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Figure 2: Visual analog scale (VAS) for pain (Wewers & Lowe, 1990). Subjects were asked to 

mark their average daily pain with 0 being no pain at all and 100 being the worst pain you 

can imagine. 

  

Health-related quality of life (HRQoL) was assessed using the Short-Form 12 

Health Questionnaire (SF-12) v2 (Optum, Eden Prairie, MN).  Subjects were asked to 

respond to each of the 12 questions using the form provided.  The 12 items on the 

questionnaire encompass the following domains in determining overall scores: general 

health, physical functioning, role functioning (physical), role functioning (emotional), 

bodily pain, vitality, mental health and social functioning (Utah Department of Health, 

2001). 

Subject’s anthropometric measurements were recorded prior to data collection to 

determine upper extremity segment length and circumference as well as subject height 

and weight.  Protocol and data collection forms can be found in Appendix E: Protocols 

and Checklists. 
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A previously published custom pediatric model and marker set proposed by 

Schnorenberg et al. (2014) was used to acquire motion analysis data (Figure 3).  This 

model used strategic marker placement and incorporated equations for segmental 

parameters proposed by Jensen (1989) to allow for a more accurate calculation of 

kinematic and kinetic data (Schnorenberg et al., 2014).  Reflective markers were applied 

to each subject and to their manual wheelchair for reference.   

Kinematic and kinetic data were collected using a 14-camera Vicon MX motion 

analysis system (Oxford Metric Group, Oxford, UK) and a SmartWheel system (Out-

Front, Mesa, AZ), respectively, during propulsion and functional mobility.  The 

SmartWheel is installed on the subjects’ dominant side and senses three-dimensional 

force and torque and wirelessly sends the data to laptop.  Each system was calibrated 

before data collection began and a static baseline trial was conducted.  Biomechanical 

data was collected using SmartWheel at 240 Hz and the Vicon motion analysis system at 

120 Hz.  Data collection between the two systems was synchronized at the beginning of 

each trial.  
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Figure 3: Upper extremity marker set used in biomechanical analysis 

(Schnorenberg et al., 2014).Figure used with the permission of Elsevier 

Limited, 2014. 

 

Subjects propelled their wheelchair along a 15 meter walkway to simulate the 

demands of propulsion in the home and community.  A self-selected speed and self-

selected propulsion pattern was used over a hard, level tile floor.  Subjects were allowed 

to acclimate to each activity for a self-selected period of time before multiple trials were 

conducted giving them sufficient time to adjust to a new task.  

Propulsion.   Propulsion trials were conducted first.  Subjects were asked to 

propel their MWC across the room while staying on a colored walkway in the center of 

the capture volume.  Subjects were allowed to rest between trials as needed. 
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Start task.  Subjects began this task in the center of the capture volume in a static 

position.  They were asked to begin to propel themselves to the end of the capture volume 

at the far side of the room.  Three trials were collected for this task. 

Stop task.   The stop task began with the subject outside of the capture volume.  

They were then asked to propel themselves into the room and to stop when they reached 

the center of the room.  Three trials stopping trials were collected for each subject.   

Weight relief.   Subjects also completed two weight relief push-ups for 

approximately two seconds each while seated in their wheelchair with their hands on the 

hand rim.  Many subjects demonstrated difficulty with fully extending their elbows to 

complete this maneuver and were unable to hold the pose for a full two seconds.  These 

subjects were instructed to complete the task to the best of their ability. 

Data analysis.   Data was analyzed and reported using MATLAB (Math Works, 

Natick, Massachusetts), Microsoft Excel (Microsoft, Redmond, WA) and R 3.1.0 

(University of Auckland).  The UE inverse dynamics model developed by Schnorenberg 

et al. (2014) was used to calculate joint angles, forces and moments.  All data was 

normalized to percent stroke cycle and kinetic data were down sampled to allow for 

processing and analysis.   

Forces for all tasks were normalized to percent body weight (%BW) and moments 

were normalized to percent body weight times height (%BWxH).  Direction of internal 

joint forces are defined in Figure 5.  Number of trials analyzed for each task varied due to 

limitations encountered during data collection. 

Propulsion. Complete stroke cycles from within each propulsion trial were 

identified according to the manual wheelchair stroke cycle determination proposed by 
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Kwarciak et al. (2009) with the cycle beginning and ending with hand contact with the 

hand rim (Kwarciak et al., 2009).  Hand rim contact was objectively identified using 

kinetic data from the SmartWheel and a force threshold.  Ten stroke cycles per subject 

were analyzed and mean ROM, mean peak forces and mean peak moments were 

identified for the wrist, elbow and GH joints in all three planes of movement.  Propulsion 

patterns found to be used during steady state propulsion were identified according to 

Boninger et al. (2004) and are reported in Figure 4. 

 

Figure 4: Self-selected propulsion patterns exhibited by each subject were identified 

according to Boninger et al. (2004).   

Start task. Stroke cycles during the start tasks were also identified according to 

Kwarciak et al. (2009).  The initial stroke was analyzed for each subject for three trials 



19 

 

 

and mean ROM, mean peak forces and mean peak moments for the wrist, elbow and GH 

joints in all three planes of movement were recorded. 

Stop task. The stop task was defined as the last stroke cycle to occur as the 

subject came to a stop.  The stopping stroke cycle was identified as the point at which the 

subject’s hand came into contact with the SmartWheel hand rim to the point when the 

braking moment fell below or very close to zero.  Three stopping stroke cycles were 

analyzed for each subject.  Mean ROM, mean peak forces and mean peak moments were 

calculated at the wrist, elbow and GH joints in all three planes of motion. 

Weight relief task.  The beginning and ending of the weight relief tasks were 

visually identified due to limitations in the data collection process.  Ranges of motion and 

mean three dimensional peak forces and moments were identified at the wrist, elbow and 

GH joints for two trials per subject.  Data collected for subjects who were unable to 

complete the task for a full two seconds were analyzed in the same way and are 

considered to be acceptable as peak forces and moments were found to be within the 

lifting portion of the task. 

A one-way Analysis of Variance (ANOVA) with linear mixed model  (LMM) 

analysis was performed using R 3.1.0 (University of Auckland) to compare 

biomechanical outcomes at the wrist, elbow and GH joints during propulsion, start, stop 

and weight relief tasks (Portney & Watkins, 2008).  A Pearson correlation to compare 

three dimensional forces and moments to HRQoL was also performed using R 3.1.0 

(University of Auckland) (Portney & Watkins, 2008). 

Health-related quality of life.   Results were analyzed using the scoring algorithm 

and interpretation guide provided by the developers of the tool.  The SF-12 reports a 
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physical composite score (PCS) and a mental health composite score (MCS) on a scale of 

0-100, with the average score for healthy individuals being 50 (Utah Department of 

Health, 2001).  
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Figure 5: Direction of internal forces for wrist, elbow and GH joints are shown in relation to an individual 

using a manual wheelchair.  Internal joint force is described as the force acting on the joint while external 

joint force is the interaction of the joint with the environment external to the body. 

 

Results 

 Overall peak ranges of motion were found at the elbow in pronation and 

supination during the weight relief task (76.71 deg ± 38.04) and at the GH joint in flexion 

and extension during propulsion (48.43 deg ± 13.51).  The largest forces of 26.26 %BW 

± 14.13 and 24.50 ± 14.20 were found at the wrist and elbow respectively in the superior 

direction during the weight relief task.  Peak moments also occurred during weight relief 

in extension at the wrist (3.19 %BWxH ± 1.62) and elbow (3.30 %BWxH ± 2.13) 

Hypothesis one.   Ranges of motion were expected to be greater during start, stop 

and weight relief tasks when compared to propulsion.  Only dominant limb kinematics 

are reported here for consistency as there are no data for non-dominant kinetics due to the 

use of one SmartWheel.  No significant difference in ROM from propulsion to the start 

task was found.  ROM during the stop task was found to be significantly less than during 

propulsion in all joints and all planes of motion (p < 0.01).  When comparing propulsion 

to weight relief, higher ranges of motion were found at the elbow in all planes of motion 

and at the wrist and GH joints in internal/external rotation.  Lower ranges of motion 

during weight relief were found at the wrist in ulnar/radial deviation and 

flexion/extension and at the GH joint in pronation/supination and flexion/extension 

(Table 2).  
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Table 2 

Mean Peak Ranges of Motion in Dominant Limb across Functional Activities 

  
Mean ROM (degrees) 

Joint Direction of Movement Propulsion Start Stop Weight Relief 

Wrist 

Ulnar/Radial Deviation 29.80 ± 11.38 33.36 ± 10.39 11.18 ± 12.37** 20.56 ± 7.81** 

Internal/External 
Rotation 

9.94 ± 4.73 9.47 ± 3.58 2.15 ± 2.48** 11.82 ± 4.66 

Flexion/Extension 40.73 ± 18.18 43.91 ± 17.18 17.76 ± 18.89** 25.80 ± 12.43** 

Elbow 

Medial/Lateral Movement anatomically constrained 

Pronation/Supination 40.02 ± 16.16 41.34 ± 14.65 21.97 ± 14.59** 76.71 ± 38.04** 

Flexion/Extension 25.53 ± 7.53 27.50 ± 7.28 12.32 ± 9.03** 30.6 ± 9.51* 

GH 

Adduction/Abduction 23.66 ± 11.43 21.21 ± 8.23 7.96 ± 6.05** 14.67 ± 5.23** 

Internal/External 
Rotation 

37.17 ± 19.96 33.48 ± 15.29 14.75 ± 11.23** 73.56 ± 37.16** 

Flexion/Extension 48.43 ± 13.51 44.49 ± 13.46 15.97 ± 13.02** 32.80 ± 8.00** 

Mean ranges of motion (ROM) ± standard deviation in the wrist, elbow and glenohumeral (GH) joints across 

all subjects during propulsion with comparison to each functional task: start, stop and weight relief. 

* = p < 0.05 , ** = p < 0.01 
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Mean Upper Extremity Motion during Propulsion 
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                     Dominant side ROM                     Non-dominant side ROM  
                     ± Standard Deviation (dominant side)                     ± Standard Deviation (non-dominant side)  
 Ext/Flex   =  Extension/Flexion Abd/Add  =  Abduction/Adduction  
 Ext/Int     =  External/Internal Rotation Pro/Sup    =  Pronation/Supination  
 Rad/Uln   =  Radial/Ulnar Deviation   

 
Figure 6: Mean upper extremity motion, reported in degrees (deg), during steady state propulsion are shown for 

glenohumeral, elbow and wrist joints in three dimensions.  Each stroke has been normalized to % wheelchair 

cycle to allow for data analysis across all 14 subjects. 
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Mean Upper Extremity Motion during Start Task 
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                     ± Standard Deviation (dominant side)                     ± Standard Deviation (non-dominant side)  
 Ext/Flex   =  Extension/Flexion Abd/Add  =  Abduction/Adduction  
 Ext/Int     =  External/Internal Rotation Pro/Sup    =  Pronation/Supination  
 Rad/Uln   =  Radial/Ulnar Deviation   

 
Figure 7: Mean upper extremity motion, reported in degrees (deg), during start task are shown for 

glenohumeral, elbow and wrist joints in three dimensions.  Each stroke has been normalized to % wheelchair 

cycle to allow for data analysis across all 14 subjects. 
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Mean Upper Extremity Motion during Stop Task 
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Figure 8: Mean upper extremity motion, reported in degrees (deg), during stop task are shown for 

glenohumeral, elbow and wrist joints in three dimensions.  Each stroke has been normalized to % wheelchair 

cycle to allow for data analysis across all 14 subjects. 
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Upper Extremity Motion during Weight Relief Task 
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Figure 9: Upper extremity motion, reported in degrees (deg), during stop task are shown for glenohumeral, 

elbow and wrist joints in three dimensions for a representative trial. 

 

Hypothesis two. Joint forces and moments during propulsion were predicted to 

be lower than during start, stop and weight relief tasks across all joints and in all 

directions.   

Forces.   Mean peak joint forces during propulsion (Table 3) were found to be 

similar to those during the start task with the exception of significantly higher forces in 

the medial and superior directions at the wrist.  Forces during the stop task, compared to 

propulsion, were significantly higher in the inferior direction at all three joints.  Stop task 

forces were significantly lower than propulsion forces in the inferior direction at the 
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elbow and in both the medial and lateral directions at the wrist and GH joints.  Weight 

relief forces were significantly higher in nearly all directions at each joint. 

 

Table 3  

Mean Peak Joint Forces in Dominant Limb across Functional Activities 

 
  Propulsion Start Stop Weight Relief 

Joint 
Direction of 
Force 

Max 
(%BW) 

Min 
(%BW) 

Max 
(%BW) 

Min 
(%BW) 

Max 
(%BW) 

Min 
(%BW) 

Max 
(%BW) 

Min  
(%BW) 

Wrist 

Posterior (+)/ 
Anterior (-) 

4.67 ± 
3.57 

-2.16 ± 
1.67 

5.56 ± 
4.44 

-3.49 ± 
3.91 

2.33 ± 
3.42 

-1.96 ± 
2.38 

12.03 ± 
12.96** 

-7.51 ± 
12.35** 

Inferior (+)/ 
Superior (-) 

1.84 ± 
0.81 

-5.28 ± 
4.24 

2.04 ± 
1.25 

-8.30 ± 
5.86* 

6.04 ± 
5.18** 

0.25 ± 
2.01** 

2.22 ± 
1.32 

-26.26 ± 
14.13** 

Medial (+)/ 
Lateral (-) 

3.11 ± 
2.71 

-2.56 ± 
2.27 

5.00 ± 
4.90* 

-2.33 ± 
2.07 

1.57 ± 
1.79 

-1.46 ± 
1.57** 

10.19 ± 
5.16** 

-1.19 ± 
1.28** 

Elbow 

Posterior (+)/ 
Anterior (-) 

3.16 ± 
2.35 

-3.42 ± 
2.32 

3.71 ± 
3.22 

-5.00 ± 
4.69 

1.43 ± 
3.41 

-2.95 ± 
2.36 

12.03 ± 
12.94 ** 

-7.56 ± 
12.34** 

Inferior (+)/ 
Superior (-) 

4.06 ± 
1.10 

-4.89 ± 
4.06 

4.49 ± 
1.22 

-7.90 ± 
5.79* 

6.88 ± 
5.26** 

0.75 ± 
2.95** 

4.02 ± 
1.27 

-24.50 ± 
14.20** 

Medial (+)/ 
Lateral (-) 

3.82 ± 
2.84 

-3.34 ± 
1.88 

5.25 ± 
4.75* 

-3.17 ± 
2.11 

2.48 ± 
2.36* 

-0.97 ± 
1.93** 

10.17 ± 
5.16** 

-1.17 ± 
1.30** 

GH 

Posterior (+)/ 
Anterior (-) 

1.99 ± 
3.29 

-6.65 ± 
2.14 

3.07 ± 
4.29 

-8.21 ± 
3.54 

0.14 ± 
3.53 

-4.48 ± 
2.65 

12.01 ± 
12.95** 

-7.65 ± 
12.31 

Inferior (+)/ 
Superior (-) 

6.85 ± 
1.53 

-2.43 ± 
3.78 

6.74 ± 
1.50 

-4.59 ± 
5.31 

9.68 ± 
4.89** 

3.70 ± 
2.10** 

7.40 ± 
1.30 

-21.19 ± 
14.35** 

Medial (+)/ 
Lateral (-) 

4.79 ± 
2.74 

-2.72 ± 
1.80 

6.59 ± 
4.62** 

-2.21 ± 
2.02 

2.45 ± 
2.18** 

-1.12 ± 
1.73** 

10.16 ± 
5.16** 

-1.19 ± 
1.31** 

 Mean peak joint forces ± standard deviation reported as percent body weight (%BW) in the wrist, elbow and 

glenohumeral (GH) joints across all subjects during propulsion with comparison to each functional task: start, 

stop and weight relief. 

* = p < 0.05 ** = p < 0.01   
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Mean Upper Extremity Joint Forces during Propulsion 

0 20 40 60 80 100
-5

0

5
Medial/Lateral Force

W
ri
s
t 
J
o
in

t
M

e
d
(+

) 
/ 
L
a
t(

-)
 (

%
B

W
)

0 20 40 60 80 100
-5

0

5

10
Anterior/Posterior Force

P
o
s
t(

+
) 

/ 
A

n
t(

-)
 (

%
B

W
)

0 20 40 60 80 100
-10

-5

0

5
Superior/Inferior Force

In
f(

+
) 

/ 
S

u
p
(-

) 
(%

B
W

)

0 20 40 60 80 100
-5

0

5
Medial/Lateral Force

E
lb

o
w

 J
o

in
t

M
e
d
(+

) 
/ 
L
a
t(

-)
 (

%
B

W
)

0 20 40 60 80 100
-4

-2

0

2

4
Anterior/Posterior Force

P
o
s
t(

+
) 

/ 
A

n
t(

-)
 (

%
B

W
)

0 20 40 60 80 100
-10

-5

0

5
Superior/Inferior Force

In
f(

+
) 

/ 
S

u
p
(-

) 
(%

B
W

)

0 20 40 60 80 100
-5

0

5

10
Medial/Lateral Force

Wheelchair Cycle (%)

G
le

n
o
h

u
m

e
ra

l 
J
o

in
t

M
e
d
(+

) 
/ 
L
a
t(

-)
 (

%
B

W
)

0 20 40 60 80 100
-10

-5

0

5
Anterior/Posterior Force

Wheelchair Cycle (%)

P
o
s
t(

+
) 

/ 
A

n
t(

-)
 (

%
B

W
)

0 20 40 60 80 100
-5

0

5

10
Superior/Inferior Force

Wheelchair Cycle (%)

In
f(

+
) 

/ 
S

u
p
(-

) 
(%

B
W

)

 

                     Dominant side ROM   
                     ± Standard Deviation (dominant side)   
 Med/Lat = Medial/Lateral Post/Ant = Posterior/Anterior  
 Inf/Sup = Inferior/Superior   

 
Figure 10: Mean upper extremity joint forces, reported as % body weight (%BW), during steady state propulsion 

are shown for glenohumeral, elbow and wrist joints in three dimensions.  Each stroke has been normalized to % 

wheelchair cycle to allow for data analysis across all 14 subjects. 
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Mean Upper Extremity Joint Forces during Start Task 
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                     Dominant side ROM   
                     ± Standard Deviation (dominant side)   
 Med/Lat = Medial/Lateral Post/Ant = Posterior/Anterior  
 Inf/Sup = Inferior/Superior   

 
Figure 11: Mean upper extremity joint forces, reported as % body weight (%BW), during start task are shown for 

glenohumeral, elbow and wrist joints in three dimensions.  Each stroke has been normalized to % wheelchair 

cycle to allow for data analysis across all 14 subjects. 
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Mean Upper Extremity Joint Forces during Stop Task 
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                     Dominant side ROM   
                     ± Standard Deviation (dominant side)   
 Med/Lat = Medial/Lateral Post/Ant = Posterior/Anterior  
 Inf/Sup = Inferior/Superior   

 
Figure 12: Mean upper extremity joint forces, reported as % body weight (%BW), during stop task are shown for 

glenohumeral, elbow and wrist joints in three dimensions.  Each stroke has been normalized to % wheelchair 

cycle to allow for data analysis across all 14 subjects. 
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Upper Extremity Joint Forces during Weight Relief Task 
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                     Dominant side ROM   
                     ± Standard Deviation (dominant side)   
 Med/Lat = Medial/Lateral Post/Ant = Posterior/Anterior  
 Inf/Sup = Inferior/Superior   

 
Figure 13: Upper extremity joint forces, reported as % body weight (%BW), during weight relief task are shown 

for glenohumeral, elbow and wrist joints in three dimensions for a representative trial. 

 

Moments. Mean peak moments at each joint were also calculated for all tasks 

(Table 4).  The peak wrist extension and elbow flexion moments during the start task 

were found to be significantly higher than during propulsion.  Mean wrist and elbow 

flexion moments, as well as elbow and GH adduction moments during the stop tasks 

were significantly lower than during propulsion.  Stop task extension moments at the 

wrist and elbow were significantly higher than during propulsion.  Weight relief 

extension moments were found to be higher than during propulsion at all joints.  
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Table 4 

Mean Peak Joint Moments in Dominant Limb across Functional Activities 

    Propulsion Start Stop Weight Relief 

Joint 
Direction of 
Moment 

Max  
%BWxH 

Min 
%BWxH 

Max 
%BWxH 

Min 
%BWxH 

Max 
%BWxH 

Min 
%BWxH 

Max 
%BWxH 

Min 
%BWxH 

Wrist 

Radial (+)/ 
Ulnar (-) 
Deviation 

0.43 ± 
0.36 

-0.29 ± 
0.31 

0.64 ± 
0.48 

-0.33 ± 
0.38 

0.21 ± 
0.48 

-0.48 ± 
0.47 

0.82 ± 
1.11** 

-1.34 ± 
1.45** 

External (+)/ 
Internal (-) 
Rotation 

0.50 ± 
0.42 

-0.20 ± 
0.22 

0.80 ± 
0.72 

-0.28 ± 
0.38 

0.25 ± 
0.28 

-0.28 ± 
0.34 

0.75 ± 
1.01 

-0.60 ± 
0.48** 

Extension (+)/ 
Flexion (-) 

0.92 ± 
0.69 

-0.20 ± 
0.16 

1.57 ± 
1.02** 

-0.16 ± 
0.13 

0.07 ± 
0.32** 

-1.07 ± 
0.96** 

3.19 ± 
1.62** 

-0.13 ± 
0.18 

Elbow 

Abduction (+)/ 
Adduction (-) 

0.76 ± 
0.64 

-0.61 ± 
0.49 

0.91 ± 
0.80 

-0.73 ± 
0.58 

0.19 ± 
0.62* 

-0.75 ± 
0.76 

1.44 ± 
2.04** 

-2.36 ± 
2.27* 

Supination (+)/ 
Pronation (-) 

1.07 ± 
4.47 

-0.84 ± 
4.26 

0.50 ± 
0.53 

-0.26 ± 
0.26 

0.34 ± 
0.44 

-0.19 ± 
0.28 

1.37 ± 
1.42 

-0.75 ± 
0.99 

Extension (+)/ 
Flexion (-) 

1.22 ± 
0.96 

-0.45 ± 
0.31 

1.80 ± 
1.41** 

-0.44 ± 
0.32 

0.21 ± 
0.71** 

-1.11 ± 
1.04** 

3.30 ± 
2.13** 

-0.75 ± 
1.20 

GH 

Abduction (+)/ 
Adduction (-) 

0.89 ± 
0.97 

-0.99 ± 
0.89 

1.07 ± 
0.70 

-1.31 ± 
1.02 

0.33 ± 
0.72* 

-0.52 ± 
0.36* 

2.17 ± 
1.73** 

-1.78 ± 
1.98** 

External (+)/ 
Internal (-) 
Rotation 

1.44 ± 
4.10 

-1.08 ± 
3.83 

1.16 ± 
0.98 

-0.77 ± 
1.09 

0.36 ± 
0.56 

-0.33 ± 
0.30 

2.15 ± 
1.77 

-0.87 ± 
1.09 

Extension (+)/ 
Flexion (-) 

0.87 ± 
0.92 

-1.20 ± 
0.76 

0.99 ± 
1.25 

-1.13 ± 
0.52 

0.69 ± 
0.62 

-0.43 ± 
0.60** 

2.57 ± 
3.07** 

-1.87 ± 
1.79** 

Mean peak moments ± standard deviation reported as percent body weight x height (%BWxH) at the wrist, 

elbow and glenohumeral (GH) joints across all subjects during propulsion with comparison to each functional 

task: start, stop and weight relief. 

* = p < 0.05   ** = p < 0.01 
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Appendix A: Text Descriptions 

Figure 1: International Classification of Functioning (ICF) 

Brief Description: International Classification of Functioning (ICF) codes are given for 

each impairment description as they relate to the diagnosis of SCI (Hyung Seok Nam, 

2012). 

 

Figure 2: Visual Analog Scale (VAS) 

Brief Description: Visual analog scale (VAS) for pain (Wewers & Lowe, 1990). Subjects 

were asked to mark their average daily pain with 0 being no pain at all and 100 being the 

worst pain you can imagine. 

  

Figure 3: Upper Extremity Marker Set 

Brief Description: Upper extremity marker set used in biomechanical analysis (A.J. 

Schnorenberg et al., 2013). 

 

Figure 4: Subject Propulsion Patterns 

Brief Description: Self-selected propulsion patterns exhibited by each subject were 

identified according to Boninger et al. (2004).   
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Figure 5: Direction of Internal Joint Force 

Brief Description: Direction of internal forces for wrist, elbow and GH joints are shown 

in relation to an individual using a manual wheelchair.  Internal joint force is described as 

the force acting on the joint while external joint force is the interaction of the joint with 

the environment external to the body. 

 

Figure 6: Mean Upper Extremity Motion during Propulsion 

Brief Description: Mean upper extremity motion, reported in degrees (deg), during steady 

state propulsion are shown for glenohumeral, elbow and wrist joints in three dimensions.  

Each stroke has been normalized to % wheelchair cycle to allow for data analysis across 

all 14 subjects. 

 

Figure 7: Mean Upper Extremity Motion during Start Task 

Brief Description: Mean upper extremity motion, reported in degrees (deg), during start 

task are shown for glenohumeral, elbow and wrist joints in three dimensions.  Each stroke 

has been normalized to % wheelchair cycle to allow for data analysis across all 14 

subjects. 

 

Figure 8: Mean Upper Extremity Motion during Stop Task 

Brief Description: Mean upper extremity motion, reported in degrees (deg), during stop 

task are shown for glenohumeral, elbow and wrist joints in three dimensions.  Each stroke 

has been normalized to % wheelchair cycle to allow for data analysis across all 14 

subjects. 
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Figure 9: Upper Extremity Motion during Weight Relief Task 

Brief Description: Upper extremity motion, reported in degrees (deg), during stop task 

are shown for glenohumeral, elbow and wrist joints in three dimensions for a 

representative trial. 

 

Figure 10: Mean Upper Extremity Joint Forces during Propulsion 

Brief Description: Mean upper extremity joint forces, reported as % body weight (%BW), 

during steady state propulsion are shown for glenohumeral, elbow and wrist joints in 

three dimensions.  Each stroke has been normalized to % wheelchair cycle to allow for 

data analysis across all 14 subjects. 

 

Figure 11: Mean Upper Extremity Joint Forces during Start Task 

Brief Description: Mean upper extremity joint forces, reported as % body weight (%BW), 

during start task are shown for glenohumeral, elbow and wrist joints in three dimensions.  

Each stroke has been normalized to % wheelchair cycle to allow for data analysis across 

all 14 subjects. 

 

Figure 12: Mean Upper Extremity Joint Forces during Stop Task 

Brief Description: Mean upper extremity joint forces, reported as % body weight (%BW), 

during stop task are shown for glenohumeral, elbow and wrist joints in three dimensions.  

Each stroke has been normalized to % wheelchair cycle to allow for data analysis across 

all 14 subjects. 
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Figure 13: Upper Extremity Joint Forces during Weight Relief Task 

Brief Description: Upper extremity joint forces, reported as % body weight (%BW), 

during weight relief task are shown for glenohumeral, elbow and wrist joints in three 

dimensions for a representative trial. 

 

Figure 14: Mean Upper Extremity Moments during Propulsion 

Brief Description: Mean upper extremity moments during propulsion, reported in % body 

weight x height (%BWxH), are shown for glenohumeral, elbow and wrist joints in three 

dimensions.  Each stroke has been normalized to % wheelchair cycle to allow for data 

analysis across all 14 subjects. 

 

Figure 15: Mean Upper Extremity Moments during Start Task 

Brief Description: Mean upper extremity moments during start task, reported in % body 

weight x height (%BWxH), are shown for glenohumeral, elbow and wrist joints in three 

dimensions.  Each stroke has been normalized to % wheelchair cycle to allow for data 

analysis across all 14 subjects. 

 

Figure 16: Mean Upper Extremity Moments during Stop Task 

Brief Description: Mean upper extremity moments during stop task, reported in % body 

weight x height (%BWxH), are shown for glenohumeral, elbow and wrist joints in three 

dimensions.  Each stroke has been normalized to % wheelchair cycle to allow for data 

analysis across all 14 subjects. 
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Figure 17: Upper Extremity Moments during Weight Relief Task 

Brief Description: Upper extremity moments during weight relief task are reported in % 

body weight x height (%BWxH) for glenohumeral, elbow and wrist joints in three 

dimensions for a representative trial. 

 

Figure 18: Mean Short Form 12 Health Questionnaire (SF-12) Scores 

Brief Description: Scores of pediatric manual wheelchair users.  Physical composite score 

(PCS) and mental health composite score (MCS) across all subjects is reported here with 

one standard deviation.  The norm for both scores (50) is shown in bold. 

 

Table 1: Subject Demographics 

Brief Description: Subject age, limb dominance, gender, height and weight are reported 

for all fourteen participants in this study. 

 

Table 2: Mean Peak Ranges of Motion in Dominant Limb across Functional Activities 

Brief Description: Mean ranges of motion (ROM) in the wrist, elbow and glenohumeral 

(GH) joints across all subjects during propulsion with comparison to each functional task: 

start, stop and weight relief. 

 

Table 3: Mean Peak Joint Forces in Dominant Limb across Functional Activities 

Brief Description: Mean peak joint force reported as percent body weight (%BW) in the 

wrist, elbow and glenohumeral (GH) joints across all subjects during propulsion with 

comparison to each functional task: start, stop and weight relief. 
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Table 4: Mean Peak Joint Moments in Dominant Limb across Functional Activities 

Brief Description: Mean peak moments reported as percent body weight x height 

(%BWxH) at the wrist, elbow and glenohumeral (GH) joints across all subjects during 

propulsion with comparison to each functional task: start, stop and weight relief.  Note 

that wrist internal/external rotation and elbow adduction/abduction moments are not 

reported due to anatomical constraints. 

 

Table 5: Mean Peak Joint Forces during Functional Tasks across Upper Extremity Joints 

Brief Description: Mean peak joint force reported as percent body weight (%BW) during 

a) propulsion, b) start, c) stop and d) weight relief.  Glenohumeral (GH) joint forces are 

compared to elbow and wrist joint forces in each direction. 

 

Table 6: Mean Peak Moments in Dominant Limb during Propulsion across Upper 

Extremity Joints 

Brief Description: Mean peak moments reported as percent body weight x height 

(%BWxH) during propulsion.  Moments at the GH joint are compared to moments at the 

elbow and wrist in each direction.  Note that wrist internal/external rotation and elbow 

adduction/abduction moments are not reported due to anatomical constraints. 
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Table 7: Mean Peak Moments in Dominant Limb during Start across Upper Extremity 

Joints 

Brief Description: Mean peak moments reported as percent body weight x height 

(%BWxH) during the start task.  Moments at the GH joint are compared to moments at 

the elbow and wrist in each direction.  Note that wrist internal/external rotation and 

elbow adduction/abduction moments are not reported due to anatomical constraints. 

 

Table 8: Mean Peak Moments in Dominant Limb during Stop across Upper Extremity 

Joints 

Brief Description: Mean peak moments reported as percent body weight x height 

(%BWxH) during the stop task.  Moments at the glenohumeral (GH) joint are compared 

to moments at the elbow and wrist in each direction.  Note that wrist internal/external 

rotation and elbow adduction/abduction moments are not reported due to anatomical 

constraints. 

 

Table 9: Mean Peak Moments in Dominant Limb during Weight Relief across Upper 

Extremity Joints 

Brief Description: Mean peak moments reported as percent body weight x height 

(%BWxH) during the weight relief task.  Moments at the GH joint are compared to 

moments at the elbow and wrist in each direction.  Note that wrist internal/external 

rotation and elbow adduction/abduction moments are not reported due to anatomical 

constraints. 
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Appendix B: Short Form 12 Health Questionnaire 
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Appendix C: Assent Form 

Shriners Hospitals for Children-Chicago  
Assent Form  

(For Children Ages 7-13)  
  

Study Title:   

R4 - Advanced Mobility Modeling to Improve Function and Longer Term 

Transitional Care of Children with Orthopedic Disabilities 

 

Who we are and why are we meeting with you?  
Our names are Drs. Peter Smith and Gerald Harris.  We work at Shriners Hospitals for 

Children-Chicago.  Our research associates and I want to tell you about a research study 

that involves children like yourself.  We want to see if you would like to participate in 

this research study.  

  

Why are we doing this study?  
This study is to learn more about how children with cerebral palsy (CP), 

myelomeningocele (MM), spinal cord injury (SCI), and osteogenesis imperfecta (OI) are 

able to move their bodies to get around.  This may be with a wheelchair, walker or 

crutches.  We want to understand how you use your arms and body to help you move and 

how we can make it easier for you.   

We also want to study the legs and lower body of children with certain foot 

conditions so we can improve the ways we treat them. 

 

What will happen to you if you are in the study?  
The study will take place at the Shriners Hospitals for Children-Chicago.  

 

If we are studying your arms and upper body, you will come to the hospital for one visit.  

You will be asked to do activities that measure your arm strength and look at how you 

walk or use a wheelchair, crutches or walker.  We will do this by having you sit in a 

special chair that has an arm rest that can measure how hard you push against it.  We will 

also be measuring the way you move by using special cameras in our lab.  To do this we 

will place reflective (shiny) markers on your body using stickers that go on your 

shoulders and arms.  We will also place some small “muscle microphones” on your skin 

that tell us when your muscles are on or off.  These microphones will also be placed on 

your arms and shoulders using tape.  You will be wearing shorts and a tank top that we 

will provide to you.  We will also ask you questions about your level of pain, activity and 

participation in everyday activities using questionnaires.  

 

If we are studying your legs and lower body, you will come to the hospital for three 

visits: one before your surgery, one a year after your surgery, and one 2 years after your 

surgery.  At each visit we will take x-rays of your feet while you are standing still or 

walking and ask you to fill out questionnaires. 
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Also, we will ask your parent or guardian to answer some questions about you. 

 

Will any part of the study hurt?  
No part of this study should hurt.  You may get tired during testing, but you can rest.  A 

staff person will help you if you are not feeling well.  

 

Who will know that you are in the study?  
There are only a few people that will know you are in the study.  Including us, they are 

people helping with the study who are researchers at the hospital.  

  

Do you have to be in this study?  
No, you don’t.  We hope this study will help us do a better job in taking care of children 

who come to the hospital.  You don’t have to participate, and no one will get angry or 

upset if you don’t want to be in the study.  And remember, you can change your mind 

later if you decide you don’t want to be in the study anymore.  

  

Do you have any questions?  
You can ask questions any time.  You can ask now or later.  You can talk to any one of us 

at the hospital.  Here are our phone numbers:  

  

Peter Smith, MD, Principle Investigator    (773) 622-5400   

Saar Hassani, MS, Co-Investigator        (773) 622-5400 

Gerald Harris, PhD, PE Co-Investigator   (773) 622-5400  

 

 

________________________________________    _______________  

Sign Your Name            Date  

 

 

________________________________________    _______________  

Principal Investigator/Co-Investigator      Date  

 

 

________________________________________    _______________  

Translator             Date  
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Appendix D: Consent Form 

SHRINERS HOSPITALS FOR CHILDREN-CHICAGO 

INFORMED CONSENT TO PARTICIPATE IN RESEARCH PROJECT OR 

STUDY 

 

Participant Name _______________________________ Date: _______________ 

 

Co-PIs: Gerald Harris, PhD, Peter Smith, MD 

 

Investigators/Key Personnel: Jason Long, PhD, Brooke Slavens, PhD, Sahar Hassani, 

MS, Adam Graf, MS, Joseph Krzak, PT, Kathryn Reiners 

Title of Project or Study:  R4 - Advanced Mobility Modeling to Improve Function and 

Longer Term Transitional Care of Children with Orthopedic Disabilities 

 

If you are the parent/guardian of a minor, when we refer to “you” and “your,” we mean 

either you or your child.  

 

You have been invited to join this research study.  Before you agree to join, it is 

important that you read and understand the following information.  It tells how and why 

the study will be done.  It also tells about the good things that could be learned from the 

study.  Possible risks or things that may hurt or be uncomfortable are described and the 

different kinds of medical treatment that may also help you are explained. 

 

It is important to know that no promises can be made about the results of the study.  You 

can drop out of the study at any time without penalty.  

 

Please ask questions about anything that you do not understand before deciding whether 

or not to participate. 

 

The National Institute on Disability and Rehabilitation Research (NIDRR) is sponsoring 

this study through Marquette University.  Shriners Hospital for Children – Chicago is one 

of the performance sites participating in this study.  

 

1.  PURPOSE: I agree to the participation of ___________________ in this research 

study being conducted by Gerald Harris, PhD, Peter Smith, MD and/or their assistants. 

 

There are 3 groups in this study.  The first group includes children 6-18 years of age with 

cerebral palsy (CP), myelomeningocele (MM), spinal cord injury (SCI), and osteogenesis 

imperfecta (OI).  We want to study how these children are able to move their bodies to 

get around.  This may be with a wheelchair, walker or crutches.  We want to understand 

how they use their arms and upper body to help them move and how we can make it 

easier for them.  
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The second group includes children with certain foot conditions who are going to have 

surgery.  We will study their legs and lower body so we can improve the ways we treat 

them.  

 

The third group consists of typically developing children ages 6-18 years of age with no 

orthopaedic disabilities or conditions which would prevent them from using both arms to 

freely propel a wheelchair.  

 

2. PROCEDURE: The study will be done at Shriners Hospital for Children in 

Chicago, IL.  You will need to be screened by a physician and have his/her 

approval to participate in this study. 

 

If we are studying your arms and upper body, you will come to the hospital for one 

visit.  You will be asked to do activities that measure your arm strength and look at how 

you walk or use a wheelchair, crutches or walker.  We will do this by having you sit in a 

special chair that has an arm rest that can measure how hard you push against it.  We will 

also be measuring how you move using a special camera system in our lab.  To do this, 

we will place reflective markers on your body using stickers that go on your shoulders 

and arms.  We will also record your muscle activity by placing small electrodes on the 

surface of your skin that can “listen” for when your muscles are on or off.  These will be 

taped onto the skin on top of a muscle on your arm or shoulder.  You will be wearing 

shorts and a tank top that we will provide to you.  We will also ask you questions about 

your level of pain, activity and participation in everyday activities using questionnaires 

called the Visual Analog Scale (VAS) and the Short Form-12 (SF-12).  

 

If we are studying your legs and lower body, you will come to the hospital for three 

visits: one before your surgery, one a year after your surgery, and one 2 years after your 

surgery.  The surgery is not part of this study.  We are studying the results from your 

surgery.  You will be asked to sign a separate consent for the surgery.  At each visit we 

will ask you to walk in the Motion Analysis Laboratory, take x-rays of your feet while 

you are standing still or walking, and ask you to fill out the following questionnaires: 

 AOFAS midfoot and hindfoot scales 

 Child Health Questionnaire (CHQ) 

 Foot Function Index-Revised (FFI-Revised) 

 Pediatric Outcomes Data Collection Instrument (PODCI). 

 

Also, we will ask your parent or guardian to answer some questions about you. 

 

3.  EXPERIMENTAL PROCEDURES: There are no experimental procedures 

used in this study.  We are only gathering and studying information.  

 

4.  RISKS: The risks or discomforts that we know about that you might experience 

as a result of participating in this research study are: 

(1) The inconvenience of evaluation and travel. 

(2) Time and energy of being tested.  
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(3) The risk of mechanical malfunction, electric shock from the walkway force 

plates, force transducers, and gait laboratory walkway hazards (for example, 

falling). 

(4) Not feeling comfortable answering questions. 

(5) Falling. 

(6) Radiation exposure from x-rays. 

  

What we do to keep you safe:   

(1) All evaluations or tests performed are entirely non-invasive and performed by 

trained professionals. 

(2) You will have contact with low voltage devices and biomedically approved 

instruments only.   

(3) Routine electrical safety inspection.   

(4) We will try to make sure that you are comfortable during testing. 

(5) Mechanical design of measurement systems and examinations to provide 

comfort, to prevent tripping and/or loss of balance. 

(6) Staff supervision. 

(7) A psychologist at our hospital is available to consult with you. 

(8) You do not have to answer any question that makes you feel uncomfortable. 

(9) A trained radiologist will perform all x-rays and ensure that radiation 

exposure is kept to a minimum and be within the established standards. 

 

If you are pregnant, it is possible that the x-ray radiation could pose risks to your unborn 

child and you cannot participate if you are in the leg/lower body group.  If you are 

pregnant or if it is possible that you are pregnant, it is important that you tell one of the 

investigators immediately.  

 

 Since this is a research study, there may be additional risks or side effects that we 

do not know about at this time, but which might occur during the study or later. 

 

5. DURATION: If you are in the arm/upper body group, you will be in this study 

for one day.  If you are in the leg/lower body group, you will be in this study for about 

two years. 

  

6. ALTERNATIVES: You can choose not to participate in this study.   

 

7. BENEFITS: No promises are being made that you personally will benefit from 

this study, but you and other patients may benefit later from what we learn. 

 

8. CONFIDENTIALITY/HIPAA PRIVACY  

 Your participation in this study and your medical records will be kept confidential 

in accordance with applicable state and federal laws.  No information identifying you will 

be released without your permission unless it is subject to a subpoena or court order. 
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 Your information will be combined with information from other people taking 

part in the study.  A statistical report of this research project or study, which may include 

slides or photographs that do not identify you (your head and face will be excluded) may 

be printed in a scientific paper or presented at a professional meeting. 

  

Participants in this study will not be identified by name.  Confidentiality in all record 

keeping will be maintained by assigning a unique number to each study participant.  All 

data will be stored in a locked office in the research department and will only be 

accessible to research personnel. 

 

 Authorization to Use and Disclose Protected Health Information for 

Research Purposes 

The privacy law, Health Insurance Portability & Accountability Act (HIPAA), protects 

your individually identifiable health information (*protected health information).  The 

privacy law requires you to sign an authorization (or agreement) in order for researchers 

to be able to use or disclose your protected health information for research purposes for 

this study. 

 

You authorize investigators for this study and their research staff to use and disclose your 

protected health information for the purposes described below.  You also permit your 

doctors and other health care providers to disclose your protected health information for 

the purposes described below. 

 

Your protected health information* that may be used and disclosed includes:  
Age, height, weight, initials, whole body pictures, body composition, motion (arm and 

leg movement) data including joint angles and forces, physical exam measures including 

range of motion and strength, and outcome/psychological questionnaires results.  

 

Your protected health information will be used for: 

Helping to improve the technology used to assess the functional ability of children with 

orthopedic disabilities.  This will be done by improving the mathematical models used to 

evaluate the motion of the upper extremities (arms) using assistive devices and the lower 

extremities while walking.  We will establish the relationship among joint forces, 

pathology, assistive device, function, and pain. 

 

The data that does not have your name or any information that could identify you will be 

stored in a password protected electronic database.  Locally, the clinical investigator, 

patient physicians, study coordinator, physical therapists, and motion lab staff will have 

access to the collected data.   

 

The Researchers may use and share your health information with the following, but 

they are all required to keep your records confidential: 

 The Institutional Review Board at RUSH University Medical Center 

 Shriners Hospitals for Children – Chicago 

 Medical College of Wisconsin 
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 Orthopaedic Rehabilitation and Engineering Center (OREC) 

 University of Wisconsin – Milwaukee 

 RUSH Medical Center 

 Government representatives, when required by law 

 Hospital representatives if applicable 

 

The researchers agree to protect your health information by using and disclosing it only 

as permitted by you in this Authorization and as directed by state and federal law. 

Some of these people may share your health information with someone else.  If they do, 

the same laws that this hospital must obey may not protect your health information.   

 

You do not have to sign this Authorization.  If you decide not to sign the 

Authorization: 

 You will not be allowed to participate in the research study. 

 

After signing the Authorization, you can change your mind and: 

 Not let the researchers disclose or use your protected health information (revoke 

the Authorization).  

 If you revoke the Authorization, you must send a written letter to: Peter Smith, 

MD, Shriners Hospitals for Children-Chicago, 2211 North Oak Park Ave, 

Chicago, IL 60707 to inform him of your decision. 

 If you revoke this Authorization, researchers may only use and disclose the 

protected health information already collected for this research study. 

 If you revoke this Authorization, your protected health information may still be 

used and disclosed should you have an adverse event (a bad effect). 

 If you change your mind and withdraw the authorization, you may not be allowed 

to continue to participate in the study. 

 

You will not be allowed to review the information collected for the research until after 

the study is completed.  When the study is over, you will have the right to access the 

information. 

 

 If you have not already received a copy of the Privacy Notice, you may 

request one.  If you have any questions or concerns about your privacy rights, you 

should contact the Privacy Manager at Shriners Hospitals for Children-Chicago, 

Delphine Brown, at 773-385-5489. 

 

9. QUESTIONS: If you have any questions, please ask us.  If you have any 

questions later, please call Dr. Gerald Harris at 773-385-5457. 

 You can contact Arlette Grubbe at 773-385-5449 for answers to questions you 

might have about research and about your rights as a research participant. 

 In the event of an undesirable reaction or research-related injury, please call Peter 

Smith, MD at 773-622-5400. 
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10. COMPENSATION: For each visit in this study that you complete, Marquette 

University will mail you a check to your home in the amount of $50. 

 Any physical injuries or adverse reactions arising from participation in the 

research project can be treated either by providing those medical services that are 

customarily available at the Shriners Hospitals for Children or by a combination of 

medical services at the Shriners Hospitals for Children and any other hospital you choose.  

To the extent the Shriners Hospitals for Children provides medical services at its facility, 

those will be at no cost, while the cost at the other hospital will be based on your personal 

insurance coverage.  Shriners Hospitals for Children has no program for financial 

compensation or other forms of compensation for any injury or undesirable reaction 

which you may experience as a result of participating in this study.  By signing this form, 

you are not giving up any legal rights that you may have. 

 

11. WITHDRAWAL FROM THE STUDY: 

 Your participation in this research study is voluntary.  If you decide not to 

participate, there will be no penalty and you will not lose any benefits you would 

otherwise receive.  If you change your mind after you volunteer for this study, you may 

withdraw from this study and stop participating at any time without penalty or loss of 

benefits you would otherwise receive.  If you currently receive treatment you will 

continue to receive your usual care at Shriners Hospitals for Children-Chicago. 

 

 There are no consequences if you decide to withdraw from this research study. 

 If you wish to withdraw from this study, please contact Dr. Gerald Harris at  

773-385-5457. 

 

12. COMMERCIAL PRODUCTS: 

 Information and data gathered during this study may be used for research and 

development purposes.  You will not have any property rights or ownership interest in 

products or data which may result from your participation in this study.   

 

13. GENERAL INFORMATION: 

 If the investigator feels that this study is not appropriate for you or that you have 

not followed directions, you will be dropped from the study.   

 You will be advised if significant information is developed during the course of 

this research that may affect your willingness to continue to participate. 

 There will be 140 participants involved in this study. 

 

Your signature, below, will indicate that you have decided to volunteer as a research 

participant, that you have had an opportunity to ask questions and all of your 

questions have been answered, and that you have read and understood the 

information provided above.  You will be given a signed copy of this informed 

consent form which is yours to keep.  This Authorization does not have an 

expiration date. 
 

__________________________  __________  
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Appendix E: Protocols and Checklists 

 

Weight Relief Protocol 

1. Smart wheel should be installed on the participant’s wheelchair on their dominant 

side.  Install hand rim cover and calibrate Smart wheel per the instruction manual.  

Reflective markers should be applied using the upper extremity model...  

2. Direct participant to the center of the capture area and ask them to lock the wheels 

on their wheelchair.  

3. Explain the weight relief protocol using the following script: 

 “We are going to record you as you use your arms and hands to lift your 

bottom off of the wheelchair seat.  You will place your hands on the rim of 

the wheels.  (Show participant where to place their hands.)  You will push 

up and straighten your arms as much as you can and count to 2.  You can 

then lower yourself gently back to your seat.  You will be given time to 

practice until you feel comfortable with this task.  We will then record this 

tasks 3 times.  Do you have any questions?” 

 Answer any questions that the participant might have. 

4. Allow the participant to complete a practice trial, repeating the practice trial until 

they feel comfortable completing the task.  Observe the participant carefully and 

count the 2 second pause out loud if necessary. 

5. When the participant is ready, use the following script: 


