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ABSTRACT 
 
This study evaluated quasi-static pediatric shoulder girdle complex responses through non-
invasive displacement measurements. These data will be used to evaluate the Large Omni-
directional Child (LODC) anthropomorphic test device (ATD) shoulder design. The shoulder 
girdle complex influences upper body movement during frontal impacts as it engages with the 
shoulder belt, affecting the movement of the head and spine. The recently developed LODC ATD 
was designed with flexible shoulder girdle structures that capture the unique kinematics in 
pediatric populations (Stammen et al., 2016). However, this ATD has not been evaluated for 
biofidelity in this region due to the lack of biomechanical data available on pediatric shoulder 
responses. Therefore, these data must be obtained to evaluate, and, if necessary, improve the 
biofidelity of the LODC ATD. Shoulder range of motion and anthropometric measurements were 
obtained from 25 pediatric volunteers, ages 8-12 years old. Loads were applied bilaterally 
exclusively to the shoulder complexes in increments of 25 N up to 150 N per shoulder at 90 and 
135 degrees of shoulder flexion. Still photos were used to determine shoulder displacement in the 
sagittal plane from images captured prior to and following the load applications. Data analysis 
included the absolute and relative displacement of the tracked anatomical landmarks of the 
acromion and T1. For the 90° load, the acromion moved relative to T1 an average of 27.8 mm 
forward and 3.2 mm upward at maximum displacement. For the 135° load, the acromion moved 
relative to T1 an average of 11.6 mm forward and 38.6 mm upward at maximum displacement. 
Similar displacement values at higher loads indicated that the subjects achieved their maximum 
range of motion. The results of this study will be compared to the LODC ATD, assessing the 
biofidelity of the shoulder complex. 
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INTRODUCTION 
 

The shoulder girdle complex influences upper body movement during frontal impacts as it 
engages with the shoulder belt. The shoulder girdle complex is made up of the sternum, clavicle, 
and scapula. The movement of the scapula over the thorax permits the wide range of movement of 
the upper limb. Differences in shoulder girdle kinematics, due to differences in scapulae position 
and musculature, between children and adults have been documented (Dayanidhi et al., 2005 and 
Struyf et al., 2011). In the event of a frontal crash, the shoulder girdle will interact with the shoulder 
belt, placing a posterior load onto the clavicle while the thorax and head move in the anterior 
direction due to the crash forces. The posterior displacement of the clavicle caused by the shoulder 
belt influences thoracic response and head excursion. However, current pediatric anthropomorphic 
test devices (ATDs) have a mostly rigid construction and do not replicate nuanced shoulder 
responses. The National Highway Traffic Safety Administration (NHTSA) recently developed a 
novel ATD with flexible shoulder girdle structures that can capture the unique kinematics in 
pediatric populations. The Large Omnidirectional Child (LODC) ATD includes shoulders with 
anatomic movement, a clavicle with a pectoral surface, and a pivoting scapula (Stammen et al. 
2016). These key structures are not present in any other child ATD.  Currently, the LODC has not 
been evaluated for biofidelity in the shoulder region due to the lack of biomechanical data available 
on pediatric shoulder responses. Therefore, these data must be obtained to evaluate, and, if 
necessary, improve the biofidelity of the LODC ATD to ensure it can accurately represent child 
occupant belt interactions in frontal crashes.  The objective of this study is to investigate the quasi-
static response of the shoulder girdle complex by non-invasively measuring sagittal plane shoulder 
girdle displacement in 8-12 year-old children. These volunteer-derived shoulder data will be used 
to develop upper body response criteria for the LODC. 
 

METHODS 
 

Overview 
All volunteer protocols were approved by the Ohio State University Institutional Review 

Board, protocol #2018H0137. Shoulder range of motion and anthropometric measurements were 
obtained from pediatric volunteers (n=25), ages 8-12 years old.  Loads were applied bilaterally to 
the shoulders in a custom fixture in increments of 25 N up to 150 N per shoulder at 90, 135 and 
170 degrees of shoulder flexion. A completed subject therefore had six loads applied at each angle. 
The positions of nine anatomic landmarks were recorded with still-frame photographs before and 
after loading was applied. These methods were adapted from previous studies that evaluated adult 
shoulder responses with applied loads (Davidsson, 2013).  

Test Setup 
A custom test fixture consisting of a captain’s chair from a sedan and adjustable cables was 

used to apply loads to the shoulder complex, shown below in Figure 1. Elbow flexion was 
constrained with arm braces, shown below in Figure 2. Two cables attached to each elbow brace 
and split from a single cable originating behind the captain’s chair, depicted to the left of the 
apparatus in Figure 1. This single cable is connected to a carabiner at the end, allowing precise 
counterweights to be added. A drop table was located under the weights, allowing for the weights 
to be either supported in the pre-loading condition or free hanging in the post-loading condition. 
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.  
Figure 1: Test fixture to isolate loading angles on shoulder complex with coordinate axes system. 

 

Instrumentation 
Camera Views.  Three cameras were placed on the test fixture to capture views of frontal, 

sagittal, and transverse planes of the subjects. From these views, an x-y-z coordinate system, 
shown in Figure 1, was used to identify the global positioning of the subjects in pre- and post-
loading conditions. These three camera views are shown below in Figure 2. 
 

Location of Fiducials.  Fiducials were placed on anatomical landmarks such that they could 
be tracked from the three camera views. Specific landmarks included T1, acromion, head of 
humerus, mid-humerus, scapular spine, lateral torso, ear, neck, and sternal notch. An example of 
fiducial placement with labels is shown below in Figure 2. T1 and acromion landmarks were 
visualized using three dimensional fiducial blocks, ensuring optimal visibility from multiple 
camera angles. The exact location of T1 and acromion on the surface of each subject’s skin was 
identified by using the three-dimensional blocks as a guide. 
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Figure 2: Camera views of side (left), front (middle), and top (right) with fiducial placement. 

 
Load Cells.  Load cells were included in the testing fixture to measure loading at several 

locations. Two unidirectional load cells were placed in the leading wires from the weight source. 
A six-axis load cell was placed in the chest support plate of the frame. When loading occurred, 
linear forces and moments were recorded in the x, y, and z directions as the subject was pulled 
towards the chest support plate. By rigidly absorbing the load, this load cell limited the motion of 
the torso, helping isolate the applied force on the shoulder complex.  
 

Test Procedure 
Anthropometric measurements were collected first for each subject. Anthropometry 

measurements were height, weight, seated height, shoulder width, bi-acromial distance, right 
clavicular length, right humeral length, chest width, chest depth, chest circumference, and right 
arm circumference. Next, active assisted range of motion measurements were collected using a 
goniometer. Range of motion metrics included shoulder flexion, extension, abduction, internal 
rotation, and external rotation. See examples of these measurements in Figure A1 in the Appendix. 
Subject age, sex, and arm dominance were also recorded. 

 
After the anthropometry data collection, the loading sequence occurred with the subject 

seated in the test fixture chair. For the three angles of loading, the order was randomly determined 
for each subject prior to testing. Testing started with 25 N per shoulder and was increased by 25 
N per shoulder up to 150 N for a single angle of pull. Subjects were able to stop testing if a personal 
threshold of discomfort was reached. At this point, the subject would move to the next angle of 
loading and restart with the lowest load of 25 N per shoulder. Throughout testing, subjects were 
asked to remain relaxed, not to tense their muscles against the motion, and refrain from bracing 
their feet against the floor. 

  
Data were collected at two instances for each applied load: pre-loading and post-loading. 

The pre-loading condition occurred as the weights were still supported by the drop table, resulting 
in zero tension in the cables, and therefore, no applied load to the subject. The position of the 
volunteer was collected from instantaneous pictures from all three camera views, and 
instantaneous chest and cable load values were collected from the load cells in the pre-loading 
condition. Loading occurred as the drop table lowered, allowing weights to hang freely from the 
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cable, resulting in the weight being delivered through the cables to the shoulder complexes. The 
post-loading condition occurred as the subject reached an equilibrium observed by no motion. 
Once again, synchronized pictures from each camera and the load cell data were captured in the 
post-loading condition. An example of a pre-loading photo, as well as post-loading photos for the 
three testing angles are shown below in Figure 3.  
 

  

  
Figure 3: Example subject of pre-loading (upper left) and post-loading photos at 90° (upper 

right), 135° (lower left), and 170° (lower right) from sagittal view 
 

Data Analysis 
Spatial coordinates were found using the video analysis software Tracker 6.0.6. Manually 

tracking fiducials from the sagittal view isolated the x-z coordinates for pre- and post-loading 
conditions for individual anatomic landmarks. These coordinate pairs were exported to Microsoft 
Excel and MATLAB for further analysis and plotting. The x-z coordinates of the pre-loading 
photos were subtracted from the x-z coordinates of the post-loading photos to determine 
displacement in the x and z directions. From these displacement values, range of motion values 
were determined as averages at each load for x and z components. These values were used to 
identify the spatial displacement in the x-z plane of each landmark for an average subject, as well 
as the x-z displacement of each landmark at a given load. Averages and standard deviation values 
were calculated for these metrics, allowing for the characterization of the healthy 8–12-year-old 
pediatric population.   
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RESULTS 
 

 Anthropometric and range of motion data from all 25 subjects are shown below in Table 
1 and Table 2, respectively. 
 

Table 1: Summary of anthropometry data 
Measurement Average SD Measurement Average SD 

Age (years) 11.0 1.3 R Clavicular Length 
(mm) 153 13 

Mass (kg) 42.7 12.7 R Humeral Length 
(mm) 275 20 

Stature (m) 1.48 0.11 Chest Width (mm) 249 27 
Seated Height 

(mm) 748 51 Chest Depth (mm) 173 24 

Shoulder 
Width (mm) 367 37 Chest Circumference 

(mm) 728 152 

Biacromial 
Distance (mm) 306 30 Arm Circumference 

(mm) 224 37 

 
Table 2: Summary of range of motion data 
Shoulder 

Measurement Average (°) SD (°) 

Flexion 174.3 10.9 
Extension 69.6 15.9 
Abduction 178.5 6.0 

Internal 
Rotation at 90° 82.1 20.6 

External 
Rotation at 90° 101.0 8.0 

 
Due to subjects being able to stop the loading test sequence at any point, Table 3 below 

displays how many subjects completed each load for the different testing angles. As a result, 
calculations of descriptive statistics utilized different sample sizes for different applied loads. 

 
Table 3: Number of subjects completed at each load 

Right Shoulder 
Load (N) 

90° (# of subjects 
completed) 

135° (# of subjects 
completed) 

170° (# of subjects 
completed) 

25 25 25 25 
50 25 25 25 
75 21 24 24 
100 17 21 23 
125 12 16 21 
150 11 15 17 
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For the purposes of this analysis, only 90° and 135° loads were analyzed due to difficulties 
of landmark identification in the 170° post-loading photos. Anatomical landmarks that were 
analyzed for these two angles included T1, acromion, scapular spine, and head of humerus. X and 
z displacement values were determined for each applied load for the four identified landmarks. 
These results are shown in Figure 4 below. For the 90° load, there is greater displacement in the x 
direction than the z direction. For the 135° load, the opposite is true with greater displacement in 
the z direction than the x direction. Each of the circles in the plots indicate increasing loads by 
increments of 25 N. Therefore, it can be determined that the increasing the load by 25 N results in 
less overall displacement at higher loads (125 N and 150 N) compared to lower loads (25 N and 
50 N). 
 

 
Figure 4: Landmark displacement in x and z directions at applied loads. 

 
Of these four anatomical landmarks, previous research for adult populations has focused 

primarily on T1 and acromion displacement (Davisson, 2013). Additionally, a relative component 
for the displacement was introduced to better display how the shoulder moved relative to the rest 
of the upper body. Specifically, the acromion x-z displacement was converted to a relative metric 
by subtracting the x-z components of T1 for each subject at each load. These values of acromion 
relative to T1 displacement are shown below in Figure 5 as the mean displacement with standard 
deviations. Higher loads correspond to less change in relative x and z displacement even more so 
than the non-relative displacement. 
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Figure 5: Acromion relative to T1 displacement with standard deviation at applied loads. 

 
 Relative displacements, shown in Figure 5, were translated into x and z components as a 
function of load, seen below in Figure 6. As with Figure 5, standard deviation values were also 
plotted to display the spread of subject displacement. For 90° loading, subjects experienced greater 
displacement in the x direction than the z direction, and for 135° loading, subjects experienced 
greater displacement in the z direction than the x direction. The cluster of data points at higher 
loads seen in Figure 5 is also observable from the flattening of all four curves above 100 N in 
Figure 6. This indicates that most subjects have reached the limit of their acromion relative to T1 
displacement. 
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Figure 6: Average acromion relative to T1 displacement and standard deviation applied across 

loads at 90° and 135°. 
 

Repeatability was assessed from the metric of an intersubject coefficient of variation. 
Based on the plateau trend observed in Figure 6 and the subject completion distribution seen in 
Table 3, the load of 75 N was selected for repeatability analysis as an optimization between peak 
load and number of completed subjects. The intersubject coefficient of variation was calculated by 
dividing the average resultant displacement by the standard deviation of all subjects at the 75 N 
load, with the results shown below in Table 4. The coefficient is greater for 135° loading compared 
to 90° loading.  
 

Table 4: Intersubject coefficient of variation for load angles at 75 N 
Angle of Load (°) Intersubject CV (%) 

90 28 
135 46 

 

DISCUSSION 
 

The shoulder anthropometry, active assisted range of motion, and loaded range of motion 
data in this study provide insight to the healthy 8–12-year-old pediatric population.  For the 90° 
loading series, the average relative shoulder displacement never exceeded 30 mm and 3.2 mm in 
the forward and upward directions, respectively. The concentration of data points around these 
values as loading increased indicate that the maximum range of motion was achieved (within the 
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subjects’ comfort levels, in a non-injurious range). In the 135° loading series, the average relative 
shoulder displacement never exceeded 12 mm and 40 mm in the forward and upward directions, 
respectively. Like the 90° series, the 135° series also contained a concentration of data points 
associated with increased loads near these maximum values. Therefore, it can be concluded that 
the maximum range of motion was achieved in these two loading series.  
 

Repeatability is important to consider when drawing conclusions from the results of this 
study. None of the subjects were asked to complete repeated test conditions because children 
fatigue easily. Thus, intrasubject repeatability could not be assessed. The intersubject coefficients 
of variation were 28% and 46% for 90° and 135°, respectively. These values were considered fair 
given the population examined. Children in the age group of 8-12 have wide ranges in muscular 
development due to the early stages of adolescence for the upper range of subjects. Additionally, 
different backgrounds in sports involving upper limbs (baseball, volleyball, etc.) were noted in 
several subjects. These coefficients of variation were larger than those seen in adult populations 
(Davidsson, 2013), but are still deemed reasonable from the larger variation in the demographics 
of the sample. 

 
One limitation to this study is that the applied loads ranged from 25-150 N per shoulder, 

which is significantly less than those exhibited in motor vehicle crashes. Other limitations occurred 
in the motion tracking procedures. Fiducials placed on the skin do not always directly match the 
motion of skeletal components deep under the skin, resulting in systematic error in data collection. 
Subjects’ shifts in posture or changes in voluntary muscle contraction may have also influenced 
the results. Additionally, movement occurring normal to the plane of analysis, either from linear 
or rotational motion, is difficult to assess from a two-dimensional camera image. Overall, these 
limitations should be noted when applying any conclusions from this study to evaluation of the 
design of the LODC ATD against the current dataset. 

 
Future efforts will include analyzing additional data collected in this series. The reaction 

force on the chest from the frontal support plate will be compared across different load magnitudes 
and directions. Additionally, incorporating a y coordinate from frontal and overhead camera views 
could produce three-dimensional responses of the shoulder complex. Outside of this study, testing 
on the LODC ATD should be completed to evaluate the biofidelity of the shoulder complex design. 
From this comparison, any necessary modifications could be made to the shoulder complex of the 
LODC to better reflect the target population of child occupants.  
 

CONCLUSIONS 
 

The response of the shoulder complex for 25 children aged 8-12 years old was assessed by 
analyzing the displacement of the acromion relative to T1 in a quasi-static loading condition. Loads 
were applied from a series of different angles, with motion tracked in the sagittal plane. The 
average subject exhibited a plateau of relative displacement at higher loads for loading angles of 
90° and 135°. Intersubject variability was somewhat high and was attributed to the wide-ranging 
backgrounds and development of the volunteers. The values from these range of motion metrics 
will be utilized in evaluating the biofidelity of the shoulder complex in the LODC ATD. 
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APPENDIX 
 

 

 
Figure A1: Collection of range of motion measurements of flexion (top left), abduction (top 

right), extension (lower left), internal rotation (lower middle), and external rotation (lower right).  
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Table A1: Acromion relative to T1 x displacement from 90° load 

Load (N) 25 50 75 100 125 150 
D

is
pl

ac
em

en
t (

m
m

) 
PS01 24.73 29.82 29.81 30.50 17.79 28.73 
PS02 5.42 13.15 24.54 23.68 36.74 37.75 
PS03 38.76 40.72 48.21 43.87 40.72 47.18 
PS04 9.45 11.29 17.16 10.62 22.64 12.24 
PS05 14.79 18.39 12.63 8.37 18.01 9.19 
PS06 14.20 23.25 32.35 24.82 23.17 21.23 
PS07 2.78 19.71 21.35 20.30 20.33 24.36 
PS08 5.31 20.87 15.81 29.64 - - 
PS09 -5.47 18.52 28.55 17.81 - - 
PS10 16.70 4.80 9.50 - - - 
PS11 -0.49 10.22 9.00 11.03 - - 
PS12 25.42 31.39 - - - - 
PS13 3.65 10.68 23.84 20.54 21.40 14.81 
PS14 0.01 5.48 4.55 6.62 4.00 -2.64 
PS15 12.19 43.63 21.69 55.20 22.47 20.03 
PS16 -4.69 4.73 32.29 75.73 72.99 73.81 
PS17 19.29 26.41 - - - - 
PS18 0.03 17.39 30.86 36.42 34.26 - 
PS19 28.34 29.94 - - - - 
PS20 9.74 3.03 10.63 - - - 
PS21 4.92 14.52 - - - - 
PS22 24.52 30.47 21.07 - - - 
PS23 13.75 7.87 14.81 - - - 
PS24 6.88 7.16 21.49 24.12 - - 
PS25 23.82 17.13 19.08 24.86 - - 

Average 11.76 18.42 21.39 27.30 27.88 26.06 
St Dev 11.31 11.26 10.14 17.76 17.23 20.88 
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Table A2: Acromion relative to T1 z displacement from 90° load 

Load (N) 25 50 75 100 125 150 
D

is
pl

ac
em

en
t (

m
m

) 
PS01 6.71 6.78 7.42 3.61 2.16 -6.60 
PS02 0.78 9.31 5.81 12.18 9.58 10.31 
PS03 -10.44 8.73 10.05 8.67 35.18 7.58 
PS04 4.30 7.89 1.31 -0.96 -4.13 -1.29 
PS05 10.95 7.57 5.64 2.31 1.16 4.08 
PS06 4.08 6.35 7.00 8.04 8.63 -1.21 
PS07 -4.74 -5.09 -13.05 -11.22 -9.78 -6.62 
PS08 0.56 -4.75 -1.57 0.52 - - 
PS09 4.13 -5.99 -12.15 -6.00 - - 
PS10 -9.96 -1.55 -9.74 - - - 
PS11 1.52 3.49 4.01 -1.99 - - 
PS12 -29.76 -13.63 - - - - 
PS13 -0.76 -9.59 -16.58 -15.41 -12.67 -20.45 
PS14 1.33 1.31 -0.01 -7.31 0.93 2.97 
PS15 5.31 19.31 10.64 -17.27 -1.63 -10.45 
PS16 -2.07 4.57 25.20 -7.76 -0.92 5.51 
PS17 0.39 -2.02 - - - - 
PS18 4.62 -4.15 -19.19 -17.89 -18.53 - 
PS19 -25.21 -14.55 - - - - 
PS20 6.47 4.91 6.75 - - - 
PS21 0.65 3.90 - - - - 
PS22 -9.44 -10.79 -14.87 - - - 
PS23 3.50 -13.89 4.63 - - - 
PS24 -0.31 4.54 3.05 9.85 - - 
PS25 -33.46 -6.22 -10.27 -14.29 - - 

Average -2.83 -0.14 -0.28 -3.23 0.83 -1.47 
St Dev 11.35 8.62 11.17 9.90 13.56 9.02 
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Table A3: Acromion relative to T1 resultant displacement from 90° load 
Load (N) 25 50 75 100 125 150 

D
is

pl
ac

em
en

t (
m

m
) 

PS01 25.62 30.58 30.72 30.71 17.92 29.48 
PS02 5.47 16.11 25.22 26.62 37.97 39.14 
PS03 40.14 41.64 49.25 44.72 53.81 47.79 
PS04 10.39 13.77 17.21 10.66 23.02 12.31 
PS05 18.40 19.89 13.83 8.68 18.05 10.05 
PS06 14.77 24.10 33.10 26.09 24.72 21.26 
PS07 5.50 20.35 25.02 23.20 22.56 25.24 
PS08 5.34 21.40 15.89 29.64 - - 
PS09 6.85 19.46 31.03 18.80 - - 
PS10 19.45 5.04 13.60 - - - 
PS11 1.59 10.80 9.86 11.21 - - 
PS12 39.14 34.22 - - - - 
PS13 3.73 14.36 29.04 25.68 24.87 25.25 
PS14 1.33 5.64 4.55 9.86 4.11 3.97 
PS15 13.29 47.72 24.16 57.84 22.53 22.59 
PS16 5.12 6.58 40.96 76.13 72.99 74.02 
PS17 19.29 26.49 - - - - 
PS18 4.62 17.88 36.34 40.58 38.95 - 
PS19 37.93 33.29 - - - - 
PS20 11.70 5.77 12.59 - - - 
PS21 4.97 15.04 - - - - 
PS22 26.28 32.32 25.79 - - - 
PS23 14.19 15.96 15.52 - - - 
PS24 6.89 8.47 21.71 26.05 - - 
PS25 41.08 18.23 21.67 28.67 - - 

Average 15.32 20.20 23.67 29.13 30.13 28.28 
St Dev 12.83 11.37 10.95 17.75 18.42 19.67 
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Table A4: Acromion relative to T1 x displacement from 135° load 
Load (N) 25 50 75 100 125 150 

D
is

pl
ac

em
en

t (
m

m
) 

PS01 -15.32 -5.23 9.16 -10.91 -1.70 -9.93 
PS02 2.60 10.80 5.41 1.28 6.74 16.07 
PS03 5.46 8.32 7.71 5.48 1.80 1.64 
PS04 26.34 26.12 19.16 20.76 20.57 -11.35 
PS05 3.04 22.82 10.68 17.84 10.42 16.95 
PS06 -8.12 7.99 11.01 -8.22 -6.25 -2.58 
PS07 -20.18 -2.94 7.79 11.10 10.00 12.48 
PS08 14.04 9.89 17.30 4.58 4.89 1.72 
PS09 -2.17 -4.09 4.47 -4.32 - - 
PS10 16.26 6.59 11.29 4.39 - - 
PS11 -3.57 -0.58 -3.05 -11.12 -0.05 0.09 
PS12 8.66 9.59 8.16 - - - 
PS13 -0.32 3.32 26.06 23.50 28.97 28.75 
PS14 -11.52 4.31 -1.24 -2.78 6.84 5.87 
PS15 38.74 24.02 49.16 33.35 32.50 39.55 
PS16 5.35 15.19 -0.13 6.98 30.18 33.38 
PS17 8.36 2.21 18.44 - - - 
PS18 2.70 -0.16 14.79 13.90 21.73 - 
PS19 18.15 17.47 27.86 30.50 - - 
PS20 -9.39 -4.59 3.73 - - - 
PS21 8.16 8.78 - - - - 
PS22 -11.18 0.24 15.44 23.93 11.30 16.90 
PS23 3.90 4.87 8.19 0.09 - - 
PS24 -1.46 6.53 -0.09 12.17 7.89 7.92 
PS25 4.16 8.85 6.77 9.37 - - 

Average 3.31 7.21 11.59 8.66 11.61 10.50 
St Dev 13.09 8.73 11.30 12.95 11.84 15.06 
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Table A5: Acromion relative to T1 z displacement from 135° load 
Load (N) 25 50 75 100 125 150 

D
is

pl
ac

em
en

t (
m

m
) 

PS01 28.31 36.63 35.01 20.59 33.38 38.79 
PS02 19.33 10.91 35.48 30.11 14.48 28.49 
PS03 39.89 43.10 39.50 43.69 46.63 41.66 
PS04 35.36 49.87 47.04 50.28 65.13 44.69 
PS05 32.06 32.45 38.48 44.23 46.28 43.28 
PS06 20.43 33.36 38.46 8.06 10.06 21.35 
PS07 19.39 21.74 29.56 38.39 28.73 35.36 
PS08 31.22 45.79 43.10 50.42 45.04 49.10 
PS09 20.54 12.13 20.33 6.54 - - 
PS10 26.89 20.35 17.87 25.00 - - 
PS11 34.16 40.70 37.30 42.03 33.18 35.35 
PS12 57.56 53.01 61.29 - - - 
PS13 25.18 56.67 22.54 32.67 29.28 2.15 
PS14 34.27 41.95 35.63 38.90 35.42 39.76 
PS15 48.50 17.48 31.31 27.50 38.24 39.14 
PS16 17.65 41.07 53.55 47.23 60.70 36.54 
PS17 31.87 42.40 33.56 - - - 
PS18 3.93 18.77 7.56 20.46 18.96 - 
PS19 18.21 25.11 33.08 38.10 - - 
PS20 49.62 60.22 46.86 - - - 
PS21 37.25 47.41 - - - - 
PS22 42.10 41.08 33.69 34.38 41.29 28.00 
PS23 54.28 60.94 54.75 52.86 - - 
PS24 24.03 39.59 49.48 45.73 71.17 50.90 
PS25 35.91 47.88 41.64 49.96 - - 

Average 31.52 37.62 36.96 35.58 38.62 35.64 
St Dev 12.70 14.52 12.26 13.53 17.24 12.15 
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Table A6: Acromion relative to T1 resultant displacement from 135° load 
Load (N) 25 50 75 100 125 150 

D
is

pl
ac

em
en

t (
m

m
) 

PS01 32.19 37.00 36.18 23.30 33.42 40.04 
PS02 19.51 15.35 35.89 30.13 15.98 32.71 
PS03 40.26 43.90 40.25 44.03 46.67 41.69 
PS04 44.09 56.29 50.79 54.40 68.30 46.11 
PS05 32.20 39.67 39.94 47.69 47.44 46.48 
PS06 21.98 34.31 40.01 11.51 11.84 21.51 
PS07 27.99 21.94 30.57 39.96 30.42 37.50 
PS08 34.23 46.84 46.45 50.63 45.31 49.13 
PS09 20.66 12.80 20.82 7.84 - - 
PS10 31.42 21.39 21.14 25.38 - - 
PS11 34.35 40.71 37.42 43.48 33.18 35.35 
PS12 58.21 53.87 61.83 - - - 
PS13 25.19 56.77 34.45 40.24 41.19 28.83 
PS14 36.16 42.18 35.65 39.00 36.07 40.19 
PS15 62.08 29.71 58.28 43.23 50.18 55.64 
PS16 18.45 43.79 53.55 47.75 67.78 49.49 
PS17 32.95 42.45 38.29 - - - 
PS18 4.77 18.77 16.61 24.73 28.84 - 
PS19 25.71 30.59 43.25 48.80 - - 
PS20 50.50 60.39 47.01 - - - 
PS21 38.14 48.22 - - - - 
PS22 43.56 41.08 37.06 41.89 42.81 32.70 
PS23 54.42 61.14 55.36 52.86 - - 
PS24 24.07 40.13 49.48 47.32 71.60 51.52 
PS25 36.15 48.69 42.18 50.83 - - 

Average 33.97 39.52 40.52 38.81 41.94 40.59 
St Dev 13.30 13.75 11.41 13.30 17.21 9.37 

 


