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Abstract

Repetitive loading of the upper limb due to wheelchair propulsion plays a leading role in the
development of shoulder pain in manual wheelchair users (mWCUSs). There has been minimal
inquiry on understanding wheelchair propulsion kinematics from a human movement ergonomics
perspective. This investigation employs an ergonomic metric, jerk, to characterize the recovery
phase kinematics of two recommended manual wheelchair propulsion patterns: semi-circular and
the double loop. Further it examines if jerk is related to shoulder pain in mWCUs. Data from 22
experienced adult mWCUs was analyzed for this study (semi-circular: n=12 (pain/without-pain:
6/6); double-loop: n=10 (pain/without-pain:4/6)). Participants propelled their own wheelchair
fitted with SMARTWheels on a roller dynamometer at 1.1 m/s for 3 minutes. Kinematic and
kinetic data of the upper limbs were recorded. Three dimensional absolute jerk experienced at the
shoulder, elbow and wrist joint during the recovery phase of wheelchair propulsion were
computed. Two-way ANOVAs were conducted with the recovery pattern type and shoulder pain
as between group factors.

Findings—(1) Individuals using a semi-circular pattern experienced lower jerk at their arm joints
than those using a double loop pattern (P<0.05, 12=0.32)urist; (P=0.05, 112=0.19)eipow; (P<0.05,
1%=0.34)shoulder and (2) individuals with shoulder pain had lower peak jerk magnitude during the
recovery phase (P<0.05, 12=0.36)ysist; (P<0.05, 112=0.30)e1now; (P<0.05, 12=0.31)shouider-

Conclusions—1Jerk during wheelchair propulsion was able to distinguish between pattern types
(semi-circular and double loop) and the presence of shoulder pain. Jerk provides novel insights
into wheelchair propulsion kinematics and in the future it may be beneficial to incorporate jerk
based metric into rehabilitation practice.
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1. Introduction

Approximately 2 million Americans use a manual wheelchair for mobility (LaPlante et al.,
2010). Although the use of a manual wheelchair provides numerous benefits (Hosseini et al.,
2012), the repetitive strain encountered by the upper limb during propulsion places
significant demand on the tissues (Nichols et al., 1979, Gellman et al., 1988, Curtiset al.,
1999, Finley et al., 2004) and has been implicated in upper limb injury (Cooper et al., 1998).
Indeed up to 70% of manual wheelchair users (mMWCUS) report upper extremity pain (Finley
et al., 2004). Upper extremity injury in mWCUs has been linked to difficulty performing
activities of daily living, decreased physical activity and decreased quality of life (Chow et
al., 2011).

Consequently, wheelchair propulsion research has led to guidelines to minimize over-use
injuries (Boninger et al., 2002, Koontz et al., 2002, Richter et al., 2007). In general the
guidelines suggests that individuals use propulsion patterns such as semi-circular and double
loop that maximizes the contact angle. However these guidelines do not discuss other
kinematic markers of movement such as jerk, that has been implicated in overuse injuries
(Cote JN et al., 2005, Berret et al., 2008, Srinivasan et al., 2012, William et al., 2008, Mark
(2012)).

Jerk, the third derivative of position has been widely employed in clinical rehabilitation and
human motor control research to quantify movement smoothness and evaluate the
performance of upper limb tasks (Hogan et al., 1987, Flash., 1990, Chang et al., 2005,
Caimmi et al., 2008). Occupational ergonomics research has revealed distinct differences in
arm jerk between movements in individuals with and without shoulder pain (Cote JN et al.,
2005). Consequently, the purpose of this investigation is to examine jerk in wheelchair
propulsion as a function of recovery pattern and shoulder pain.

To appreciate this research it is important that the reader understands that a typical push-rim
wheelchair propulsion has two phases, a push phase (hands in contact with push-rim) and a
recovery phase (hands move freely to initiate next push). Four general categories of
recovery patterns widely reported in the literature are, semi-circular (SC), single loop
(SLOP), double loop (DLOP) and ARC (Shimada et al. 1998, Boninger et al., 2002, Richter
et al., 2007). The magnitude of forces and moments experienced by the shoulder joint during
recovery phase of wheelchair propulsion can be high as that during the push phase (Mercer
JL et al., 2006, Sosnoff et al., 2015). Given this association, it is logical to expect that
shoulder pain will influence arm kinematics during the recovery phase of wheelchair
propulsion. Indeed recent research shows that mWCUs with shoulder pain employed spatial
adaptive strategies to wrist kinematics during the recovery phase of wheelchair propulsion
(Jayaraman C et al., 2014).
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This analysis examines jerk-based metrics extracted from the three dimensional kinematics
of the upper arm joints during wheelchair propulsion. The main goals are (1) to introduce
and benchmark a jerk-based framework for wheelchair propulsion and (2) to examine jerk in
wheelchair propulsion as a function of recovery pattern and shoulder pain. To accomplish
these goals, two recovery pattern types, SC and DLOP patterns were analyzed. A DLOP
pattern is characterized by the hands lifting over the propulsion path and crossing the
propulsion path to drop below the hand-rim forming a double loop, while a SC pattern is
characterized by the hands dropping below the hand-rim during the recovery phase
(Sanderson et al., 1985, Shimada et al., 1988, Boninger et al., 2002, Richter et al., 2007).

We postulate two hypotheses; (H1) that individuals using a SC recovery pattern will
experience lower jerk magnitudes at their joints than individuals using a DLOP recovery
pattern. (H2) that individuals with shoulder pain will minimize peak jerk magnitude at their
upper arm joints during the recovery phase kinematics in an effort to avoid pain. H1 rests on
the logical rationale that the arm’s movement trajectory during a SC pattern is simpler than a
DLOP pattern. H2 is based on the observation that the neuromuscular system avoids large
acceleration changes to avoid pain (Berret et al., 2008).

2. Methods

2.1 Participants demographics

Wheelchair propulsion data from 22 experienced adult mWCUs were analyzed. This data
constitutes a subset of data from a larger study (n=27) examining wheelchair propulsion and
shoulder pain (Sosnoff et al 2015). The total number of participants that employed a SLOP
(n=4) or ARC (n=1) were few, hence only SC and DLOP patterns were analyzed. Inclusion
criteria for the larger investigation were: (1) between 18-65 years old and (2) use of a
manual wheelchair as their primary means of mobility for 1+ year. Table 1 lists the
participant demographic information.

The recovery pattern types were classified using the third metacarpophalangeal joint’s
sagittal plane motion (Shimada et al., 1988). A sample DLOP and SC pattern are shown in
Fig. 1 (a1-b1) respectively. Twelve individuals used a SC pattern while ten participants used
a DLOP pattern. These propulsion patterns were self-selected and no specific instructions
regarding pattern were provided.

2.2 Protocol

All experimental protocols in this study were approved by the local institutional review
board. Upon arrival to the laboratory, the experimental procedures were described to the
participants and any questions/concerns they had regarding the experimental protocol were
addressed. Once participants became familiar with the procedures, they provide written
consent. The participants also provided demographic information (age, height, weight,
wheelchair experience, and injury) and self-reported current status of shoulder pain
(“Yes”/”No”). Participants also rated their current level of shoulder pain for each shoulder
on a 10 cm visual analog scale (VAS) (Campbell et al., 1990). A higher score indicates
greater shoulder pain at the time of testing. Using a VAS scale for self reporting current
level of pain is a common practice in wheelchair biomechanics literature (Boninger ML et
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al., 2003, Mulroy SJ et al., 2011). Participants also rated their shoulder pain using the
wheelchair user’s shoulder pain index (WUSPI), a 15-item questionnaire (Curtis et al.,
1995). Each item is rated between 0 to 10, with O representing no interference with
functional activities and 10 representing complete interference during the past week due to
shoulder pain. The total score is the sum of scores of each of the 15 items. Total score
ranges from 0 (no pain)-150 (maximum limitations to daily activities due to pain) (Curtis et
al., 1995).

Following the collection of demographic data, the participants’ personal wheelchair was
fitted bilaterally with 25 inch diameter SMARTWheels (Three Rivers Holdings; USA). The
participant’s wheelchair was then secured to a single roller dynamometer with a fly wheel
and tie-down system (Moon et al., 2013).

2.3 Kinematic data collection

Based on the International Society of Biomechanics (ISB) recommendations (Wu et al.,
2005), 18 reflective markers were attached at specific bony landmarks to define the trunk,
upper arm, forearm, hand, sternum and the jaw (Moon et al., 2013). Reflective markers were
also placed on the wheel center and spoke. Kinematic data were collected using a 10 camera
system (Cortex 2.5, Motion Analysis Co.; USA) at a sampling rate of 100Hz.

Participants propelled their own wheelchair, fitted with SMARTWheels, at a steady state
pace (1.1m/s) on a roller dynamometer for 3 minutes. A speedometer was used to provide
real-time visual feedback to the subjects while kinetic data were collected bilaterally at
100Hz. Subjects were given time to acclimate to the dynamometer before the beginning of
each trial.

2.4 Data post-processing

The motion data were post- processed and any missing intermediate marker data points were
fit using a cubic interpolation. This post-processing was accomplished with Cortex 2.5
Motion Analysis software. The hand-rim Kkinetic data from the SMARTwheel was used to
identify the push and recovery phases from each propulsion cycle. The push phase’s start
and end points were located where the moment applied to the hand-rim (Mz) was greater
and lower than 1 Nm, respectively, for at least 10 ms (Richter et al., 2011).

The post- processed motion data were filtered using a fourth-order low-pass Butterworth
filter with 6 Hz cut-off frequency (Bednarczyk et al., 1994). The wrist motion data was
approximated as the mid-point of the radial styloid and ulnar styloid hand segment marker
coordinates. The elbow motion data was approximated as the mid-point of olecronon and
lateral epicondyl, while the acromion process was used to represent the shoulder kinematics.
To test our hypotheses (H1 & H2) we analyzed three dimensional motion data from wrist,
elbow and shoulder joints.

Based on recommendation from previous literature, jerk metrics in this analysis were
computed from the Cartesian coordinate motion data (Flash (1990), Hreljac (2000)). From
the three dimensional motion data (i.e. X, Y and Z coordinate) of the joints, the
instantaneous resultant velocity along the trajectory was approximated. To accomplish this,
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first the individual velocity components from X,Y and Z coordinate motion data were
calculated. Then the resultant of these individual velocity components was computed to
obtain the instantaneous resultant velocity (Winter (2009)). The acceleration and jerk were
approximated by obtaining the successive first and second order time derivatives of the
resultant velocity respectively (Winter 2009). The absolute magnitude of the jerk was
computed and used for further analyses. For all time derivative approximations, a two point
central difference scheme was used (Winter 2009). The data was filtered using a fourth-
order low-pass Butterworth filter with 6 Hz cut-off frequency before approximating each
time derivative (Cooper et al., 2002, Winter (2009)).

To be consistent across individuals, 50 consecutively occurring recovery phases were
extracted from each participant’s data set. Each extracted absolute jerk curve was time
normalized to 100 points using a shape preserving cubic spline. Two jerk measures were
computed from these absolute jerk curves, namely a jerk cost criteria (J;) and peak jerk
criteria (PJo).

To compute Jg, first the area under the absolute jerk curve for each of the 50 extracted
recovery cycles was computed. J;. was computed as the average value of the area under the
absolute jerk curve. The scheme used for computing J; is shown in Fig. 3. The group-wise
averaged J; between the SC and DLOP groups were statistically compared to validate the
first hypothesis. For this comparison, data belonging to the dominant hand side was
analyzed (right side: n=19(SC=10; DLOP=9); left side: n=3(SC =2, DLOP=1)).

To compute PJg, first the Pmax from each of cycle was extracted. Pyax Was defined to be the
peak magnitude of absolute jerk that occurred during the recovery trajectory. Two distinct
peak jerk magnitude locations were observed, the first between the 0% to 30% (see peak
points P1 Fig. 2(c) & P4 Fig. 2(d)) and the other between the 70% to 100% (see peak points
P, Fig. 2(c) & Ps Fig. 2(d)) intervals. PJ¢ (0o to 309%) and PJ¢ (709 to 1000) Were computed as
the average of the peak magnitude of the absolute jerk (Pmax) (averaged over the 50
consecutive cycles). The scheme used for computing PJ; is shown in Fig. 4. The group mean
PJ.’s from the two intervals were statistically compared between the groups with and
without shoulder pain to validate the second hypothesis. The PJ. belonging to the side of the
hand with the greatest shoulder pain was analyzed for the pain group (right side: n=9 (SC=5;
DLOP=4); left side: n=1(SC =1)). The PJ; from the dominant hand side was used for the
group without shoulder pain, (right side: n=10 (SC=5; DLOP=5); left side: n=2 (SC=1,
DLOP=1)).

2.4.1 Kinetic data processing—In addition to the kinematic data, the within individual
cycle-wise spatial-temporal propulsion variables were extracted. These included, the mean
contact angle, mean push time, mean push speed and mean peak resultant force at hand-rim,
each averaged over the 50 cycles considered. A custom developed MATLAB program was
used for all computations.

2.5 Statistical analysis

All statistical data analyses were conducted using SPSS (version 21, IBM, Inc.). All values
are reported as Mean (SD) unless otherwise noted. The significance level was set to P<0.05.
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2.5.1 Independent variables—Participant demographics information (age, body weight,
arm length and manual wheelchair propulsion experience) self reported current level of
shoulder pain (VAS scores) and WUSPI scores were treated as independent variables. A
series of two tailed independent t-test with propulsion pattern (SC or DLOP) and the
shoulder pain (pain vs. no pain) as the between subject factors were conducted to check if
statistically significant group differences existed in demographic variables. Two-tailed
Mann-Whitney U tests were used to identify if statistical significant difference in VAS and
WUSPI scores existed between the pain groups.

2.5.2 Dependant variables—Mean contact angle, mean peak resultant force at hand-rim
during push, mean push speed, Jc’s and PJ.’s were treated as dependent variables. To test if
statistically significant group differences existed in the dependent variables, a series of two-
way analysis of variance with propulsion pattern (SC or DLOP) and the shoulder pain status
(pain vs. no pain) as the between subject factors were conducted. Bonferroni corrections
were applied to account for type | error.

3.1 Demographics

No significant between group differences in demographics information as a function of
recovery pattern type or shoulder pain status were observed, (P’s>0.05; Table 1). Per design,
the group with shoulder pain reported higher pain than the no pain group (VAS: [U=11,
P<0.05]; WUSPI. [U=11, P<0.05]). No significant difference in shoulder pain was observed
as a function of recovery pattern (P>0.05).

3.2 Spatial-temporal propulsion variables at hand-rim

The group-wise mean (SD) of spatial-temporal propulsion variables are reported in Table 2.
No significant between group differences in peak resultant force, push speed or contact
angle were observed (P’s>0.05) as a function of pattern type. Push time was significantly
different between the SC and DLOP groups [F (1,18)=4.63, P<0.05, n2=0.20] with the SC
group having a greater push time. No significant differences were observed in mean spatial-
temporal propulsion variables as a function of shoulder pain (P’s>0.05).

3.3 Recovery kinematic and jerk metrics

A representative plot of the resultant velocity, acceleration and jerk at the wrist for a DLOP
and SC pattern are shown in Fig. 1(a2—-a4) and Fig. 1(b2-b4), respectively. A time
normalized (0% to 100%) absolute jerk curve computed for the wrist for SC and DLOP
pattern are show in Fig. 2(c—d), respectively. Fig. 3(a—b) shows a sample area under the
curve for SC and DLOP pattern types. The number of peak jerk points for a DLOP pattern
appears higher than that for a SC pattern. The area under the curve for a DLOP pattern is
larger than that of a SC pattern.

A sample recovery trajectory comparing peak jerk magnitudes (Pmnax) between the groups
with and without shoulder pain for the SC and DLOP pattern types are shown in Fig. 4(a—b)
respectively. It is clear from the sample data that irrespective of the pattern type, Pmax
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magnitude for the individual with shoulder pain is lower than that for the individual without
shoulder pain.

3.3.1 Jerk criteria (Jc)—A significant main effect of recovery pattern (SC and DLOP)
was observed for J. at the wrist, elbow and shoulder joint; [F(1,18)=8.49, P<0.05,
1%=0.32]wrist; [F(1,18)=4.3, P=0.05, 12=0.19]eipow; [F(1,18)=9.28, P<0.05, 12=0.34]shoulder-
The SC group experienced lower mean J;’s than the DLOP group during the recovery phase
(See Fig. 5(a—c)). No significant between group differences in J; was observed as a function
of shoulder pain (P>0.05).

3.3.2 Peak jerk criteria (PJ)—A significant main effect of shoulder pain was observed
for PJ; (0% to 30%): [F(1,18)=10.01, P<0.05, n2=0-36]wrist; [F(1,18)=7.8, P<0.05,
1%=0.30]e1bow @nd [F(1,18)=8.16, P<0.05, 12=0.31]shoulder- The shoulder pain group had
lower PJ¢ (0% to 300%) Magnitude at all the three joints than the no pain group (See Fig. 6(a-
¢))- No significant main effect of shoulder pain was observed for PJ709 to 10006) (P>0.05).

4 DISCUSSION

In this investigation, the jerk characteristics of the upper limb during the recovery phase of
manual wheelchair propulsion as a function of propulsion pattern and shoulder pain were
examined. In agreement with our postulated hypotheses the SC recovery pattern experienced
lower J; and individuals with shoulder pain had less PJ. regardless of propulsion style.
Overall, our results suggest that, utilizing a jerk metric while analyzing manual wheelchair
propulsion provides novel insights.

The mean spatial-temporal wheelchair propulsion parameters observed in this investigation
were consistent with previous literature (Boninger et al., 1997, Shimada et al., 1998,
Boninger et al., 2002, Collinger et al., 2008, Richter et al., 2011, Raina, S et al., 2012,
Slowik, J.S et al., 2015). This benchmarking was essential to suggest that the observations
from our investigation are generalizable and qualitative comparison of our results with
previous literature is acceptable.

The logical reason for the DLOP recovery pattern to incur greater J; is a result of the joints
undergoing sharp directional turns, leading to frequent switching between acceleration and
deceleration during the recovery trajectory. In contrast, when executing a SC pattern the arm
undergoes less directional change resulting in lower jerk. Additionally, the relatively
complex DLOP kinematics requires the upper extremity musculature to do additional work
to overcome the inertia and gravity. From a jerk minimization perspective, it appears that the
SC pattern appears to be superior.

The second novel observation from this investigation is that, individuals with shoulder pain
minimized PJ¢(o9s to 30%) at all the three joints, namely, the wrist, elbow and shoulder
compared to the group without shoulder pain. This observation is consistent with research
observation reported in occupational biomechanics. For instance, individuals with back pain
lift a box with less jerk than those without back pain (Slaboda et al., 2005) and it was
suggested that those with pain adopt a pain minimizing strategy, characterized by lower jerk.
Another investigation revealed that shoulder pain influenced the kinematics of arm joints
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(Cote JN et al., 2005) with those with shoulder pain having a kinematic movement pattern
with lower acceleration magnitudes than those without pain. In the context of our analysis, it
is maintained that individuals with shoulder pain adopt a smoother arm motion pattern to
reduce momentary discomfort at the shoulder during wheelchair propulsion.

Although the examination of jerk is relatively novel within wheelchair biomechanics
research, it is consistent with human motor control research that have implemented jerk
based measures to evaluate upper limb movement. Evidence from motor control research
suggests that kinematic analysis involving jerk is a viable approach to quantify movement
coordination during rehabilitation (Ramos et al., 1997, Teulings et al., 1997, Cozens et al.,
2003, Caimmi et al., 2008, Chang et al., 2005). Our results and suggest that integrating jerk
metrics with existing analysis procedures can yield an enhanced understanding of
wheelchair propulsion mechanics.

For instance, wheelchair propulsion analyses have focused on studying the effect of the
different recovery patterns on overall mechanical efficiency (Boninger et al., 2002, de Groot
et al., 2004). There are divergent suggestions regarding the overall mechanical efficiency of
SC and DLOP patterns (Shimada et al., 1998, Boninger et al., 2002, de Groot et al., 2004,
Richter et al., 2007), with both being suggested as the more efficient propulsion technique.
However, these studies did not differentiate the influence of different kinematic effects of
the recovery phase jerk cost to their overall mechanical efficiency estimates. Perhaps
integrating metrics such as jerk with existing wheelchair analysis procedures will yield
novel information concerning mechanical efficiency.

5. Limitations

Despite being novel there are limitations that need to be acknowledged. Our sample size was
small to investigate the influence of specific injury demographics on the jerk characteristics.
However, the diversity of injury could also be viewed as a strength of this study. The results
were significant despite having a sample with diverse injury demographics. The sample
demographics limited our analysis to SC and DLOP patterns. It is not clear if similar
movement characteristics could be identified in other recovery pattern types (ARC and
SLOP). However for completeness, the jerk characteristics for a sample SLOP and ARC
patterns are provided in the supplementary section. Information on wrist pain was not
collected. It is reasonable to expect that wrist pain is unlikely to influence kinematics during
the recovery phase since the wrist experiences minimal forces/moments. A last limitation
involves the laboratory based roller dynamometer setup utilized which provides a propulsion
environment that does not exactly emulate real life propulsion.

6. Conclusions

This research implemented a novel approach integrating metrics and inferences from human
movement ergonomics and motor control to understand kinematics of manual wheelchair
users with shoulder pain. The analysis indicates that, adopting jerk based quantification of
wheelchair propulsion kinematics is worthwhile and yields insightful inferences. Overall the
recovery phase kinematics of individuals using a SC recovery pattern placed lower jerk
magnitudes than those using a DLOP and (2) mWCUs with shoulder pain had lower peak
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jerk magnitude during the recovery phase of wheelchair propulsion. In the future it may be
beneficial to incorporate jerk based metric into rehabilitation practice.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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The instantaneous resultant velocity, acceleration and jerk at wrist from a sample DLOP
(al-a4) and SC (b1-b4) recovery pattern type. The solid lines in all the plots belong to the
recovery phase and the dotted line to the push phase. The resultant velocity plot for wrist
during the recovery for a DLOP (solid lines - a2) has two asymmetric velocity profile one
for each loop as opposed to a SC pattern (solid line - b2). The rate of change of acceleration
and deceleration for a DLOP (solid line — a3) is greater than a SC (solid line — b3) pattern.
The jerk magnitude for the DLOP (solid line — a4) is greater than a SC (solid line — b4)

pattern.
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phases for a SC and DLOP pattern respectively. The 0% and 100% points represent the start
and end of the recovery phase. There are 100 data points between the 0% to 100% points;

(c) & (d): Peak jerk magnitudes at wrist during a SC and the DLOP recovery pattern
respectively. Peak jerk magnitude at wrist occurred between 0% to 30% (P1,P3,P4) and 70%
to 100% (P2,P5) intervals along the recovery trajectory. These peak jerk points typically
were seen to occur at those intervals along the recovery phase that required steep

acceleration and deceleration rate of change.
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Figure 3.
The jerk cost criteria (Jc). (&) & (b) a sample SC and DLOP pattern recovery phase absolute

jerk curve depicting the area under curve as shaded regions respectively. The scheme used
for computing J; is shown below the figures. Cy,, : the propulsion cycle located closest to the
mid of the trial (i.e. 90 seconds from the start of trial).
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Figure 4.

The peak jerk criteria (PJc). () a sample plot from the SC group comparing Pmax(09%-30%)
values between two individuals, with and without shoulder pain. (b) a sample plot from the
DLOP group comparing Pmax(0v-309) Values between two individuals, with and without
shoulder pain. The scheme used for computing Pynax and PJ; is shown below the figures.

Cn : the propulsion cycle located closest to the mid of the trial (i.e. 90 seconds from the start
of trial).
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Figure 5.
Group mean comparison for J. at the arm joints between SC and DLOP groups (a) group

mean J; at wrist joint for SC group is lower than that of the DLOP group; (b) group mean J.
at elbow joint for SC group is lower than that of the DLOP group; (c) group mean J. at
shoulder joint for SC group is lower than that of the DLOP group. (*P<0.05).
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Group mean comparison for PJ at arm joints between groups with and without shoulder
pain. (a) Group mean PJ; at wrist joint for shoulder pain group is lower than that of the
group without shoulder pain; (b) Group mean PJ; at elbow joint for shoulder pain group is
lower than that of the group without shoulder pain; (c) Group mean PJ. at shoulder joint for
shoulder pain group is lower than that of the group without shoulder pain. (*P<0.05).
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Table 1

Demographic information

Recovery pattern type Shoulder pain status
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Characteristics

SC (n=12) DLOP (n=10) With pain (n=10) No pain(n=12)

Mean(SD) Mean(SD) Mean(SD) Mean(SD)
Age(years) 25.5(10.68) 21.5(4.1) 25.8(11.11) 22.00(5.31)
Body weight (N) 608.73(235.22) 627.24(180.68) 677.68(216.58) 590.92(194.47)
Arm length (mm) 644.5 (54.51) 630.5 (33.76) 647(47.6) 630.9(45.8)
Current shoulder pain . .
(VAS in cm) 2.11(3.22) 1.83(2.64) 4.16(3.00) 0.02(0.09)
WUSPI scores 14.58(22.77) 6.00(6.29) 20.70(22.28)* 2.33(3.75)*
Experience using manual
wheelchair (Yrs) 16.83(5.72) 13.05(4.71) 16.45(6.18) 14.09(4.86)

Injury details

T6 and below (n=7);

Sacral agenesis(n=1),

Spinal cyst T6(n=1),
Spina bifidia(n=2),
C7(n=1).

T6 and below (n=5);
Amputee(n=2), Spina
bifidia (n=3).

T6 and below (n=5); Sacral
agenesis(n=1), Spinal cyst
T6(n=1), Spina bifidia(n=2),
Amputee (n=1).

T6 and below (n=7);
C7(n=1), Spina
bifidia(n=3), Amputee
(n=1).

*
P<0.05
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Mean (SD) of propulsion variables

Spatial-temporal propulsion variables

Mean peak resultant force at hand-rim (N)
Mean push time (sec)
Mean contact angle (deg)

Mean push speed (m/sec)

Table 2
Recovery pattern type Shoulder pain status

SC (n=12) DLOP (n=10)  With pain (n=10) No pain(n=12)
Mean(SD) Mean(SD) Mean(SD) Mean(SD)
59.07 (18.38)  66.36 (20.81) 64.56(17.99) 60.57(21.11)
054 (0.06)" 047 (0.07)" 0.54(0.08) 0.48(0.06)
112.37 (12.21)  101.45 (13.30) 111.69(15.80) 103.84(11.26)
1.12 (0.04) 1.17 (0.08) 1.12(0.05) 1.16(0.07)

*
P<0.05
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