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Table 2. Mean (= 1 SD) of the shoulder complex rotation centre for four different methods.

Method X (mm) Y (mm) Z (mm)

Cylinder -83.4 (11.4)* -0.1 (16.7)** 165.0 (5.6)**
Centroid -93.0 (13.1)** -18.1 (13.5) (ns) 173.6 (7.0)**
Conventional -75.4 (10.3) (ns) 15.2 (14.1)* 156.8 (5.2)**
Helical axes -63.5 (16.8) -21.5 (13.2) 139.8 (11.1)

Cylinder, centroid and conventional were compared to the reference (helical axes). ** = p<0.01; ns = p>0.05.

Fig. 5. The mean coordinates of the shoulder complex rotation centre for four methods in frontal view: the
cylinder method (square), centroid method (diamond), conventional method (circle) and helical axes method
using Optotrak (triangle). For interpretation, the point cloud of PP_014 is plotted. X- (green), Y- (blue) and Z-axis
(red) are shown as lines.

4. Discussion

For the design of the exoskeleton a single rotation point was required. In this study, two methods
were developed and analysed to calculate the shoulder complex rotation centre from 3D body scans:
the cylinder and centroid method. Together with the conventional method, the 3D scan derived
rotation centres were compared to the rotation centre determined using the HA method. It was
hypothesized that calculation of the shoulder complex rotation centre using 3D body scan methods
obtained the same result as calculated from the HA method and that 3D body scan methods result in
an estimate of the rotation centre closer to the HA method in comparison to the conventional method.
The HA method was used as a reference to validate the 3D body scan derived methods. Although the
HA method is validated for the glenohumeral joint, this does not mean that it is also valid for a
complex such as the shoulder [8], [11], [13]-[15], [20]. In the first 30° to 60° of arm elevation, the
major part of the motion is occurring from the glenohumeral joint since the scapula is in the setting
phase [38]. Scapular motion in the setting phase is highly variable between individuals, ranging from a
few degrees of scapular motion to no motion at all. After 50°, the glenchumeral joint and
scapulothoracic joint both contribute in a linear way to the motion in a 1.7:1 ratio [39]. In this study, the
motion was performed until 90° elevation, which means that the motion is mainly occurring from the
glenohumeral joint but the contribution of the scapula should not be omitted. Therefore, it is plausible
that the HA method will be valid for the shoulder complex. Papers of Amabile et al. and Doorenbosch
et al. are the only ones to discuss the rotation centre of the shoulder complex and both used the HA
method to find this point [12], [18]. Although the HA method was used in our study as a reference
method, the best best estimate of a rotation centre of the shoulder complex under the assumption that
there is a single point is not known. To our knowledge, there are no studies conducted with X-ray or
CT scans to find the shoulder complex rotation centre. Both studies [12], [18] showed that there was
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considerable variation between the participants, which is in line with our observations. In the study of
Amabile et al. [18], the largest rotation centre standard deviation was 16 mm. The largest standard
deviation in our study was 17 mm. Doorenbosch et al. [12] reported slightly lower values, their
maximal value of the location of the shoulder rotation centre standard deviation was 8 mm. However,
they only included 7 subjects in their research while 13 subjects were included in this study. Our
larger standard deviations can be partly attributed to differences between participants. This also
stresses the idea of personalized design of the exoskeleton. Further comparison of these papers to
our research is difficult since Doorenbosch et al. used a different coordinate system with the origin in
AA [12]. Amabile et al. used the ISB recommended coordinate system, but included different bony
landmarks whereby it was only possible to estimate the X- and Z-coordinate [18], [20]. In comparison
to our estimates, their rotation centre was more medial and dorsal. Another difference is that these
studies calculated a location of the rotation centre for a specific plane and motion. We did not divide
the motions but combined them to compute a total average rotation centre in three dimensions.
Furthermore, some measurement errors can influence the results of the HA calculations. It is known
that this method is sensitive for low velocities, therefore a cut-off of 10% of the maximal rotational
velocity is used. Also, the use of cluster markers can be a source of error. The cluster marker can shift
due to the movement of the arm and alter the trajectory. In that case, it is better to use 3D scanning
since this uses the whole arm as a large collection of marker points. Since we want to give a
conclusion about the accuracy of the rotation centre estimates from our 3D scanning methods, HA
can be used as the reference, keeping in mind that this method is not per definition the best estimate
of the single rotation point that is required for the exoskeleton design. Results showed that a non-
significant difference for the Y-coordinate of the centroid method was found. Looking at the data, it
was observed that the variation between methods (3D derived methods versus HA) exceeded the
individual variation within a method (see figure 6).
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Fig. 6. The coordinates of the shoulder complex rotation centre for the centroid method and the helical axes
method are shown in a transverse view. It can be seen that the differences between the coordinates within a
group are smaller than the difference between the groups within one person. X- (green), Z-axis (red) are shown
as lines.

The variation between the methods can indicate a systematic error. It was investigated if a correction
factor can be applied to the data. If 30 mm is added to the X- and Z-coordinate of the centroid
method, there are no significant differences anymore between the centroid method and the HA
method. The Euclidean distance for every individual between the HA method and the centroid method
was calculated before and after the correction. Due to the correction, the individual rotation centres
became on average 24.9 mm closer to the HA rotation centres. On average, the distances between
the HA rotation centres and centroid rotation centres after correction were 23.8 mm. A correction
could also be applied to the conventional method, although this correction resulted in a less desired
result where the rotation centre became 22.4 mm closer after the correction. A correction factor
removes the systematic error, but after correction, the distance between the 3D body scan methods is
not within 10 mm of the HA rotation centre [8], [15], [17]. Since this was the first step towards the use
of 3D body scanning for biomechanical purposes, we believe that changes in the methods could



Proceedings of 3DBODY.TECH 2018
9th Int. Conference and Exhibition on 3D Body Scanning and Processing Technologies, Lugano, Switzerland, 16-17 Oct. 2018

eventually lead to better results. For instance, performing the measurements at the same location
could already lead to more precise results. The same bony landmarks were palpated on different
days. The low reproducibility rate of spinal palpation is reported in the literature [40]. Furthermore, the
bony landmarks were manually selected in Meshlab. To determine the accuracy of point picking, the
four most important bony landmarks ST, XP, C7 and T6 (which construct the coordinate system) are
determined 10 times in the same 3D body scan. ST showed the largest deviation in point pick
accuracy of [1.9 1.8 1.1] mm in X-, Y- and Z-direction respectively.

A few assumptions were made during this research which should be addressed. For instance, the
humerus is not a straight, uniform bone. The proximal part of the shaft is somewhat larger than the
distal part. Due to the large muscles, biceps and triceps, there could be variation in the exact position
of the humerus in the upper arm. Furthermore, the arm is not a true cylinder. The proximal part of the
upper arm has a larger circumference than the distal part. Other studies also fitted a cylinder around
the proximal shaft of the humerus to define an axis for a reference frame [33], [34]. Roberts and Foley
(1991) stated that a cylinder was the best reproducible geometric model even though there was a
deviation of 11% between the point cloud and the fitted model [34]. To overcome this problem, the
centroid method was proposed in our research. The results of these two methods were significantly
different. In the proposed methods, a few constraints were required for the fitting algorithm. A
reference vector was created which we defined to be the line between the midpoint of the elbow and
the rotation centre calculation in the conventional way. This reference vector was used in the
algorithm to start the search for the best fit of the cylinder. The number of fitted cylinders was also
determined by a sensitivity analysis where the number of fitted cylinders was varied. The mean of the
distances between the midpoints of the shortest distance lines and the rotation centre is called the
error. A lower error means the midlines deviate from each other less. Results showed that at 250
cylinders, the addition of more cylinders does not influence the outcome (see figure 7).
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Fig. 7. The error is plotted against the number of fitted cylinders. The error is the mean of the distances from the
midpoints of the shortest distance lines to the rotation centre. With a small number of cylinders, the error is large.
After 200 cylinders, there is less variation in the error.

Another point of concern is that the algorithm could encounter problems with obese subjects, which is
often the case with Duchenne patients. They have an excessive amount skin and fat on the upper
arm which could affect the algorithm. The algorithm would not be able to fit a cylinder through the
point cloud of the 3D body scan. The centroid method could still be used, but the midline through the
upper arm would probably not coincide with the humerus bone. In this study, the goal was to develop
the method and algorithm. Future research can compare 3D body scans of skinny and obese
participants and investigate how large the effect is on the calculation of the rotation centre, due to
different forms of the arm. Another topic of interest is finding the shoulder complex rotation centre in
vivo. CT scanning can provide the solution to our uncertain reference of the HA method. From a CT
scan, both the mid-line of the humerus bone and mid-line of the arm can be calculated. We performed
a preliminary study on a cadaveric body to determine the minimal radiation exposure for quality
images. An experiment was performed where the radiation dose was lowered gradually and the
precision of motion parameters needed for rotation axes estimation was analysed. This resulted in a
reduction of the radiation by 76%. Future research can elaborate on this preliminary study by making
3D CT scans in different postures and compare them to calculate a shoulder complex rotation centre.
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5. Conclusions

We demonstrated that it is possible to calculate a rotation centre using 3D body scanning, but the four
methods differed considerably. To remove the systematic error between methods, a correction factor
of 30 mm in the X- and Z-direction was applied to the centroid method that was preferred over the
cylinder method. With this correction factor, the individual 3D body scan rotation centres were on
average 23.8 mm away from the individual HA rotation centres, bearing in mind that the HA is also an
estimate and this method is not verified within the body for the shoulder complex. X-ray imaging
should be used as the golden standard. The random error of the 3D body scanning methods did not
exceed the random error of the HA method, suggesting that 3D body scanning can be used for
biomechanical modelling. 3D body scanning offers a simple method to collect anthropometric data
and possibly biomechanical data about a subject, but methods need to be refined.
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