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Introduction 
In biomechanical tests, accurate evaluation of movement, 
transformations, and deformations of structures is 
mandatory. Various biomechanically relevant structures 
can be analyzed using sensors, camera systems and 
encoders. Biomechanically relevant movements are in 
the order of 0.3 mm for bone elongation [1]. However, 
measuring internal structures presents a problem. X-rays 
can be used to visualize implanted tantalum markers. The 
position of tantalum markers in space can be determined 
using two Roentgen images at a small angle to each other. 
This procedure is known as roentgen stereographic 
analysis (RSA). The aim of this study was to validate a 
novel RSA system for the use in biomechanical 
experiments. It was hypothesized that the system 
provides a level of accuracy comparable to already 
established measuring systems. 
 
Methods 
The RSA setup consists of two x-ray tubes, a single 
detector, and a calibration box. The calibration box was 
designed inspired by Selvik's [3] methodology and 
consists of a base plane housing the fiducial markers. 
Three additional non-overlapping planes with control 
markers are situated in front of the base plane, each at a 
different but fixed distance. The custom Matlab 
application designed for analyzing the X-ray images 
operates on the mathematical algorithm by Valster [2].  

 
Figure 1: Matlab-App for calculation of the position of 
the beads. Fiducials (r), controls (b), beads (g).  
 
The markers in the different planes are automatically 
recognized by the app with manual setting options. The 
motion is then converted into a tibial coordinate system 
using coordinate transformation of the bead positions, 
enabling the identification of the respective anatomical 
direction. In order to validate the developed system, an 
artificial knee was mounted to a Kuka industrial robot 
(KR-60-3, Kuka), measured, and moved 5 mm in anterior 
(AT), lateral (LT) and superior (ST) directions relative to 
the tibial coordinate system. All measurement systems: 

GOM (Carl Zeiss GOM Metrology GmbH), Optotrak 
(Northern Digital Inc.), Hexagon Absolute Arm 83 
(Hexagon) were set up uniformly to record the same 
movements. Each direction was approached 10 times 
and, the resulting movements were detected for each 
system. Mean values of the total movement were 
calculated and used to determine the error concerning the 
specified movement. The difference between the 
measuring systems was compared statistically with a 
two-way ANNOVA with Bonferroni correction. 
 
Results 
All systems measured with an accuracy of less than 
0.2 mm, although repeatability varies among them (Tab. 
1). For AT, the GOM system showed significantly higher 
accuracy, in comparison to the Optotrak system (p < 
0.05). All other comparisons between the measuring 
systems did not yield significant differences. 

 RSA GOM Hexagon Optotrak 
Accuracy 0.099 0.055 0.071 0.195 
Precision 0.051 0.029 0.126 0.367 

Table 1: Maximum error (accuracy) in AT, LT, ST for 
each system with max. standard deviation (precision). 
 
Discussion   
In terms of validation, the RSA system shows an 
accuracy in the measurements that is comparable to the 
gold standards of biomechanical testing, with accuracy of 
less than 0.1mm. Moreover, the precision in all systems 
is less than 0.2 mm except for the Optotrak system. The 
observed significance between GOM and Optotrak can 
be attributed to the slightly increased inaccuracy and 
imprecision of Optotrak. Overall, Optotrak shows a 
similar overall accuracy as in another study [4]. All 
systems provide measurement accuracies below 0.3 mm, 
making them suitable for most experimental 
biomechanical studies on the human skeleton. In 
conclusion the presented RSA system can be reliably 
used in future biomechanical experiments. 
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