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OBJECTIVES 

The general objective of the SIBER European research 

program is to enhance the protection offered to occupants 

in side impact by contributing to the development of the 

WorldSID pre-production side impact dummy. More 

specifically, one of the SIBER task is to improve the 

biomechanical knowledge for some body regions for which 

data are rare. The shoulder is one of the body regions 

studied to know its behaviour in side impact better and also 

correlate its injuries with physical parameters by means of 

injury risk curves. Owing to the shoulder joint complexity 

which can move in 3D, impacts at various angles are 

carried out and the shoulder motion is analysed in 3D. 

METHODOLOGY 

The experimental protocol was set up according to the 

SIBER consortium thus taking into account published 

studies in order to increase existing biomechanical data. To 

be in line with Bolte’s work [BOLTE 00], a 23.4 kg mass 

impactor is fitted with a rigid rectangular shaped impacting 

plate of 150×80 mm² to concentrate the loading on the 

glenohumeral joint. Two different speed values have been 

chosen, 1.5 and 6 m.s-1, in order to perform non-injurious 

tests on one side and injurious tests on the other. The non-

injurious energy level is low to authorize several impacts 

with no suspicion of injuries. The non-injurious impacts are 

delivered at three different angles (-15°, 0°, +15°) in the 

horizontal plane, whereas a single purely lateral injurious 

impact is delivered on the opposite shoulder. 

The PMHSs are provided by the department of Anatomy of 

Medical University of Lyon. PMHSs are fresh corpses of 

men and women who donated their body to Science. 

Anthropometry of subjects and average shoulder range of 

motions are first recorded. Each subject is then 

instrumented with tri-axial accelerometers at several bony 

locations: T1, upper sternum, right and left internal 

clavicles, right and left external clavicles, right and left 

acromions, rib #5 (mono-axis), rib #7 (mono-axis) and, on 

the impacted side only, the humerus, the inferior and 

medial angles of scapula. Impactor force and bone 

acceleration signals are filtered at CFC 180 and normalised 

according to Mertz’s procedure [MERTZ 84] as used by 

Viano [VIANO 89]. A local co-ordinate system is defined 

for each humerus by means of screws fixed to the bone. 

Photographic targets mounted on accelerometer cubes or 

directly screwed to the bones, are followed by six high 

speed cameras (1000 f/s) in order to analyse the shoulder 

complex motion in 3D (Figures 1&2). 

 

Figure 1: Instrumented subject 

(Front) 

 
Figure 2: Instrumented subject 

(Rear) 

The 3D data are reconstructed using the Direct Linear 

Transformation (DLT) method [Abdel-Aziz 71]. With this 

method, the cameras must be calibrated with a known 

geometric object in the field of view. A calibration object 

was designed large enough to cover most of the PMHS 

motion resulting from the impact. In theory, six markers are 

necessary to reconstruct in 3D but more numerous control 

points, uniformly spread throughout the control volume 

give over-redundancy to the system and therefore improve 

the accuracy of the calibration. The calibration object size 

is 800 × 500 × 400 mm with 17 markers (Figure 3). 

 
Figure 3 : Calibration object 

The precise camera speed is processed by time-markers 

printed on the right corner of the image each 10 ms. The 

initial position of the PMHS targets and anatomical points, 

and the directions of the accelerometers are recorded with a 

3D position measurement arm (FARO). The two humerus 

are removed during the autopsy in order to measure the 

position of the humerus head center with respect to the 

local co-ordinate system defined by the screws. Based on 

the motion of the photographic targets, the motion of the 

humerus head centre can be derived. 

The PMHS is maintained in a seated upright position by a 

cable attached to an electromagnet which has to be released 

prior to impact. 

Between the non-injurious test series and the injurious one, 

X-rays are taken. At the end, an autopsy is performed for 

an injury survey. 

RESULTS 

The first subject used for these experiments is a woman of 

77 years old. The main anthropometric measurements and 

final normalisation ratios calculated for the subject are 

summarized in tables 1&2. The subject had undergone a 

thorachotomy which was judged completely healed by our 

medical doctor. No pulmonary pressurisation was 

performed. 

Stature - mm 1610 

Mass - kg 67 

Shoulder width - mm 335 

Shoulder flesh thickness (right / left) - mm 24 / 20 
Table 1 : General anthropometric measurements 



 

 

 LCE 01 LCE 02 LCE 03 LCE 04 
Speed (m.s

-1
) 1.41 1.43 1.6 5.87 

Theoretical speed (m.s
-1

) 1.5 1.5 1.5 6 
Angle (°) 0 -15 +15 0 
     

Impactor measurement 

scaling factor (R’g)P 
1.39 1.25 1.12 1.26 

PMHS acceleration scaling 

factor (R’g)T 
0.98 1.22 1.08 1.11 

PMHS deflection scaling 

factor R’x 
1 0.89 0.80 0.90 

Temporal scaling factor Rt 0.94 0.85 0.86 0.88 
Table 2 : Normalisation factors scaled to theoretical velocities 

The maximum resultant acceleration values are presented 

in table 3. These data are normalised and scaled to the 

theoretical velocity using the factors of table 2. The time at 

which the maximum occurs is indicated in ms between 

brackets. 

 
Figure 4 : LCE 02 test 

 
Figure 5 : LCE 03 test 

 

 LCE 01 
1.5 m.s-1 

LCE 02 
1.5 m.s-1 

LCE 03 
1.5 m.s-1 

LCE 04 
6 m.s-1 

     

Impactor acc. (g) -3.23 
[32.3] 

-3.68 
[26.1] 

-2.78 
[30.4] 

-18.33 
[9.4] 

Impactor force (daN) 65.9 
[28.1] 

81.08 
[25.9] 

61.06 
[30.5] 

419.98 
[10.1] 

T1 res. acc. (g) 5.74 
[29.7] 

7.36 
[23.2] 

5.90 
[33.1] 

53.19 
[14.8] 

Sternum res. acc. (g) 9.21 
[23.5] 

17.23 
[20.1] 

6.57 
[32.9] 

84.57 
[10.5] 

Impacted external clavicle 
res. acc. (g) 

14.65 
[21.6] 

29.52 
[19.1] 

11.88 
[13.5] 

157.4 
[8.7] 

Impacted internal clavicle 
resultant acc. (g) 

11.8 
[21.9] 

29.27 
[19.7] 

7.96 
[28.8] 

162.4 
[11.1] 

Impacted acromion res. 
acc. (g) 

15.79 
[19.8] 

25.30 
[21.6] 

15.55 
[22.5] 

188 
[9.5] 

Impacted upper scapula 
(TS) res. acc. (g) 

6.07 
[30] 

9.33 
[26] 

11.08 
[13] 

87.75 
[8.7] 

Impacted lower scapula 
(AI) res. acc. (g) 

7.84 
[28.1] 

8.52 
[29.9] 

15.63 
[12.3] 

118.23 
[8.5] 

Impacted upper humerus 
res. acc. (g) 

9.20 
[15.8] 

11.73 
[11.3] 

20.49 
[13.4] 

158 
[5.3] 

Impacted lower humerus 
res. acc. (g) 

3.54 
[21.5] 

6.44 
[11.3] 

8.83 
[13.9] 

86.78 
[8.3] 

Table 3: Impactor measurements and PMHS maximum resultant 

accelerations (normalised and scaled data) 

The LCE 04 test can be compared with three tests 

conducted by Bolte at similar impact energies (see table 4). 

For these three tests, Bolte reported looseness at various 

shoulder joints, but no fracture, whereas distal clavicle 

fractures were found for lower impact speed tests. This 

reveals a great variation between the subjects. 

 LCE 04 
5.87 m.s

-1 
Bolte 

5.53 m.s
-1

 

Bolte 
6.18 m.s

-1 
Bolte 

6.06 m.s
-1 

     

Max. force (daN) 333 305 342 413 

Max. defl. (mm) 
(Acr.-Acr.)  

63 74 91 77 

Max. defl. (mm) 
(Acr.-Stern.) 

29 45 73 23 

Table 4 : Comparison with Bolte’s study [BOLTE 00] (Raw data) 

Looking at shoulder responses, figures 6, 7 and 8 show 

different resultant acceleration curve shapes for the three 

impact directions. Purely lateral and –15° oblique tests 

have a similar shape with one short peak that can be seen 

on the clavicle but also on sternum response, not presented 

here. For the +15° oblique test, a drop on the acceleration 

curves can be observed for the clavicle response, but it is 

also observed on the sternum and the lower scapula 

responses. The +15° oblique test seems to involve more the 

humerus and the scapula by giving higher readings on these 

bones in comparison with the two other conditions tests 

and, at the same time, lower readings on the clavicle, 

sternum and acromion. But this first analysis needs to be 

verified on other PMHS tests. Figures 9, 10 and 11 show 

high resultant accelerations closed to 200 g. The 

switchback shape of the curve of figure 10 is certainly due 

to the clavicle fracture seen after the test at this location. 

The figures 12 and 13 are derived from the 3D 

reconstruction: the trajectories of the different targets 

obtained from the six cameras are shown with lines 

representing the body chains measured with the FARO arm 

prior to the test. On the different targets tracked before the 

impact, average absolute errors of 1.5, 3.1 and 2.4 mm are 

obtained respectively on the X, Y and Z co-ordinates. 

 

Figure 6 : Normalised resultant accelerations at acromion 

(impacted side) for non-injurious tests (LCE 01 to 03) 

 

 

Figure 7 : Normalised resultant accelerations at external clavicle 

(impacted side) for non-injurious tests (LCE 01 to 03) 

 

 

Figure 8 : Normalised resultant accelerations at upper humerus 

(impacted side) for non-injurious tests (LCE 01 to 03) 

 



 

 

 

Figure 9 : Normalised resultant acceleration at acromion (impacted 

side) for the injurious test (LCE 04) 

The maximum deflection results of table 4 and the force / 

deflection curves on figure 14 are calculated from the 

trajectories of figures 12&13. From the force/deflection 

responses obtained for the LCE 04 test, a spring-damper-

mass model was identified as a first attempt to characterise 

the shoulder response. A “shoulder” mass, a “shoulder” 

stiffness and viscosity were determined by minimizing the 

expression (1). 
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Figure 10 : Normalised resultant acceleration at external clavicle 

(impacted side) for the injurious test (LCE 04) 

 

Figure 11 : Normalised resultant acceleration at upper humerus 

(impacted side) for the injurious test (LCE 04) 

 

 

Figure 12 : Target trajectories in the horizontal plane for the 

injurious test (LCE 04) 

 

Figure 13 : Target trajectories in the frontal plane for the injurious 

test (LCE 04) 

 

 
Figure 14: Raw force / deflection responses (LCE 04) 

No fracture was found on the X-rays after the three non-

injurious tests. At the end of all the tests, the autopsy and 

the X-rays conducted revealed several rib fractures on the 

left side: a posterior fracture of ribs #2 and #3, fractures of 

the junction of the medial third and anterior third of rib #3, 

fractures of the cartilaginous junction with the sternum for 

ribs #4 and #5, and an external clavicle fracture at the 

screw location. A fracture of rib#3 was found on the right 

side, also submitted to a thorax impact after the shoulder 

tests. After the autopsy, the calcaneus bone is removed for 

future measurement of the bone mineral density of the 

subject by means of dual energy x-ray absorptiometry. 

CONCLUSION 

This study is currently ongoing. A total of seven PMHSs 

have to be tested, on which 28 tests will be performed. The 

3D motion analysis, which allows oblique impact tests and 

deflection analysis, is an  addition to Bolte’s work. The 

next step will be to evaluate the relative motion of shoulder 

bones and to contribute to defining injury risk curves for 



 

 

the shoulder in lateral impact. From this new 

biomechanical data, guidelines for the next side impact 

dummy generations will be developed. Within SIBER, the 

WorldSID-alpha prototype dummy will also be submitted 

to the same test protocol to improve its shoulder / thorax 

complex for the WorldSID pre-production version. 
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