




2.2 Applications to gymnastics 
In a further study [11] two male athletes participated (A1: 60.5 kg, 1.61 m, 33 yrs and A2: 70.0 kg, 
1.77 m, 36 yrs). Each was scanned in five standing and four tucked positions, see Figure 2. The inertia 
tensor of the mesh volume was computed using MeshLab (version 1.3.3, Visual Computig Lab, 
SourceForge). Moreover, the principal moments of inertia were computed (with respect to the mass 
center) as well as the rotation matrix S, which transforms the principal inertia matrix J = diag (J1, J2, J3) 

in terms of body coordinates into the inertia matrix J’ = S J ST in terms of global laboratory coordinates.  
We distinguished two groups of tuck positions: one group with open knees and one with closed knees. 
In each group, we studied a face-down and a face-up head position.  

                         

       S1            S2         S3          S4         S5                  T1               T2            T3          T4  

Figure 2. Left: five standing positions S1,…, S5. Right: four tucked positions T1,…, T4. 

Special care is required for the tucked positions: Computing the closed mesh in AnthroScan, undesired 
mesh-merging appears in regions with low point density and self-intersection of the surface, see 
Figure 3. The merged mesh volume V1 is thereby up to 10 % bigger than the (exact) standard volume 
V0 of pose S1. To correct for this error to first approximation, we apply a proportional scaling of the 
inertia matrix, yielding Jcorr = J V0/V1.  
A second correction step considers the mass. Since MeshLab by default uses the standard density 
� ML = 1 kg/m3, we apply the scaling factor � ML/� 0 where � 0 = m/V0 denotes the mean density of the 
gymnast, with m denoting the mass and V0 the volume in position S1. 

 
Figure 3.  Undesired mesh-merging between thighs and breast (oval marking) in tucked positions. 

2.3 Applications to figure skating 

In the studies [12, 13], five male elite figure skaters A1,…, A5 (mass = 73.5 ± 10.6 kg, 
height = 178 ± 8 cm and age = 23.4 ± 2.1 yrs ) took part. They were scanned in seven different flight 
positions – two closing positions (right after take-off), three closed flight positions (closed feet), and two 
landing positions (just after first re-contact on ice), see Figure 4. Moments of inertia were compared and 
the best position in each group was identified. Based on those results, a quantitative rotation benefit 
was determined in terms of “additionally achieved” degrees per rotation. 
 

 
Figure 4.  Three different phases of flight in figure skating: closing, closed flight, and landing. 
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3. Results 

3.1 Applications to gymnastics 

3.1.1 Upright positions 

Since athlete A2 is taller and heavier than A1, the absolute values of his longitudinal moments of inertia 
are bigger than those of A1. However, for both athletes A1 and A2 standing positions S1, S2, and S3 
possess almost the same moments of inertia (A1: 0.75 kg m2, A2: 0.98 kg m2), see Figure 5. 

 

 
Figure 5. Moments of inertia w.r.t. the longitudinal axis for standing Positions S1 to S5. red: A1, green: A2. 

Postures S4 and S5 have 9 % (A1) and 12 % (A2) smaller moment of inertia than S1. Consequently, 
for twists, gymnasts should prefer rotation positions S4 and S5 rather than S1, S2 or S3.  
 

3.1.2 Tucked positions 

For both athletes A1 and A2 the tucked positions T1 and T3 (face-down) obviously yield a smaller 
moment of inertia than T2 and T4 (face-up), see Figure 6. However, there is almost no difference 
between open and closed knees. Both postures T1 and T3 show the same moments of inertia. 

 
Figure 6.  Comparison of moments of inertia for tucked positions T1,…, T4. Left: A1. Right: A2. 

Since A2 has a greater mass than A1, moments of inertia are bigger. The smaller inertia differences 
(5 % and 8 %) for A2 may come from less accentuated posing.  

 
3.2 Applications to figure skating 

It was shown that a closed flight position with closed knees (FP2) or with twisted hip and shoulders 
(FP3) yield up to 17 % smaller moments of inertia than flight position with open knees and elbows 
outside (FP1), see Figure 7.  
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Figure 7.  Moments of inertia in a closed flight position. 

Comparison of positions FP1, FP2 , and FP3 for athletes A1,…, A5. 

As for practical sports application, we identified the closed flight positions FP2 and FP3 (green), with 
arms tightly to the body and elbows in front, as the preferable positions since they have the smallest 
moments of inertia. Flight position FP1 (red) with closed feet but open knees and elbows outside, is not 
recommended for quadruple jumps because of higher moment of inertia. For all five athletes FP1 
implies a distinctly higher moment of inertia than FP2 and FP3. 
 

3.3 Applications to ski jumping 

A ski jumper tries to maintain an optimal aerodynamic position during the in-run. To reduce air 
resistance as well as canting, German female athletes were scanned in their individually preferred 
positions. 
 

       
Figure 8. In-run positions of athletes A1,…, A4, side view. 

The ski jumpers showed different knee angles (Figure 8), resulting in different trunk positions. A1 
exhibits a disadvantageous back position, resulting in higher drag. Moreover, the hand positions of A1 
and A4 are adequate whereas A3’s hand position is suboptimal.  

                   
Figure 9.  In-run positions of athletes A1,…, A4, front view. 

Finally, also a parallel shank position is essential to avoid additional frictional forces during in-run 
(Figure 9). 

4. Discussion and Conclusions 

In [9,10] it was shown that the studied geometric human models (universal or individual) yield almost 
the same results as a body scanner mesh model with respect to computing motion parameters. That 
equivalence of the models was shown both indirectly via biomechanical analysis of 39 take-off motions 
in diving as well as directly via comparing principal moments of inertia in compact and straight positions. 
The assumption of homogeneous mass distribution produced only little error [15]. The body scan model 
has proven useful to get a reliable individual human body model. 
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In [12,13] the body scan mesh surface turned out to be a helpful tool to compute and compare principal 
moments of inertia. Especially in elite sports, it is essential for performance enhancement to detect 
minimal differences: What are the optimal arm, leg shoulder-hip and knee positions for a successful 
quadruple jump in figure skating? What are the best hand, feet, and head positions for a triple 
somersault tuck? Body scanner measurement discloses the disadvantages of wrong rotational positions. 
The benefit of an optimal position can be quantified as an increase of rotational speed.  
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