 The results of this study on accuracy of 
the biomodel produced using RP technology 
showed that the margin of error produced is very 
minimal and affordable in conducting treatment 
planning for dental and craniofacial surgery. A 
marginal error of 0.23 mm with a standard 
deviation of 1.37 mm is actually equivalent to the 
thickness of a dental or maxillofacial surgical saw 
and is much finer than the surgical bur. Thus, 
when surgeons plan their osteotomy operations in 
the craniofacial region using the SL model, the 
amount of inherent anatomical error within the 
model that need to be considered in the treatment 
plan is actually well absorbed within the lost 
distance of the surgical osteotomy cuts. 
 
CONCLUSIONS 

This study was undertaken to determine the 
dimensional accuracy of the skull models 
produced using the rapid prototyping technology 
of stereolithography apparatus with the aim of 
validating the system for clinical applications at 
Hospital University Sains Malaysia. The data for 

this validation study was derived from 3D 
computed tomography (CT) images of dried 
human adult skulls and replica models of those 
images were produced for analysis. The results of 
the study showed that the accuracy of the replica 
models produced by the stereolithography 
apparatus is appropriate within a margin of error 
that is acceptable for clinical applications in 
dental and craniofacial surgery. 
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