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For the manual wheelchair (MWC) 
user, loss of lower extremity 
function often places the burden 
for mobility and activities of daily 
living on the upper extremities. 
This e-book on Wheeled Mobility 
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research that provides insights 
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performance techniques during 
tasks associated with MWC. 
Our intent was to contribute to 
advancing the knowledge regarding 
the variables that promote or hinder 
an individual’s capacity to handle 
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into upper extremity loading 
consequences, predictors of pain 
onset and injury, and ultimately 
identify strategies for preserving 
health and functional mobility for 
the MWC user.
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The Editorial on the Research Topic

Wheeled Mobility Biomechanics

For the manual wheelchair (MWC) user, loss of lower extremity function often places the burden for 
mobility and activities of daily living on the upper extremities. People who use a MWC commonly 
report fatigue and musculoskeletal pain in the shoulder, most often due to increased demands of 
mobility (Kemp and Mosqueda, 2004; Kemp, 2005). Because individuals who rely on MWC are 
dependent on their upper extremities for mobility and requisite activities (sitting, transfers, and 
pressure reliefs), as well as activities initiated from the wheelchair (exercise, reaching, and lifting), 
shoulder pain and dysfunction (Vissers et al., 2008; Mulroy et al., 2011a) can limit independence 
and functional mobility (Gerhart et al., 1993; Pentland and Twomey, 1994; Ballinger et al., 2000; 
McCasland et al. 2006) and negatively impact community participation and quality of life (Gutierrez 
et al., 2007; Chang et al., 2012). While the exact relationship between the physical demands of wheel-
chair use and the development of shoulder pathology is not yet fully understood, ergonomics studies 
consistently suggest that there is a link between highly repetitive tasks and the occurrence of upper 
extremity pain and injury (Frost et al., 2002; Silverstein et al., 2008). Therefore, to prevent further loss 
of independence and functional mobility, it is imperative to find ways to preserve shoulder function 
for the MWC user.

In preparing for this Research Topic in Wheeled Mobility Biomechanics, we were particularly 
interested in receiving contributions about current research that provided insights into the mechani-
cal demands and performance techniques during tasks associated with MWC use in order to gain a 
greater insight into upper extremity loading consequences, predictors of pain onset and injury, and 
identifying strategies that can preserve functional mobility for the MWC user.

In organizing the Research Topic issue, we invited a number of experts who study wheeled mobility 
from different perspectives with the intent of advancing the knowledge regarding the variables that 
promote or hinder an individual’s capacity to handle the daily manual wheeled mobility demands. 
This is highlighted in the contribution by Gil-Agudo and colleagues who provided insights into the 
acute changes to the shoulder’s soft tissues by evaluating the echographic and kinetic changes in 
the shoulder joint after MWC propulsion under two different workload settings (Gil-Agudo et al.). 
Zhao and colleagues presented an analysis of the scapular motion in three common tasks performed 
by individuals who use a MWC to gain insights into potentially detrimental shoulder kinematics 
experienced during wheelchair use and related activities (Zhao et al.). To provide a comprehensive 
approach for MWC prescription, training, and long-term care for children who use a MWC, Slavens 
and colleagues characterized the upper extremity biomechanics of MWC mobility in children and 
adolescents during propulsion, starting, and stopping (Slavens et al.). They identified the greatest 
demand occurring during the starting task, with distinct propulsion patterns that were unlike those 
seen in adults.
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Manual wheelchair Propulsion (WCP) technique is one 
aspect of wheelchair use that is believed to be associated with 
upper limb overuse injury (Boninger et al., 2002). Two contribu-
tions provided excellent insights into the relationship between 
propulsion technique and upper limb biomechanics (Dysterheft 
et  al.). First, Dysterheft and colleagues studied the changes in 
adolescents’ WCP biomechanics pre- and post-video and verbal 
feedback in order to maximize contact angle, while minimizing 
stroke frequency at the handrim (Paralyzed Veterans of America 
Consortium for Spinal Cord Medicine, 2005). Second, to gain 
insights into the relationship between WCP technique and load-
ing consequences, Russell et  al. showed how individuals with 
paraplegia modify WCP biomechanics to accommodate expected 
increases in reaction forces generated at the pushrim with self-
selected increases in WCP speed.

There is growing theoretical and empirical evidence that 
fluctuations in movement (i.e., motor variability), including 
asymmetry between each arm during WCP, are related to mus-
culoskeletal pain. In a perspective paper, Sosnoff and colleagues 
argue that the variability of WCP is impacted by shoulder pain 
and recommend inclusion of variability metrics can yield insights 
into shoulder pain development (Sosnoff et  al.). Also, drawing 
from a large sample size, Soltau et  al. establish the validity of 
bilateral symmetry during MWC propulsion in those without 
significant upper extremity pain or impairment.

For the MWC user, being able to self-transfer is essential for 
independence and community participation. But independent 
transfer, particularly car transfer, is complex, physically demand-
ing, and known to provoke shoulder pain (Fliess-Douer et  al., 
2012). To gain insights into the relationship between movement 
technique and shoulder loading in activities associated with 
MWC use, Haubert and colleagues described techniques and 
factors influencing car transfer and WC loading for individuals 
with paraplegia driving their own vehicles and using their per-
sonal MWC (Haubert et  al.). They provide an evidence-based 
recommendation for safe and effective car transfer technique for 
maintaining independence and preserving mobility for the MWC 
user.

We claim that creation and application of evidence-based strat-
egies aimed at preserving shoulder function must be personalized 
and must address multiple factors related to ergonomics and 
equipment selection, performance techniques, and load-bearing 
capability of the individual. These include recommendations for 
reducing the mechanical loads and muscular demands through 

ergonomics, wheelchair selection and configuration, and envi-
ronmental adaptations and personal factors for increasing the 
capacity to handle the daily mobility demands (Requejo et  al., 
2008, 2015). By integrating up-to-date knowledge of the muscu-
loskeletal system, individual’s capacity to generate and withstand 
external demands, preferred multijoint control strategies includ-
ing propulsion technique, and repetitive load exposure through 
biomechanical modeling and simulations, feasible interventions 
can be identified and implemented (Munaretto et al., 2012, 2013; 
Slowik et al., 2015, 2016a,b).

In practice, we highlight the need for individualization of the 
wheelchair prescription process such that the characteristics of 
the wheelchair matched the functional capacity of the individual. 
Individually configured MWCs and seating systems can change 
postural alignment that improves comfort by decreasing pain 
from poor posture and improves the ability and efficiency to self-
propel, prolonging mobility and endurance and preventing the 
development of secondary problems. An appropriate wheelchair 
and seating system provides a stable base for using upper and 
lower extremities for all mobility-related daily activities and, most 
important, propelling a wheelchair to maintain independent 
functional mobility to maximize quality of life. What is important 
is that clinicians must identify the wheelchair characteristics that 
are crucial for each individual and then identify the appropriate 
wheelchair that results in a fit that is specific and unique to a single 
MWC user. The ability to prescribe, order, modify, or configure 
the frame or components, to achieve a final system that meets the 
medical and functional needs of the individual, remains a key 
ingredient for preserving wheeled mobility.
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Manual wheelchair users with spinal cord injury (SCI) have a high prevalence of shoulder
pain due to the use of the upper extremity for independent mobility, transfers, and other
activities of daily living. Indeed, shoulder pain dramatically affects quality of life of these
individuals. There is limited evidence obtained through radiographic techniques of a rela-
tionship between the forces acting on the shoulder during different propulsion conditions
and shoulder pathologies. Today, ultrasound is widely accepted as a precise tool in diag-
nosis, displaying particularly effectiveness in screening the shoulder rotator cuff. Thus, we
set out to perform an ultrasound-based study of the acute changes to the shoulder soft tis-
sues after propelling a manual wheelchair in two workload settings. Shoulder joint kinetics
was recorded from 14 manual wheelchair users with SCI while they performed high- and
low-intensity wheelchair propulsion tests (constant and incremental). Shoulder joint forces
and moments were obtained from inverse dynamic methods, and ultrasound screening of
the shoulder was performed before and immediately after the test. Kinetic changes were
more relevant after the most intensive task, showing the significance of high-intensity
activity, yet no differences were found in ultrasound-related parameters before and after
each propulsion task. It therefore appears that further studies will be needed to collect
clinical data and correlate data regarding shoulder pain with both ultrasound images and
data from shoulder kinetics.

Keywords: kinetics, shoulder injury, wheelchair propulsion, biomechanics, ultrasonography, spinal cord injury

INTRODUCTION
Manual wheelchair users with spinal cord injury (SCI) have a high
prevalence of shoulder pain (Bayley et al., 1987; Sie et al., 1992;
Subbarao et al., 1995; Escobedo et al., 1997; Curtis et al., 1999;
Ballinger et al., 2000; Boninger et al., 2001; Mercer et al., 2006),with
estimates ranging from 30% (Ballinger et al., 2000) to 73% (Pent-
land and Twomey, 1991). As the life expectancy of patients with
SCI continues to increase, the prevalence of shoulder impingement
related to damage of the rotator cuff is rising (Bayley et al., 1987).
Since wheelchair users depend strongly on the upper extremity for
independent mobility and their daily activities, shoulder pain has
a strong negative impact on their quality of life.

The shoulder joint experiences a repetitive and continuous load
during the push phase of the wheelchair propulsion cycle. Since
the upper limb is not specialized for this action, this repetitive
loading may cause musculoskeletal disorders at the shoulder joint,
predisposing manual wheelchair users to upper limb pathologies
(Bayley et al., 1987). Indeed, this mechanical stress leads to overuse
syndrome, which is a possible factor influencing the development
of shoulder pain in this population and commonly, injuries of
the rotator cuff (Subbarao et al., 1995). High-intensity wheelchair

propulsion increases upward shoulder joint forces, which could
result in upward translation of the humeral head and subsequent
compression of the subacromial structures against the overlying
acromion (Kulig et al., 1998). Repetitive strains of rotator cuff
tendons can potentially induce microinjuries, which may facili-
tate tendon degeneration. Therefore, it is important to define the
biomechanical factors that may predispose wheelchair users to
shoulder pathologies in order to recommend interventions that
minimize the shoulder load during propulsion (Rodgers et al.,
1994; Kulig et al., 1998; Cooper et al., 1999; Finley et al., 2004;
Mulroy et al., 2005; Mercer et al., 2006; Moon et al., 2013),
contemplating different lesion levels (Gil-Agudo et al., 2010a).
Recommendations to prevent shoulder injury based solely on
pushrim biomechanics are available (Boninger et al., 2005). How-
ever, research using inverse dynamics techniques revealed that
posterior and superior forces both act on the shoulder joint dur-
ing the push phase of propulsion, these probably being related
to coracoacromial ligament edema and compression of the rota-
tor cuff, respectively (Koontz et al., 2002; Van Drongelen et al.,
2005; Mercer et al., 2006; Collinger et al., 2008; Gil-Agudo et al.,
2010a).
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Despite the logic of these claims, there is limited radiographic
evidence for the relationship between shoulder joint forces in dif-
ferent propulsion conditions and shoulder pathologies. Several
radiographic abnormalities have been reported in the shoulder
of the SCI population (Bayley et al., 1987; Wylie and Chak-
era, 1988; Boninger et al., 2001; Kivimäki and Ahoniemi, 2008;
Akbar et al., 2010). Acute changes in the shoulder tendons upon
high-intensity wheelchair propulsion may contribute to the patho-
logical process that leads to a chronic pathology and pain (Van
Drongelen et al., 2007). Indeed, acute exercise induces changes in
tendon metabolism and increased inflammation (Landberg et al.,
1999). Nevertheless, to the best of our knowledge only one pre-
vious study has addressed the relationship between kinetics and
shoulder pathologies (Mercer et al., 2006), assessing the shoul-
der pathology by magnetic resonance imaging (MRI). However,
MRI is a complex technique that is not easy to conduct imme-
diately after propelling the wheelchair. In fact, musculoskeletal
ultrasound techniques have several advantages over MRI when
diagnosing shoulder pathologies, such as portability, ease to imple-
ment in clinics, and the capability to assess joint dynamics dur-
ing motion. Thus, this technique allows the shoulder joint to
be readily assessed immediately before and after conducting a
propulsion test in laboratory settings. Moreover, ultrasound is a
technique that is widely available in clinical settings due to its
diagnostic precision (Landberg et al., 1999; Teefey et al., 2004;
Iannotti et al., 2005) and it is particularly effective in assessing
the shoulder rotator cuff (Allen, 2008). The acute changes in
shoulder tendons that might follow strong demands on propul-
sion could contribute to chronic shoulder pathologies and pain.
Such acute changes can be rapidly screened using ultrasound
immediately after completing the propulsion task in a controlled
environment.

Tangential forces acting on the hand rim have been shown
to be directly linked to net shoulder moments, indicative of a
higher risk of shoulder injury (Koontz et al., 2002; Desroches
et al., 2008). Therefore, it can be assumed that the greater the
demand on propulsion, the higher the net shoulder moments,
and hence, the risk of shoulder injury increases. Acute changes
in shoulder tendons have been studied previously by ultrasound
after two different high-intensity propulsion activities. In both
cases, ultrasound findings were not correlated with kinetic data
from the shoulder joint, probably because these measurements
were not made in the two different intensity and standardized
exercises employed (Van Drongelen et al., 2007; Collinger et al.,
2010).

We hypothesize here that (1) shoulder joint forces would be
greater in the more intensive propulsion task and cuff rota-
tor tendon ultrasound changes would be consequently more
notable; and (2) it would be possible to establish a link
between shoulder joint kinetics and ultrasound-derived met-
rics. Accordingly, the aim of this study was to compare shoul-
der joint forces and moments between early and late propul-
sion instances in two different propulsion protocols: low-
and high-intensity activities. In addition, we set out to com-
pare changes in the shoulder evident by ultrasound after per-
formance of the same two different wheelchair propulsion
protocols.

MATERIALS AND METHODS
SUBJECTS
Subjects were recruited from the discharge records from a mono-
graphic in-patient SCI hospital, sending a letter inviting them to
participate in the research study. For inclusion in the study, sub-
jects had to have traumatic SCI at level T2 or below, with AIS
grade A or B (Marino et al., 2003), which occurred after the age
of 18 and before 45, and with an evolution longer than 18 months
at time of the study. Volunteers must use manual wheelchairs as
their primary means of mobility. Subjects were excluded if they
had had fractures or dislocations in the non-dominant shoulder
at any time, upper limb pain that prevented them from propelling
a manual wheelchair, progressive or degenerative disability, or a
history of cardiopulmonary disease. This study was approved by
the ethics review board and all the participants signed an informed
consent form prior to enrollment.

INSTRUMENTATION
A standard adjustable wheelchair (Action3 Invacare, Invacare
Corp, Elyria, OH, USA), was properly fitted for each subject and
placed on a treadmill (Bonte Zwolle B.V., BO Systems, Nether-
lands). A force transducer (Revere ALC 0.5, Vishay Revere Trans-
ducers BV, Breda, The Netherlands) was situated in front of the
treadmill in order to estimate the rolling resistance, and a cus-
tom dead weight and pulley system that can be attached to the
back of the wheelchair (van der woude et al., 1986; Van Drongelen
et al., 2013) (Figure 1) was also available to regulate the propulsion
power output (see below). Propulsion trials were conducted using
a safety system, which prevented lateral movements.

Non-dominant upper limb kinematic data were collected at
50 Hz (maximum recording frequency) using passive markers
and four camcorders (Kinescan-IBV, Instituto de Biomecánica de
Valencia, Valencia, Spain). All subjects were right-hand dominant
so that the left upper limb was analyzed and spatial marker coor-
dinates were smoothed out using a procedure of mobile means.
Reflective markers were positioned following ISB recommenda-
tions to define local reference systems on the hand, forearm, and
arm (Wu et al., 2005). The local trunk reference system was defined
using markers placed on the seventh cervical vertebra (C7), and
on the right (ACRR) and left (ACRL) acromioclavicular joints [the
axes of this reference system have been described previously (Gil-
Agudo et al., 2010b)]. Markers were also placed on the wheel hub
during data collection.

Both wheels of the chair were replaced by two SMARTWheels

(Three Rivers Holdings, LLC, Mesa, AZ, USA) to balance the iner-
tial characteristics of both axes and ensure symmetrical propul-
sion. A synchronization pulse from the Kinescan-IBV was used
to trigger the start of the kinetic and kinematic data collection.
Kinetic data were recorded at a frequency of 240 Hz and filtered
using a Butterworth, fourth-order, low-pass filter with a cutoff
frequency of 20 Hz and a zero phase lag. Spatial marker coordi-
nates were interpolated by cubic spline to synchronize with the
kinetic data.

DATA COLLECTION
Upon arrival at the laboratory, the participants provided their
demographic information and a physical examination was
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FIGURE 1 | Overview of the test set-up where the subject is working against extra resistance applied through a pulley system and including the
positions of the markers.

performed that included a study of the range of shoulder move-
ment and that identification of the painful point. A visual analog
scale (VAS) was used to measure current pain, with 0 indicating
a painless shoulder and 100 indicating an intensely painful shoul-
der. Functional status was assessed using the wheelchair user’s
shoulder pain index (WUSPI) (Curtis et al., 1995). Subjects then
underwent a base-line ultrasound screening of the non-dominant
shoulder before completing the wheelchair propulsion test and
ultrasound screening immediately after finishing it.

All subjects performed two different wheelchair propulsion
tests, one at high intensity with an incremental workload (Pro-
tocol A) and another at low intensity with a constant workload
(Protocol B). In order to comply with recommendations on resting
periods described in physiology studies (Schuenke et al., 2002), the
tests were performed with at least 48 h difference, thereby ensuring
complete recovery of the patient. Movements like turning or going
backwards were excluded because these could not be performed
in the same experimental set up. The four camcorders were fixed
above the treadmill, and hence, manual wheelchair propulsion was
the only movement that could be registered in such conditions.

To simulate the conditions of wind resistance, the treadmill
slope was fixed at 0.7° for both protocols (Mason et al., 2014). The
order in which the tests were performed was randomized for each
subject, and before testing the subjects were allowed to familiar-
ize themselves with the wheelchair and the experimental set up.
Afterwards, the individual rolling resistance was determined in a
separate drag test (Marino et al., 2003; Mason et al., 2014). The
mean and SD of the friction coefficient was 0.010± 0.002, which
falls among optimal limits set by previous studies (van der woude
et al., 1986; de Groot et al., 2006) regardless of the constraints in
lateral movements imposed by our safety system.

Once the rolling resistance was determined, the propulsion
power output could be regulated by an additional external force
that acted via a pulley system on the wheelchair-user combina-
tion (Figure 1). The propulsion power output (PO external) was
calculated as Power (W)= Force (N)× Speed (km h−1), and the
minimum load imposed by the pulley system was 20 W. The speed
necessary to adjust the resistance power of each subject to 20 W was
therefore calculated using the sum of F drag and the dead weight
acting via the pulley system (F additional). Therefore, by varying
the dead weight acting through the pulleys and/or the speed of
the treadmill, the PO external could be set to a desired value,
independently of the experimental subject.

The treadmill speed in protocol A was calculated in order to
set the PO external for all subjects at 20 W. Discrete increases
of 5 W were introduced every 2 min without rest between stages
using the dead weights in the pulley system. The trial was finished
either when the subject was exhausted and could not propel the
wheelchair any longer or when the security system stopped the
propulsion. The maximum criteria were then obtained following
the ACSM guidelines (ACSM, 2006).

In protocol B, the treadmill speed was also adjusted to a PO
external of 20 W for all subjects, and it remained constant dur-
ing this protocol. The maximum test duration was fixed at 20 min
and the test terminated when the subject stopped propelling the
wheelchair or the time limit was reached. A subjective perception
of fatigue (Borg scale) was recorded immediately after completing
each protocol (Borg, 1970).

MEASURES OF SHOULDER PATHOLOGY
The same physician conducted a physical examination on all the
subjects that focused on shoulder injury, as reported previously
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(Boninger et al., 2001). All ultrasound screenings were also per-
formed by the same physician, who has more than 15 years of
training and experience in musculoskeletal ultrasound. Ultra-
sound was performed with a General Electric Healthcare (Logiq
S8) apparatus and using 8–12 MHz linear array transducer. Images
of the long head of the biceps tendon and supraspinatus ten-
don were captured before and immediately after the propulsion
task. During the base-line ultrasound examination, external refer-
ence landmarks were taped to the shoulder skin. These were not
removed until the end of the second propulsion task, allowing
ultrasound measurements at the two different time points to be
obtained with minimal variation in transducer location, making
the procedure more reliable (Collinger et al., 2009). The protocol
used in both ultrasound examinations to examine the structures in
the shoulder was the same and it was based on previously described
techniques (Mack et al., 1985; Middleton et al., 1986; Crass et al.,
1987; Middleton, 1992). To examine the transverse image of the
biceps tendon, the subject’s hand was placed on their thigh with the
palm facing upwards. Supination of the hand with external rota-
tion of the shoulder improved the visualization of the bicipital
groove. The transducer was then turned 90° to obtain the long-
axis image of the biceps tendon. The supraspinatus tendon was
observed with the hand placed behind the back with the shoulder
in internal rotation. The acromio-humeral distance was recorded
with the arm in internal rotation.

DATA ANALYSIS
Biomechanical data
The total pushrim force (Ftot) was calculated as the vector sum
of the SMARTWheel components (Fx, Fy, Fz). Mechanical effective
force (MEF) was calculated as the proportion of the force at the
pushrim that contributes to the forward motion (Ft2/Ftot2), where
Ft is the tangential force obtained by dividing the measured mean
propulsion moment around the wheel axle by the radius of the
pushrim. These kinetics parameters were only calculated over the
push phase of the stroke (Koontz et al., 2005).

We used an inverse dynamic model described previously to cal-
culate the shoulder joint forces and moments (Gil-Agudo et al.,
2010b). The model was used to calculate the net shoulder joint
forces and moments from segment kinematics, the forces acting
on the pushrim, and the subject’s anthropometric measurements
(Clauser et al., 1969). Net joint forces and moments were calcu-
lated on a global reference system and then expressed through the
joint reference system (Cooper et al., 1999; Mercer et al., 2006).
The analysis focused on the glenohumeral joint, and movements
of the scapula, clavicle, and thoracic spine were not considered.
The forces reported constituted the reaction forces on the joint
and moments were reported as the action moments.

In order to obtain the biomechanical data as close as possible
to ultrasound examination, the first and last 20 s of each test were
recorded for analysis. For protocol A, the last 20 s corresponded
to the maximum step achieved. For protocol B, it corresponded to
the last 20 s before finishing the test.

Five consecutive cycles were selected from the 20 s recording
of data, and the cycles were normalized from 0 to 100% since the
time spent in each cycle varied between individuals and cycles. The
push phase started/finished at the instant at which the propulsive

moment exerted by the user during hand contact with the pushrim
was higher/lower than 1 Nm. The peaks were determined for each
stroke individually and then averaged over five cycles. The out-
put variables of the biomechanical model were the time-varying
3D joint net forces and moments. The following sign convention
was used:

Forces

• Fx:+anterior,−posterior.
• Fy:+superior,−inferior.
• Fz:+lateral,−medial.

Moments

• Mx:+adduction,−abduction.
• My:+internal rotation,−external rotation.
• Mz:+flexion,−extension.

Ultrasound data
The ultrasound images were screened by two reviewers to assess
their usability. The anatomical shoulder references, and the biceps
and supraspinatus tendon characteristics, were analyzed with cus-
tom software written in Matlab (The Mathworks Inc., Natick,
MA, USA). The most common ultrasound finding related to the
shoulder of SCI manual wheelchair users is an increase in the
glenohumeral joint space (Kivimäki and Ahoniemi, 2008), and the
most common ultrasound finding after high-intensity wheelchair
propulsion activity is an increase in the biceps tendon diameter
(Van Drongelen et al., 2007). Nevertheless, a comprehensive analy-
sis of shoulder ultrasound parameters was carried out, including
anatomical shoulder references such as acromioclavicular distance
(ACD) and acromio-humeral distance using the Cholewinski
(CHI) method (acromion to greater tuberosity of humerus) (Seitz
and Michener, 2010) (see Figure 2). Several tendon characteristics,
such as long-axis biceps tendon thickness (LBTT), long-axis biceps
sonoelasticity (LBS), short-axis supraspinatus thickness (SST),
and short-axis supraspinatus sonoelasticity (SSS) were also ana-
lyzed (Farin et al., 1995; Turrin and Capello, 1997; Park and Kwon,
2011) (Figures 3 and 4). In the longitudinal images of the biceps

FIGURE 2 | Measurement of the greater acromion tuberosity distance
(Cholewinski index).
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FIGURE 3 | Long-axis ultrasound examination which shows the fibrillar
pattern of the long-biceps tendon.

FIGURE 4 | Examination of the short axis of the supraspinatus tendon
to measure its thickness and check the hyperechoic fibrillar pattern.

tendon, a 2 cm length was selected by the researcher that included
the part of the tendon located inside the bicipital groove, and the
average diameter of this selection was calculated (Van Drongelen
et al., 2007).

Statistics
Descriptive analysis, including the means and SD for the contin-
uous variables, was performed initially to describe the subject’s
characteristics. Differences in the shoulder joint forces, moments,
and ultrasound parameters between the two wheelchair propul-
sion tests were analyzed and all statistical analysis was carried out
using SPSS® V.17 for Windows (SPSS Inc., Chicago, IL, USA).

Peak shoulder forces and moments were averaged to create
a representative value for each direction. Shoulder joint kinet-
ics was calculated as the average of the peak force or moment
for the two wheelchair propulsion test. Differences between early
and late propulsion for each protocol and between protocols were
analyzed. In order to calculate the differences in shoulder joint

Table 1 | Subject’s characteristics, mean (SD).

Characteristics SCI subjects

n 14

Sex (male/female) 14 male

Age (years) 35.2 (6.11)

Weight (kg) 68.3 (8.96)

Height (m) 1.77 (0.07)

Time since injury (months) 90.2 (54.78)

Shoulder pain (no pain/pain) 7/7

WUSPI (0–150) 25.46 (25.75)

Subjects with non-pain: 5.7 (4.98)

Subjects with pain: 45.23 (22.37)

VAS (0–100) 53.8 (5.03)

Pain: 74.3 (5.21)

Non-pain: 21.4 (4.32)

Level of injury D2–D6 D7–D11 D12–L3

7 2 5

forces and moments between both conditions, a Shapiro–Wilk
test was applied to the normal distribution of the sample. A Stu-
dent’s t -test for independent samples was applied to those variables
that followed a normal distribution. A Mann–Whitney U test
for independent samples was used to compare those variables
that showed a non-parametric distribution. Additionally, corre-
lations between ultrasound parameters and shoulder kinetic data
were evaluated using Spearman’s rho. These correlations were per-
formed considering differences obtained in ultrasound and kinetic
examinations before and after each protocol. Significance level was
set at p < 0.05.

RESULTS
SUBJECTS
Fourteen subjects with SCI participated in this study, all males.
They had an average height of 1.77 m (SD= 0.07; range 1.67–1.87)
and weight 68.3 kg (SD= 8.96; range 53–87), and their average age
was 35.2 years (SD= 6.11; range 25–43) with an average time since
injury of 90.2 months (SD= 54.78; range 37–282: Table 1). As only
half of subjects suffered from shoulder pain, we considered all SCI
subjects as a single group rather that conducting a separate analysis
for those who referred to shoulder pain.

BIOMECHANICS
The performance of the subjects in both the protocols was
considered and the effective mechanical force was similar in
both protocols (Table 2), although the increase in the forces
and moments was greater after protocol A (high intensity).
Considering only protocol A, significant differences were found
between early and late propulsion for all the parameters analyzed,
except for the adduction and abduction shoulder peak moments
(Table 3).

The increments in biomechanical parameters for each protocol
were analyzed and they were higher in protocol A for all the para-
meters except for lateral peak force, and for peak adduction and
abduction moments (Table 4). Figures 5 and 6 show representative
mean cycle of shoulder joint forces and moments data, respectively,
for the group analyzed for both protocols.
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Table 2 | Performance in both protocols, mean (SD).

Test

duration (min)

Speed

(km/h)

Power

output (W)

Increasing

steps (kg)

Borg

scale (0–20)

Mechanical effective

force (N )

High-intensity task

SCI subjects 14.85 (2.17) 1.44 (0.08) 53.21 (4.20) 1.24 (0.10) 17.42 (1.01) 0.84 (0.11)

Low-intensity task

SCI subjects 20 1.47 (0.08) 20 8.46 (1.94) 0.85 (0.08)

Table 3 | Raw mean of the biomechanical variables in the two wheelchair propulsion tasks, mean (SD).

High-intensity task Low-intensity task

Early

propulsion

Late

propulsion

p-Value Early

propulsion

Late

propulsion

p-Value

Fx (N) (+anterior, −posterior) Max 41.89 (9.32) 51.28 (10.13) <0.05 43.42 (9.83) 41.38 (10.30) 0.59

Min −44.00 (8.04) −82.14 (18.49) <0.01 −42.54 (9.22) −45.24 (10.43) 0.47

Fy (N) (+superior, −inferior) Max −0.45 (9.33) 21.07 (21.91) <0.01 0.47 (9.91) −0.12 (11.81) 0.88

Min −47.45 (11.60) −67.16 (21.96) <0.01 −45.35 (8.66) −49.44 (10.05) 0.25

Fz (N) (+lateral, −medial) Max 13.84 (5.27) 19.42 (8.39) <0.05 16.29 (7.37) 17.51 (9.57) 0.70

Min −9.93 (3.53) −15.36 (6.72) <0.05 −11.71 (5.25) −10.98 (2.91) 0.65

Mx (N·m) (+adduction, −abduction) Max 3.08 (1.53) 6.10 (5.83) 0.07 3.35 (2.47) 3.03 (1.90) 0.71

Min −5.43 (1.93) −7.71 (4.15) 0.07 −4.94 (1.16) −5.14 (1.68) 0.71

My (N·m) (+int. rotation, −ext. rotation) Max 2.45 (0.93) 4.65 (1.99) <0.01 2.60 (1.31) 2.58 (1.25) 0.96

Min −3.09 (1.29) −5.23 (2.71) <0.05 −3.19 (0.99) −3.22 (0.83) 0.93

Mz (N·m) (+flexion, −extension) Max 13.16 (2.79) 24.84 (7.25) <0.01 13.26 (3.10) 14.08 (3.45) 0.51

Min −7.09 (2.39) −11.70 (7.18) <0.05 −7.34 (2.09) −7.96 (2.30) 0.45

Bold font indicates statistical significance at p < 0.05.

Table 4 | Intra-protocol differences (early and late propulsion) for peak forces (N) and moments (N·m) acting on the shoulder joint, mean (SD).

SCI subjects

High-intensity task Low-intensity task Inter-protocols p-Value

Cadence −0.01 (0.15) −0.05 (0.12) 0.03 0.50

Fx (+anterior, −posterior)

Max 11.07 (12.98) −2.04 (3.52) 13.11 <0.01

Min −38.94 (18.60) −2.70 (8.77) −36.23 <0.01

Fy (+superior, −inferior)

Max 21.14 (19.41) −0.59 (7.55) 21.74 <0.01

Min −19.91 (27.46) −4.09 (6.82) −15.81 <0.05

Fz (+lateral, −medial)

Max 4.81 (8.23) 1.21 (5.66) 3.59 0.19

Min −5.65 (7.90) 0.73 (3.77) −6.38 <0.05

Mx (+adduction, −abduction)

Max 2.80 (5.94) −0.03 (1.62) 3.11 0.07

Min −2.63 (4.67) −0.20 (0.77) −2.43 0.06

My (+int.rotation, −ext.rotation)

Max 2.47 (2.08) −0.02 (0.65) 2.49 <0.01

Min −2.45 (2.94) −0.02 (0.79) −2.42 <0.01

Mz (+flexion, −extension)

Max 12.16 (7.37) 0.82 (2.43) 11.34 <0.01

Min −4.89 (7.61) −0.62 (1.15) −4.26 <0.05

Statistical significance (p-value) is related to the inter-protocol differences.

Bold font indicates statistical significance at p < 0.05.

Frontiers in Bioengineering and Biotechnology | Biomechanics                                                                           December 2014 | Volume 2 | Article 77 | 13

http://www.frontiersin.org/Biomechanics
http://www.frontiersin.org/Biomechanics/archive


Gil-Agudo et al. Shoulder echographic and wheelchair propulsion

FIGURE 5 | Kinetic analysis. Illustration of the mean cycle of shoulder joint forces for the group analyzed. The mean (continuous line) and SD (dashed line) are
shown for the high-intensity (A) and low-intensity protocol (B). The vertical line indicates the push and recovery phase of the forces on the shoulder joint.

SHOULDER BIOMECHANICS AND ULTRASOUND PARAMETERS
No differences were found for the ultrasound parameters before
and after each protocol (Table 5). Regarding the correlations
between changes in kinetic and ultrasound findings before and
after protocol A, increases in medial peak shoulder force were
correlated with increases in LBTT (ρ= 0.594, p < 0.05) and with
decreases in subacromial space measured following Cholewinsk
index (ρ=−0.534, p < 0.05) (Table 6).

DISCUSSION
To the best of our knowledge, this is the first study to address
changes in shoulder joint kinetics with anatomical shoulder soft

tissue changes recorded in ultrasound images after performing two
different propulsion tasks that exert stronger or weaker physical
demands. In accordance with our hypothesis, shoulder joint forces
were stronger in the more intense manual propulsion task (proto-
col A) with respect to the less intense (protocol B). However, no
differences were found for the ultrasound parameters before and
after each propulsion task.

Regarding the kinetic variables, these are difficult to com-
pare directly with data in the literature due to the different
testing procedures, units of measurement, equipment employed,
and characteristics of the population studied (Gil-Agudo et al.,
2010a). A high-intensity wheelchair propulsion test was chosen

www.frontiersin.org                                                                                                                                                 December 2014 | Volume 2 | Article 77 | 14

http://www.frontiersin.org
http://www.frontiersin.org/Biomechanics/archive


Gil-Agudo et al. Shoulder echographic and wheelchair propulsion

FIGURE 6 | Kinetic analysis. Illustration of the mean cycle of shoulder joint moments for the group analyzed. The mean (continuous line) and SD (dashed line)
are shown for the high-intensity (A) and low-intensity protocol (B). The vertical line indicates the push and recovery phase of the forces on the shoulder joint.

considering that greater shoulder joint forces and moments were
more likely to provoke shoulder pathology (Mercer et al., 2006).
Moreover, such pathological changes might be easier to detect
with ultrasound examination. Owing to the use of a treadmill
for the experimental set up, we modified the resistance to be
overcome by the subject by increasing the weight attached to a
pulley system, a method that is safer than increasing the tread-
mill speed. However, we considered it interesting to compare
these results with a lower intensity protocol that cause weaker
shoulder joint forces and to correlate these with ultrasound
findings.

Thus, we analyzed two specific workload settings and in both
protocols, treadmill speed was individualized in order to normalize
the power demand for all subjects to 20 W and this speed remained
constant in both protocols. From our previous experience, we
choose to develop a high-intensity wheelchair propulsion test on
a treadmill without increasing the slope for safety and mechanical
reasons (Hartung et al., 1993). Increasing the speed of the treadmill
might cause heterogeneous increases on the loads that the subject
has to overcome depending on its own weight. Therefore, to nor-
malize the power to be overcome by the subject, we employed a
procedure that calculates the increasing weights to be imposed by
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a pulley system in order to normalize every 5 W increase in this
incremental test. For the low-intensity propulsion task, the speed
and weight required to propel at 20 W remained constant during
20 min adapted from a previous long-term wheelchair propulsion
protocol (Gass et al., 1981).

In the present study, the more intensive task produced increases
in all directions of shoulder joint forces and almost all moments,
as found previously when increasing speed (Mercer et al., 2006;
Collinger et al., 2008). The greater posterior and lateral shoul-
der forces were previously related to pathological findings (Mercer
et al., 2006). However, we did not find an increase in the LBTT after
the high-intensity task, in contrast to a previous report (Van Dron-
gelen et al., 2007), probably because our test was performed in less
time. The subjects included in our study were experienced in man-
ual wheelchair propulsion (time since injury 90.2± 54.78 months)
and it is likely that the participants were accustomed to such exer-
cise, possibly explaining why no differences could be detected in
the ultrasound parameters before and after the propulsion tests.

With respect to the relation between kinetic and ultrasound
findings, we found that in high-intensity protocols long-biceps
tendon thickness increases when medial and inferior forces
increases. Also, subacromial space measured following Cholewinsk
index decreases when shoulder medial forces increases. Subjects
need to propel the wheelchair everyday. So, instead of limiting
subject’s activity, the need is to reduce the overall force to propel
the wheelchair by accomplishing an alternative wheelchair set up

Table 5 | Mean (SD) ultrasound values before and after wheelchair

propulsion tasks.

High-intensity task Low-intensity task

Before After p-Value Before After p-Value

LBTT 0.41 (0.09) 0.42 (0.07) 0.86 0.40 (0.09) 0.40 (0.06) 0.90

LBS 4.03 (0.66) 3.75 (0.93) 0.35 4.27 (0.65) 4.3 (0.87) 0.92

ACD 0.66 (0.16) 0.70 (0.15) 0.52 0.71 (0.15) 0.75 (0.15) 0.56

CHI 2.46 (0.45) 2.35 (0.59) 0.55 2.42 (0.49) 2.39 (0.51) 0.87

SST 0.64 (0.08) 0.61 (0.08) 0.48 0.62 (0.06) 0.60 (0.07) 0.56

SSS 4.41 (0.54) 4.42 (0.44) 0.96 4.46 (0.71) 4.30 (0.72) 0.55

LBTT, long-axis biceps tendon thickness; LBS, long-axis biceps sonoelastic-

ity; ACD, acromioclavicular distance; CHI, Cholewinski index; SST, short-axis

supraspinatus thickness; SSS, short-axis supraspinatus sonoelasticity.

or propelling with different technique. Bigger changes after high-
intensity protocol were expected in relation to low-intensity task
because the amount of work might be a risk factor for developing
overuse injuries.

Although the biceps tendon diameter was similar to the
reported elsewhere, those results are not directly comparable
since we focused on potentially pathological parameters, such
as decreased tendon thickness rather than other parameters like
echogenicity (Van Drongelen et al., 2007). Similarly, we did not use
grayscale-based quantitative ultrasound (Collinger et al., 2010),
which may provide indicators of more microscopic damage. A
lower echogenicity ratio of the biceps tendon has been reported,
which might indicate the presence of a shoulder pathology after
exercise but not an increase in biceps tendon diameter (Van Dron-
gelen et al., 2007). Grayscale-based quantitative ultrasound proved
to be useful to study the development of repetitive strain shoulder
injury, although the appearance of supraspinatus post-propulsion
was not significantly influenced by the biomechanics of propulsion
(Collinger et al., 2010). We did not find differences in ultrasound
images before and after both propulsion tasks in reference to the
anatomic shoulder references and macroscopic tendon character-
istics. We expected that more evident shoulder ultrasound changes
would be produced by the high-intensity workload imposed. How-
ever, we also considered that the changes in the characteristics
of the biceps and supraspinatus tendons are not only directly
related to wheelchair propulsion but also the amount of change
was related to the specific workload (Van Drongelen et al., 2007).
Indeed, it appears that risk of developing shoulder joint damage
is higher in subjects with long-term SCI using a wheelchair than
after a high-intensity wheelchair propulsion task (Akbar et al.,
2010). However, some correlation between shoulder kinetics and
ultrasound images has been shown.

No relationship has been found between pain and imaging
abnormalities (Boninger et al., 2001) and we agree that pathologi-
cal findings in ultrasound images are not necessarily symptomatic,
and thus, we also believe risk factors for clinical pathology should
be identified before the individual becomes symptomatic (Mercer
et al., 2006).

One limitation of this study was the small sample size and like-
wise, the number of subjects with and without shoulder pain.
This limitation prevented us from performing a comparative
analysis, and assessing the correlations between clinical data and
kinetic or ultrasound findings. It should be noted that pain may
confound the relationship between propulsion and ultrasound

Table 6 | Correlation between shoulder joint kinetics and ultrasound variables considering the changes in each protocol.

Fymin (inferior) Fzmax (lateral) Fzmin (medial) Mxmax (adduction)

R. spear p R. spear p R. spear p R. spear p

High-intensity task

LBTT 0.554 <0.05 0.594 <0.05

CHI −0.534 <0.05

Low-intensity task

SST 0.538 <0.05 0.574 <0.05 0.578 <0.05

LBTT, long-axis biceps tendon thickness; CHI, Cholewinski index; SST, short-axis supraspinatus thickness.
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variables. In any case, we consider the findings presented here to
be of interest considering that correlations between shoulder joint
kinetics and ultrasound examination before and immediately after
a propulsion task are a novelty itself. Nevertheless, further research
will be necessary to identify relationships between kinetic data,
ultrasound parameters, and clinical findings.

CONCLUSION
Shoulder joint forces and moments increase in an intense propul-
sion task allowing the relationship between intensity and loads on
the development of shoulder pain to be seen. However, no dif-
ferences were found in ultrasound images after a high-intensity
wheelchair propulsion task was carried out. More research is
needed to collect clinical information and correlate data on
shoulder pain with ultrasound images and kinetic information.
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Background: Rates of shoulder pain in individuals who use manual wheelchairs (MWCs)
as their primary means of mobility have been reported to be as high as 70% during
activities of daily living. Current prevailing thought is that mechanical impingement of the
soft tissues that reside within the subacromial space between the humeral head and
coracoacromial arch is a major contributor to the shoulder pain in users of MWCs. The
subacromial space size is directly related to the kinematics at the shoulder joint. Yet to be
answered are questions about which common daily tasks are characterized by the most
potentially detrimental kinematics.

Objective: The purpose of this analysis was to quantify and compare potentially
detrimental kinematics in three common tasks performed by individuals with spinal cord
injury and shoulder pain. These data will add to the body of knowledge and test common
assumptions about relative risk of tasks.

Design: A cross-sectional study of 15 MWC users with shoulder pain.

Methods: Electromagnetic surface sensor measures of mean and peak scapulothoracic
(ST) internal and downward rotation, anterior tilt, and glenohumeral (GH) internal rotation
were compared across propulsion, weight relief, and scapular plane abduction tasks
using one-way repeated-measure ANOVA.

Results: Statistical differences were observed between the tasks for all rotations. Mean
ST anterior tilt was greater in weight relief and propulsion than during scapular plane
abduction (24°, 23°, and 13° of anterior tilt, respectively). Mean GH axial rotation during
weight relief was more internally rotated than during propulsion and scapular plane
abduction (9°, 26°, and 51° of external rotation, respectively).

Limitations: Surface-based measures of kinematics are subject to skin motion artifact,
especially in translation which was not addressed in this study.

Conclusion: Each task presented with specific variables that might contribute to risk of
developing shoulder “impingement” and pain. These data may assist therapists in their
assessment of movement contributions to shoulder pain in this population, as well as in
subsequent treatment planning.

Keywords: kinematics, shoulder pain, activities of daily living, manual wheelchair users, spinal cord injury
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INTRODUCTION

Over 1.5 million persons in the United States use manual
wheelchairs (MWCs) (Kaye et al., 2000), and ~20% are users of
MWCs secondary to a traumatic or non-traumatic spinal cord
injury (SCI) (Kaye et al., 2002). Users of MWCs with SCI are
forced to perform many movements within the confines of the
MWC. Therefore, they rely heavily on their shoulders as a means
of locomotion, to perform weight relief lifts in order to avoid
skin breakdown due to pressure on insensate skin, to reach for
objects from a seated position, and to perform other activities of
daily living. Thus, rates of shoulder pain in individuals with SCI
have been reported to be as high as 70% during activities of daily
living, negatively affecting their quality of life and independence
(McCasland et al., 2006). Therefore, it is imperative that we better
understand the secondary chronic conditions users of MWCs are
confronted with, to preserve independence over the life span.

Current prevailing thought is that mechanical impingement of
the soft tissues that reside within the subacromial space between
the humeral head and coracoacromial arch (Dyson-Hudson and
Kirshblum, 2004) is a major contributor to the shoulder pain in
users of MWCs. The rotator cuff tendons, biceps tendon, and
bursa reside within the subacromial space; therefore, reduction
in this space, because of the tasks MWC users perform, provides
a potential mechanism for injury or pain to the shoulder joint
(Flatow et al., 1994; Schneeberger et al., 1998; Soslowsky et al.,
2000). The subacromial space is defined and directly affected by
the orientations of the humerus and scapula and the resulting
rotation angles of the glenohumeral (GH) and scapulothoracic
(ST) joints. Clinicians and biomechanists use slightly different
language to describe the same movement, and this is important to
keep in mind when reviewing kinematic literature. Biomechanists
describe GH motions as: (1) humeral elevation, (2) motion in the
horizontal plane during humeral elevation (anterior or posterior
to the scapular plane), and (3) axial rotation (internal/external)
about the humeral long axis (Figure 1). Clinicians describe these
motions as: (1) flexion/extension/abduction/adduction, (2) hor-
izontal abduction/adduction, and (3) internal/external rotation.
Biomechanists describe ST motions as internal/external rotation,
upward/downward rotation, and posterior/anterior tilting. The
protraction/retraction terminology that clinicians use is a combi-
nation of scapular internal rotation and translation of the scapula
on the thorax due to sternoclavicular joint protraction/retraction.

When comparing individuals with and without shoulder
pain/subacromial impingement symptoms, kinematics have been
shown to differ among able-bodied individuals during humeral
elevation (Ludewig and Reynolds, 2009). Therefore, it is believed
that altered kinematics may negatively impact the subacro-
mial space. These potentially detrimental kinematics are as fol-
lows (compared with asymptomatic group values): (1) increased
ST internal rotation, (2) increased ST downward rotation, (3)
increased ST anterior tilt, and (4) increased GH internal rotation
(Lukasiewicz et al., 1999; Ludewig and Cook, 2000; Endo et al.,
2001). We believe that some of the tasks MWC users perform
on a daily basis predispose them to these potentially detrimental
kinematics, regardless of the presence or absence of pain.

A few investigations that include both ST and GH kinemat-
ics have been performed to characterize activities commonly

FIGURE 1 | Scapulothoracic (ST) rotation is comprised of
internal/external rotation (solid green arrow), upward/downward
rotation (solid red arrow), and posterior/anterior tilting (solid blue
arrow). Glenohumeral (GH) motions of interest (not shown for clarity) include
plane of elevation (anterior or posterior to the scapular plane) (blue outlined
arrow), elevation (red outlined arrow), and axial rotation (internal/external)
about the humeral long axis (green outlined arrow).

performed by users ofMWCs, and kinematics presumed to reduce
the subacromial space were reported. Morrow et al. (2011) quan-
tified ST and GH kinematics during level and ramp propulsion
as well as during weight relief lifts in 12 users of MWCs using
an optical-based motion capture system and a scapula tracker.
Subjects tested were all pain free. At the point of peak shoulder
loading, the weight relief lift displayed significantly less GH exter-
nal rotation (or more relative GH internal rotation) than the level
and ramp propulsion (16° and 19° differences, respectively). Riek
et al. (2007) analyzed the shoulder kinematics of various activities
of daily living in five individuals with SCI using an electromag-
netic system and found that during the initial and maximum
loading phases of weight relief, the humerus was significantly
more internally rotated than in standing posture using a standing
frame (15° and 38° differences, respectively). Nawoczenski et al.
(2012) evaluated weight relief and transfer kinematics in individ-
ualswith andwithout shoulder pain. Throughout the transfer task,
the group experiencing shoulder pain demonstrated increased
anterior tilt of the trailing arm compared with the asymptomatic
group. Overall, very little comparative data are available assess-
ing the kinematics of common tasks theorized to contribute to
subacromial impingement risk.

With limited data, the understanding of how kinematics dur-
ing wheelchair-based tasks influence mechanical subacromial
impingement and rotator cuff soft tissue compression has not
matured. Yet to be answered are questions about whichmovement
and/or environmental optimization interventions will have the
biggest impact on maintenance of shoulder health. Yet, clini-
cians must make decisions on a daily basis as to how to inter-
vene for MWC users who have developed shoulder pain. In
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order to test current clinical theories and assumptions regard-
ing task-related development of shoulder pain in MWC users,
further direct comparison of shoulder kinematics are needed
in common wheelchair-based tasks. In particular, there are no
direct comparisons of tasks presumed most detrimental, such
as MWC propulsion and weight relief raise, to the kinematics
of raising the arm while in a seated position. Based on the lit-
erature in able-bodied individuals (Kebaetse et al., 1999), the
latter task may be of equivalent risk for development of shoulder
subacromial impingement in MWC users functioning from a
seated position.

GH and ST kinematics during level MWC propulsion, weight
relief, and humeral elevation in the scapular plane were collected
as part of a study investigating the effects of an exercise interven-
tion for individuals experiencing mild-to-moderate amounts of
shoulder pain during daily activities (Van Straaten et al., 2014).
We sought to compare these three wheelchair-based tasks to each
other ergonomically, rather than to compare between subjects
with and without shoulder pain. Subjects with shoulder pain may
differ from those without due to causative or compensatory kine-
matic changes (Nawoczenski et al., 2012; Lawrence et al., 2014).
We sought a symptomatic group to not confound the analysis
with both presence and absence of pain and to allow for the high
likelihood and relevance of pain in this population. The purpose of
this analysis was to quantify and compare potentially detrimental
kinematics in three common tasks performed by individuals with
SCI and shoulder pain. We hypothesized that differences existed
in ST internal rotation, ST downward rotation, ST anterior tilt,
and GH internal rotation between the tasks of MWC propul-
sion, weight relief, and humeral elevation in the scapular plane.
These data will add to the body of knowledge and test common
assumptions about relative risk of tasks.

MATERIALS AND METHODS

Subject Population
Fifteen individuals who use MWCs as their primary means of
mobility participated in the study. These subjects were recruited
and signed written informed consent as part of a study approved
by the Mayo Clinic Institutional Review Board, investigating
shoulder kinematics as well as effects of an exercise intervention
for shoulder pain. The kinematic data used for this analysis were
recorded at the baseline time point, prior to intervention. Inclu-
sion criteria were assessed by a licensed physical therapist and
included: 18–65 years; SCI; shoulder pain during daily activities
with clinical symptoms consistent with mechanical subacromial
impingement (Park et al., 2005; Michener et al., 2009); use of
a MWC as the primary means of mobility in the home and
community; and ability to perform independent transfers and sit
independently. Sixty-five years was selected as the upper limit for
recruitment as we felt this represented the limit of fairly active
MWC users whose results may not be confounded by age-related
degenerative shoulder complaints. Exclusion criteria were cogni-
tive impairments that limited the ability to independently follow
instructions; pain deemed to be of cervical origin; presence of
adhesive capsulitis (loss of >25% of range of motion in at least
three directions; this included assessment of GH internal/external

rotation with the arm at 90° abduction, as well as flexion, and
abduction); significant injury to the tested shoulder in which
pre-injury status was not attained; gross instability; or suspected
labral tears. Finally, subjects were not included in the study if
they had allergies to the adhesive tape that was used to attach the
motion sensors.

Subject Setup
The subjects were asked to sit in their own MWC in a comfortable
seated posture while sensors were applied. Electromagnetic sen-
sors (RX2, Polhemus, Inc.; Colchester, VT, USA) were attached
to the painful limb via double-sided medical-grade adhesive tape
to the sternum (just beneath the sternal notch), the acromion (on
the superior surface of the posteromedial aspect of the acromion,
at the junction with the scapular spine), and to the humerus
(on the lateral side of a thermoplastic cuff secured to the dis-
tal humerus, just proximal to the epicondyles) (Karduna et al.,
2001; Hamming et al., 2012). Care was taken to ensure that the
acromial sensor was placed on the flat superior surface of the
posteromedial aspect of the acromion, at the junction with the
spine of the scapula. The arm was elevated prior to securing
the sensor so that the sensor was placed medial to the muscle
bulk of the deltoid. Thin medical tape was secured over the
sensors and attached to ~0.5 cm of adjacent skin to minimize
sensor movement (Figure 2). Data were collected at 240Hz using
MotionMonitor (Innovative Sports Training, Inc., Chicago, IL,
USA) software, and a standard range transmitter (Polhemus, Inc.,
Colchester, VT, USA).

All subjects’ MWCs were tested for interference with the
recording equipment and were deemed acceptable (i.e., the dis-
tance between two electromagnetic sensors rigidly attached to
a wand in close proximity to the MWC remained constant).
Each subject sat in his/her own MWC atop aluminum rollers
with a resistance that was pre-determined to be similar to over-
ground propulsion from pilot testing; the resistance of the rollers
was not changed between the subjects. Local anatomical coor-
dinate systems were defined on each body segment according
to International Society of Biomechanics standards (X positive
anterior, Y positive superior, Z positive to the right) (Wu et al.,
2005). The shoulder joint center was defined using a func-
tional (i.e., movement-based) approach (Meskers et al., 1999;
Biryukova et al., 2000).

Experimental Conditions
Before each activity, the movements were explained to the sub-
jects and they were encouraged to become familiar with the
experimental setup and practice themovements. Twomovements,
propulsion andweight relief, were closed-chain tasks that required
a load through the hand; scapular plane abduction was an open-
chain task, without a weight in the hand. The subjects were asked
to perform two repetitions of scapular plane abduction, tread-
mill propulsion, and weight relief raises, without taking a break
between repetitions of each task. However, between tasks, subjects
were asked to take as much time as needed for a break period. The
beginning position for scapular plane abduction trials was with
the humerus next to the trunk, the elbow extended, and the palm
of the hand facing forward so that the subjects’ ulnar side of the
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FIGURE 2 | Attachment of electromagnetic sensors on thorax and scapula (A), and distal humeral cuff (B).

forearm or hand rested on their MWC rim. Then, they were asked
to move their arm through 90° of abduction, at an angle oriented
~40° anterior to the coronal plane, and then reverse themovement
in the same plane by adducting to the starting position. Plane of
movement of 40° anterior to the coronal plane was verified using
the MotionMonitor software at the time of data collection and
adjusted if needed. Subjects were asked to perform the movement
at a consistent speed, with verbal counting “up, two, three, four,
down, two, three, four” by the investigator, returning to contact
the hand rim between trials. For the weight relief movement, the
individual was asked to start with his/her hands in their lap, and
then after a verbal clue, move at a comfortable pace and place
their hands on the MWC hand rim or wheel, lift their weight until
their elbows were fully extended, and hold for 2 s before lowering
their body weight; the second trial was performed identically.
For propulsion, subjects were asked to start with their hands in
their lap and then when verbally prompted to begin, proceed
with placing their hands on the hand rim followed by at least
two full propulsion movements in the style they normally use
to propel.

Just prior to the data collection, subjects were asked to complete
theWheelchair Users Shoulder Pain Index (WUSPI) (Curtis et al.,
1995a,b), a validated survey for assessing shoulder pain during
daily activities. The WUSPI requires that participants rate their
shoulder pain intensity on a 0–10 visual analog scale anchored by
“no pain” and “worst pain ever experienced” during 15 common
daily activities, and is rated for each activity over the preceding
7 days. A total score of zero indicates no pain, while 150 indicates
severe pain.

Data Analysis
Euler angles were generated to describe the position and orienta-
tion of the scapula relative to the thorax (ST), the humerus relative
to the scapula (GH), and the humerus relative to the thorax
(HT) at each frame across the times series. The International
Society of Biomechanics standard definitions were used for the
ST (YX′Z′′) and HT (YX′Y′′) rotations; however, an alternative
sequence (Phadke et al., 2011) was used to describe GH rotations
(XZ′Y′′) to avoid singular positions near the neutral position and
provide a more clinically interpretable rotation sequence.

FIGURE 3 | Events 1–4 for (A) weight relief include initiation of lift,
beginning of hold, end of hold, and end of lowering phases;
(B) propulsion include beginning of push, mid-push, end of push, and
end of recovery phases; (C) scapular plane abduction including 25°,
37°, 49°, and 61° of humerothoracic elevation.

From the time series kinematics, four movement events were
defined for each task so that they represented the overall excursion
across themovements (Figure 3). The four events for weight relief
were chosen interactively based on the vertical displacement of
the trunk sensor. The start of the raise (event 1) was chosen as
an upward vertical displacement. The start of the hold (event
2) was chosen as the end of the upward vertical displacement.
The end of the hold (event 3) was chosen as the initiation of
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downward vertical movement of the trunk sensor. And, the return
to the start position (event 4) was chosen as the end of downward
vertical movement of the trunk. The four propulsion events were
also selected interactively but were based on the HT plane of
elevation rotation values. The start of propulsion (event 1) was
chosen as the initiation of forward movement of the humerus.
The point where the hand left the hand rim at the end of the
push phase (event 3) was chosen as the end of forward movement
of the humerus. Half way through the push phase (event 2) was
calculated as half the time to event 3. The end of propulsion
(event 4) was chosen as the end of backward movement of the
humerus. This approach for identifying propulsion cycles has
been validated against measurements of force applied on the push
wheels during propulsion using a SMARTWheel (Three Rivers
Holdings, LLC) (unpublished). There is a synchronous relation-
ship between the application of force to the wheels and the HT
plane of elevation when propelling on the rollers. Scapular plane
abduction events were determined automatically based on the
HT elevation values. The start of scapular plane abduction (event
1) was selected as the time at which 25° of elevation occurred.
Events 2, 3, and 4 were defined as the times at which 37°, 49°,
and 61° of elevation occurred, respectively. Twenty-five degrees
was chosen as the minimum elevation value that all subjects
could attain while seated in their MWC, 61° was chosen as the
expected peak elevation for the other two tasks and was chosen
so that all three tasks were taking place in similar regions of
the movement space to prevent confounding of humeral eleva-
tion angle differences on task comparisons of kinematics. Peak
kinematic values were also selected from the original time series
curves for the kinematics in the direction of motion believed
to be responsible for a reduction in the subacromial space (ST
internal and downward rotation, ST anterior tilt, and GH internal
rotation).

Statistics
Descriptive analyses of the mean and standard deviations of the
time series data for each of the ST and GH rotations were per-
formed. Repeatability of trial event data for outcome variables,
for all three movement tasks, were determined using intraclass
correlation coefficients ICC(1,1) and standard errors of measure-
ment (SEMs). Separate analyses were performed for the mean
kinematic values and peak kinematic values for all dependent
variables (the three ST rotations and one GH rotation believed to
influence subacromial space). The normality of the datawas deter-
mined prior to performing one-way repeated-measure ANOVAs
with the task condition (propulsion, weight relief, and scapular
plane abduction) as the within-subject factor. The data were
checked for sphericity. If the Mauchly’s criterion was violated,
the p values were corrected. Bonferroni post hoc t-tests were
performed when a significant effect of task was found. All sta-
tistical analyses were performed using SAS Enterprise Guide 4.3
(Cary, NC, USA), and the significance level was set at 0.05.
Potential covariates for this analysis included age, injury level,
years of MWC use, and level of pain (WUSPI). Correlations
were determined between these values and the dependent vari-
ables with a threshold of 0.5 for inclusion in the statistical
model.

RESULTS

Subject Population
Fifteen subjects (13males and 2 females) were recruited according
to the recruitment criteria for study participation (Table 1). Sub-
jects had a mean age of 39 (SD 12) years, mean weight of 81 (SD
18) kg, averaged 14 (SD 9) years of MWC use, and presented with
mild-to-moderate levels of pain [WUSPI 37.9 (SD 24.4)]. Subjects’
injury levels ranged from C6–C7 to L2 with one subject who was
post-polio, presenting clinically as a lower lumbar SCI.

Kinematics

The ICC values for the trial-to-trial event data ranged from 0.92
to 0.98 and SEMs ranged from 1.1° to 2.3° across the three
tasks. As the data were relatively repeatable, the second trial
was used for further analysis in the study so that the data rep-
resented actual movement kinematics rather than means across
trials. None of the covariate regressions reached a correlation
of 0.5 (the highest correlation was 0.15), so covariates were not
included in subsequent analyses. Parametric statistics were used
for all analyses as kinematic data were deemed to be normally
distributed.

Mean time series data across all subjects for each ST and GH
rotation and each task are depicted (Figure 4). There were signifi-
cant effects of task on eventmeans of all kinematics of interest: GH
axial rotation (F(2,28)= 121.42, p< 0.0001), ST internal rotation
(F(2,28)= 11.14, p= 0.0003), upward rotation (F(2,28)= 22.79,
p< 0.0001), and tilt (F(2,28)= 51.03, p< 0.0001). Post hoc test-
ing demonstrated that mean GH axial rotation during weight
relief was more internally rotated than during propulsion and
scapular plane abduction (9°, 26°, and 51° of external rota-
tion, respectively). Scapular plane abduction had greater mean
ST internal rotation than both weight relief and propulsion
tasks (32° versus 26° and 29° of ST internal rotation respec-
tively, Figure 5). ST downward rotations were greater during
propulsion (3° upward rotation) than weight relief (8° upward
rotation) and scapular plane abduction (10° upward rotation,
Figure 5). No differences were found between scapular plane
abduction and weight relief in post hoc testing. Mean ST ante-
rior tilt was greater in weight relief and propulsion than dur-
ing scapular plane abduction (24°, 23°, and 13° of anterior
tilt, respectively, Figure 5). Weight relief and propulsion were
not significantly different with respect to mean ST anterior tilt
(Figure 5).

Results from the one-way repeated-measure ANOVA analysis
of the peak kinematic values show similar trends to the event
means for all kinematics measures except ST internal rotation;

TABLE 1 | Subject demographics.

Characteristic Participants (n=15, mean±SD)

Age (years) 39±12
Gender 13 males, 2 females
Weight (kg) 81±18
Injury level (range) C6/7 to L2, post-polio
Time using MWC (years) 14±9
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FIGURE 4 | Subjects’ mean (±±±1 SD, dashed lines) scapulothoracic (internal+++/external−−−, downward+++/upward−−−, posterior+++/anterior−−−) and
glenohumeral (lowering+++/elevation−−−, horizontal adduction+++/abduction−−−, internal+++/external−−−) rotations for weight relief, propulsion, and
scapular plane abduction movements.

peak values reached in each of the rotations during each task
can be found in Figure 6. Maximum GH internal rotation
was greater during weight relief than propulsion and scapular
plane abduction [F(2,28)= 75.44, p< 0.0001]. Propulsion
resulted in greater peak ST internal rotation (39°) than scapular
plane abduction (34°); it did not significantly differ from
weight relief values (35°) [F(2,28)= 4.07, p= 0.0282]. Peak ST
downward rotation was greater during propulsion (5° downward)
than during weight relief (5° upward) and scapular plane
abduction (6° upward) [F(2,28)= 25.06, p< 0.0001]. Peak
anterior tilt during weight relief (28°) was greater than
during scapular plane abduction (14°), but not significantly
different than during propulsion (28°) [F(2,28)= 40.83,
p< 0.0001].

DISCUSSION

Currently, the tasksmost problematic forMWCusers in the devel-
opment of shoulder pain are often assumed to be MWC propul-
sion, weight relief raises, and transfers. However, this assumption
has never directly been tested, and many other activities, such
as arm elevation from a seated position, have the potential to
be equally detrimental. Our investigation sought to begin to test
these assumptions. Due to our working assumption that a reduc-
tion in the subacromial space is related to development of shoulder
pain, we have chosen to investigate the kinematics of these move-
ments as amore direct indication of the space, and not the kinetics
that led to the ensuing motions. This study compared ST and
GH kinematics believed to reduce the subacromial space between
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FIGURE 5 | Kinematic means and 95% confidence interval values for
between-task comparison of the mean for the three tasks. Letters
indicate significance (p<0.05); the same letter indicates no significant
difference between values (GH, glenohumeral; ST, scapulothoracic; int,
internal; ext, external; down, downward; up, upward; post, posterior; ant,
anterior).

level propulsion, a weight relief maneuver, and an arm raise in the
scapular plane. Not surprisingly, there were significant differences
in the kinematics of different tasks. The meaningful part of these
comparisons lie in the interpretation of the magnitude of these
differences as well as the value that these findings will bring
to the topic when combined with more direct measurements of
subacromial space. The kinematics observed in this study provide
someof the evidence needed to prioritize detrimentalmotions and
tasks warranting further investigation.

In addition to determining that kinematics are different, one
method of interpreting the potential importance of magnitudes of
differences between the kinematic tasks is to qualitatively assess
the differences from a neutral hanging posture. Neutral hanging
arm posture has been defined in healthy subjects in a standing
posture using bone-pin mounted sensors (Ludewig et al., 2009).
It is known that in the hanging arm position, the soft tissue
structures that reside within the space have adequate clearance,
so deviations away from the hanging arm position (for both ST
and GH articulations) in certain directions are thought to be
detrimental. In the ISB coordinate system used in this study, the
natural hanging posture is ~29° of ST internal rotation, 5° of ST
downward rotation, 10° of ST anterior tilt, and 2° of GH external
rotation (Ludewig et al., 2009).

FIGURE 6 | Peak kinematic values in GH internal rotation (-0.4°, -18.7°,
and -41.2°), ST internal rotation (35.2°, 39.4°, and 33.5°), downward
rotation (-4.6°, 4.7°, and -5.7°), and anterior tilt (-28.1°, -27.6°, and
-14.3°) and 95% confidence interval values for between-task
comparison for the weight relief, propulsion, and scapular plane
abduction, respectively. Letters indicate significance (p<0.05); the same
letter indicates no significant difference between values (GH, glenohumeral;
ST, scapulothoracic; int, internal; ext, external; down, downward; up, upward;
post, posterior; ant, anterior).

Mean event data revealed a slightly greater overall ST inter-
nal rotation during scapular plane abduction than during the
other two movements, with differences ranging from 3° to 6°.
While these differences are statistically significant, we believe
the differences to be small and likely do not have a substan-
tial impact on the underlying subacromial space. Further, the
values are very similar to the neutral hanging arm posture in
healthy subjects. Therefore, we do not believe our ST internal
rotation data are concerning for theMWCuser population during
these three tasks. ST upward/downward rotation differed by only
7° between tasks and, on average, the scapula remained in an
upwardly rotated position. However, the peak rotation during
propulsion reached a downward rotated position, which may
place users at risk during this task given the elevated position
of the humerus. Given the nature of the reduced upward rota-
tion data during propulsion, therapists planning interventions for
shoulder pain in MWC users should consider an assessment of
an individual’s upward rotation during propulsion. If reduced
upward rotation is present, exercises to improve lower serratus
anterior (primary scapular upward rotator) activation and func-
tion during propulsionmay be important to consider in treatment
planning.
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ST anterior tilt and GH internal rotations exhibited larger dif-
ferences between tasks and deviations from the neutral hanging
arm position were greater for anterior tilt. Mean ST anterior tilt
was greater in weight relief and propulsion than during scapular
plane abduction by up to 11° and also represented deviations away
from the hanging arm position, while scapular plane abduction
did not (Figure 5). GH internal rotation values during weight
relief were significantly greater, but did not deviate substantially
from the neutral hanging arm posture. Based on current assump-
tions regarding relationships between angular kinematics and the
subacromial space, weight relief and propulsion tasks warrant
further investigation and more direct measurements of subacro-
mial space. These study results suggest potentially greater focus
on improving upward rotation angles during propulsion tasks,
and reducing anterior tilt angles during weight relief raise. The
data also suggest that the ST muscle groups deserve attention in
rehabilitation interventions.

ST and GH time series data during weight relief were similar
in ranges and values to previous data obtained from individu-
als with spinal cord injury without presence of pain (Morrow
et al., 2011) except for ST anterior tilt values (52°–55° versus
20°–28° of anterior tilt in the current study). The anterior tilt
differences are likely attributed to the use of a scapular tracker
(versus an acromial sensor) for tracking scapula motion in the
Morrow et al. investigation. A scapula tracker is most sensitive
to error in the anterior/posterior tilt rotation values due the
nature of its attachment to the scapular spine. Further, subject-
specific coordinate systems were not assigned for each subject
in the Morrow study. A transformation based on cadaveric data
was used to reference the scapula tracker motion to the anatom-
ical coordinate system of the scapula. As such, our data for
anterior tilt cannot be directly compared to the Morrow et al.
investigation.

When comparing to previously published data in able-bodied
subjects during propulsion (Lu et al., 2002), differences in ST
and GH internal rotation ranges (ST: 12°–29° versus 19°–39° of
internal rotation in the current study, GH: 5°–10° internal rotation
versus 19°–35° of external rotation in the current study) may be
attributed to the study populations. Due to variable innervation
of the trunk musculature in our spinal cord injured subjects, we
have noted that subjects often have a more kyphotic posture and
forward head position. This posture would encourage ST internal
rotation, which would in turn cause GH rotation to be more
externally rotated given a similar humeral position. ST rotations
during propulsion in a spinal cord injured population (Morrow
et al., 2011) had similar internal/external rotation values (33°–40°
of external rotation) to the current study.

Comparisons of our data were made to previous scapular plane
abduction studies in able-bodied subjects that included time series
data from 25° to 61° of HT elevation (McClure et al., 2001;
Ludewig et al., 2009) from a standing position. Ranges of rotations
were similar between the previous work and the current study;
however, in the current study, the scapula was in greater internal
rotation [35°–38° (McClure et al., 2001; Ludewig et al., 2009) ver-
sus 45° of internal rotation in the current study] and anterior tilt
[7°–12° of anterior tilt (McClure et al., 2001; Ludewig et al., 2009),
and 2°–4° of posterior tilt (McClure et al., 2001) versus 16°–18° of

anterior tilt in the current study]. These findings can potentially
be attributed to the seated posture of users ofMWCswhomay lack
postural stability and may have greater spinal kyphosis.

There are limited studies reporting on the kinematics of activi-
ties of daily living in users ofMWCs, and none that we are aware of
interpreting the findings as they relate to a potential reduction in
the subacromial space. Therefore, there are limited relevant stud-
ies to compare to. While results of this study do not directly test
a clinical intervention, we feel these findings will add important
information to the literature that will help guide clinical decision-
making of therapists addressing shoulder movement disorders in
this population, as well as informing future research.

It is important to note that this investigation was not a com-
parison between painful and pain-free subjects, but rather a com-
parisons of the tasks themselves in MWC users with shoulder
pain. We believe that the constraints of performing these tasks
from a MWC likely have greater impact on kinematics than the
presence or absence of pain. This presumption is supported by
the lack of substantial association of the kinematics of subjects
with their WUSPI scores. Pain also does not have a clear and
consistent outcome with regard to affecting movement patterns
(Ludewig andCook, 2000;Nawoczenski et al., 2012). Subjectswith
shoulder pain have demonstrated disparate results as compared
to controls, demonstrating both increases and decreases in key
variables such as ST upward rotation. These disparate results
have been suggested to represent both causation and compen-
sation. Some subjects may alter kinematics in a compensatory
pattern in response to pain, while others may have altered kine-
matics leading to pain. In addition, our analysis focused only
on presumed kinematic mechanisms of subacromial rotator cuff
compression, which occurs at lower arm elevation angles. Future
work is intended to investigate tasks in this population at higher
angles of elevation, where mechanical internal impingement may
occur.

Limitations
When interpreting our study findings, it is important to under-
stand its limitations. Surface markers are known to have error as
compared to bone-mounted sensors or imaging techniques for
recording shoulder kinematics. However, comparison of bone-
mounted and skin sensor data have shown errors in humerus and
scapula skin sensor acquisitions of ≤4° during shoulder move-
ments <60° of humeral elevation (Karduna et al., 2001; Ludewig
et al., 2002), which is the range we investigated. This investigation
focused on the effect of rotational changes during the tasks rather
than including the humeral head translation values.

Additionally, this study focused specifically on kinematics
thought to be detrimental for subacromial space. Through kine-
matic results, we can begin to infer which tasks may be putting the
shoulder in disadvantageous positions. However, further inves-
tigation is warranted to understand the forces acting on the
upper extremity and focused evaluations of the subacromial space
during MWC-based tasks. An additional limitation is that task
kinematics were collected in the same order for all subjects, so it is
possible that an order effect existed in the data. No subjects com-
plained of fatigue, and subjects were allowed a break between tasks
if desired. It is also possible that study outcomes for the scapular
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plane abduction may have differed if the subjects had lifted a
hand-held weight; however, this seems unlikely based on previ-
ous research (de Groot et al., 1999). Further, each subject sat in
his/her MWC atop aluminum rollers with a resistance that was
not changed between subjects (i.e., not personalized to subject
weight). In addition, all subjects underwent a clinical exam by a
physical therapist to ensure appropriate innervation and function
of their shoulder musculature. While it is possible that the two
subjects with higher level spinal cord injuries had some unde-
tected differences in shoulder muscle innervation, it is unlikely.

CONCLUSION

Current assumptions regarding relationships between angular
kinematics and the subacromial space implicate greater amounts
of ST internal rotation, downward rotation, anterior tilt, and GH
internal rotation as disadvantageous. Based on these assumptions
and the overall kinematics observed in this study of the tasks

evaluated, weight relief and propulsion seem to bemost detrimen-
tal for the shoulder. However, each task presented with specific
variables that might contribute to risk of developing shoulder
“impingement” and pain. These data may assist therapists in their
assessment of movement contributions to shoulder pain in this
population, as well as in subsequent treatment planning. This
data add to our understanding of the relative risks associated with
various MWC-based activities.
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Currently, there is limited research of the biomechanics of pediatric manual wheelchair 
mobility. Specifically, the biomechanics of functional tasks and their relationship to joint 
pain and health is not well understood. To contribute to this knowledge gap, a quantitative 
rehabilitation approach was applied for characterizing upper extremity biomechanics of 
manual wheelchair mobility in children and adolescents during propulsion, starting, and 
stopping tasks. A Vicon motion analysis system captured movement, while a SmartWheel 
simultaneously collected three-dimensional forces and moments occurring at the han-
drim. A custom pediatric inverse dynamics model was used to evaluate three-dimen-
sional upper extremity joint motions, forces, and moments of 14 children with spinal 
cord injury (SCI) during the functional tasks. Additionally, pain and health-related quality 
of life outcomes were assessed. This research found that joint demands are significantly 
different amongst functional tasks, with greatest demands placed on the shoulder during 
the starting task. Propulsion was significantly different from starting and stopping at all 
joints. We identified multiple stroke patterns used by the children, some of which are not 
standard in adults. One subject reported average daily pain, which was minimal. Lower 
than normal physical health and higher than normal mental health was found in this 
population. It can be concluded that functional tasks should be considered in addition to 
propulsion for rehabilitation and SCI treatment planning. This research provides wheel-
chair users and clinicians with a comprehensive, biomechanical, mobility assessment 
approach for wheelchair prescription, training, and long-term care of children with SCI.

Keywords: biomechanics, manual wheelchair, pediatrics, propulsion, mobility

introduction

Of the ~10,000 individuals who sustain a spinal cord injury (SCI) each year in the United States 
(U.S.), 3–5% occur in individuals younger than 15 years of age and ~20% occur in those younger 
than 20 years of age (Vogel et al., 2004). An estimated 1455 children are admitted for SCI treat-
ment to US hospitals each year (Vitale et al., 2006; Riddick-Grisham and Deming, 2011). SCI 

Abbreviations: 3-D, three-dimensional; ARC, arcing; DLOP, double looping over propulsion; FIR, finite impulse response; 
GH, glenohumeral; LMM, linear mixed models; MR, magnetic resonance; RMS, root mean square; ROM, range of motion; 
SC, semicircular; SCI, spinal cord injury; SF-12, Short Form 12 Health Questionnaire; SLOP, single looping over propulsion; 
UE, upper extremity; UEs, upper extremities; VAS, Visual Analog Scale.
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often occurs as a result of an accidental injury or traumatic 
event and may result in physical limitations that can affect 
functional mobility. Individuals with SCI are often reliant 
upon wheelchairs for mobility and contribute to the 3.7 million 
wheelchair users in the U.S. (Brault and U.S. Census Bureau, 
2012). Among children under the age of 18, the wheelchair is 
the most widely used assistive mobility device impacting over 
88,000 children, 90% of which use manual wheelchairs (Kaye 
et al., 2000). In adults with SCI shoulder pain and degenerative 
changes, especially at the acromioclavicular joint, may develop 
prematurely due to overuse and altered mechanical stresses, 
particularly in those with high levels of manual wheelchair 
activity (Lal, 1998; Mercer et  al., 2006). Reported upper 
extremity injuries associated with manual wheelchair usage 
in adults with SCI include destructive shoulder arthropathy, 
degenerative arthritis of the shoulder and elbow, rotator cuff 
tendonitis, coracoacromial pathology, and carpal tunnel 
syndrome (Pentland and Twomey, 1991; Sie et  al., 1992; Lal, 
1998; Ballinger et al., 2000; Boninger et al., 2001; Mercer et al., 
2006; Yang et al., 2009). It has been reported that adult manual 
wheelchair users with SCI have a high prevalence of shoulder 
pain and injury (Boninger et  al., 2001; Mercer et  al., 2006; 
Schnorenberg et  al., 2014) with shoulder pain occurrence in 
paraplegics ranging from 30 to 73% (Pentland and Twomey, 
1991; Sie et  al., 1992; Boninger et  al., 2002, 2005; Mercer 
et al., 2006). Due to longer-term wheelchair use in those with 
pediatric-onset SCI, upper extremity pain and injuries may 
occur earlier in their lifespan and severely limit independence, 
function, and quality of life (Vogel et al., 2011). Previous work 
by our group has shown that the incidence of shoulder pain in 
adults with pediatric-onset SCI is 48–54% (Hwang et al., 2014); 
however, there is limited information on functional mobility 
and pain in those with pediatric-onset SCI.

Children who have sustained a SCI often use a manual 
wheelchair for functional mobility in the home, school, and 
community environments. Functional mobility includes 
propulsion, starting from a stationary position, stopping their 
wheelchair, and moving over various terrains (Case-Smith and 
O’Brien, 2013). Studies have examined adult manual wheelchair 
users during mobility tasks including level propulsion, ramp 
ascent, start and stop, and weight relief and found significantly 
different upper extremity joint demands across tasks (Morrow 
et al., 2010). However, children are not physically proportionate 
to adults and we cannot assume that scaling dynamics informa-
tion will give an accurate representation of the true demands of 
wheelchair mobility. A study by Jensen confirmed changes in 
force and moment curves due to differences in proportionality 
and a redistribution of mass that occurs with age (Jensen, 1989). 
Although children are proportionately different than adults, with 
developing musculoskeletal systems, there is limited research of 
pediatric wheelchair mobility (Schnorenberg et al., 2014; Slavens 
et al., 2015). It is, therefore, vital that research address the unique 
biomechanics of pediatric wheelchair mobility and provide 
insight to the differences from adults. Despite this, current 
literature contains many studies that consider the biomechanics 
of adult manual wheelchair mobility, and few focused on the 
biomechanics in the pediatric population (Koontz et al., 2005; 

Petuskey et al., 2007; Rice et al., 2009; Schnorenberg et al., 2014). 
Pediatric manual wheelchair propulsion repetitively places 
increased load demands on the upper extremities (Schnorenberg 
et al., 2014), leading to a level of high concern for the develop-
ment of pain and injury over the long-term duration of usage. 
Further insight into the biomechanics of pediatric wheelchair 
users is critical for ultimately preserving upper extremity func-
tion and joint integrity. More so, a deeper understanding of 
the relationship among upper extremity biomechanics, pain, 
and function is necessary. We aim to quantify upper extremity 
kinematics and kinetics during functional manual wheelchair 
mobility in children with SCI and identify their related pain and 
health-related quality of life.

In adults, four primary wheelchair stroke patterns, the motion 
the hand makes during the recovery phase of the stroke cycle, 
have been defined. These include (1) single looping over propul-
sion (when the hands rise above the handrim), (2) double looping 
over propulsion (when the hands rise above and then fall below 
the handrim), (3) semicircular (when the hands fall below the 
handrim), and (4) arcing (ARC) (when the hand follows the path 
of the pushrim) (Shimada et al., 1998; Boninger et al., 2002, 2005). 
Research has demonstrated that in adults, the semicircular pat-
tern allows the user to apply force to the handrim over a greater 
angle and for a longer duration. These characteristics correlated 
to a reduction of injury risk in adults. Therefore, the semicir-
cular pattern is the recommended technique for adult manual 
wheelchair propulsion (Boninger et  al., 2002, 2005). However, 
it is important to note that there is a void of propulsion stroke 
pattern characterization in the pediatric population and studies 
supporting the recommendation of the semicircular propulsion 
pattern are limited to adult wheelchair users with paraplegia and 
were cautioned for application to other groups, such as pediatrics 
(Boninger et  al., 2005). We will, thus, examine pediatric stoke 
patterns in this study.

The primary purpose of this study is to quantify upper extrem-
ity joint kinematics and kinetics of pediatric manual wheelchair 
users during functional manual wheelchair mobility. We will 
investigate three functional tasks: (1) propulsion, (2) starting from 
rest, and (3) stopping during propulsion. We hypothesize that 
three-dimensional (3-D) upper extremity joint motions, forces, 
and moments will be significantly different among the three tasks. 
We will also identify pediatric wheelchair stroke patterns during 
the propulsion task and evaluate pain and health-related quality 
of life outcomes.

Materials and Methods

Upper extremity Biomechanical Model
A custom, bilateral, pediatric, upper extremity model was 
utilized to determine 3-D joint angles, forces, and moments 
(Schnorenberg et al., 2014). This biomechanical model comprises 
11 segments, including the thorax, clavicles, scapulae, humeri, 
forearms, and hands. The joints of interest are three degree-of-
freedom thorax, acromioclavicular, glenohumeral (GH), and 
wrist joints; and two degree-of-freedom sternoclavicular and 
elbow joints. These segments are represented by strategically 
placing reflective markers on bony anatomical landmarks and 
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technical locations of the subject, including the suprasternal 
notch, xiphoid process, spinal process C7, acromioclavicular 
joint, inferior angle (IA), trigonum spinae (TS), scapular spine, 
acromial angle, coracoid process, humerus technical marker, 
olecranon, radial and ulnar styloids, and the third and fifth 
metacarpals (Schnorenberg et al., 2014).

The upper extremity model includes novel features 
(Schnorenberg et  al., 2014), some of which we will highlight. 
First, the markers defining the thorax segment are placed directly 
on the torso, with no indirect placement on the clavicles. This 
reduces the amount of error introduced when calculating the 
thorax joint angles due to clavicle motion relative to the thorax 
(Nguyen and Baker, 2004). Second, the elbow joint is modeled 
using a technique that does not require the use of a marker 
placed on the medial epicondyle, which is often obstructed and 
inadvertently interacts with the wheelchair. By using a single 
marker on the olecranon, inaccuracies and marker dropout are 
reduced (Hingtgen et al., 2006). Third, the model incorporates 
a scapula marker tracking technique developed by Senk et al. 
utilizing rigid body theory, which enables accurate calculation 
of markers placed on the TS and the IA of the scapulae despite 
the subcutaneous nature of scapula motion. This method cap-
tures the TS and IA scapula marker positions during a static 
position with precisely palpated positions. The TS and AI mark-
ers are then removed for dynamic trials and their trajectories 
calculated based on their position and orientation relative to 
the other scapula markers, which move more reliably during 
dynamic tasks. This was shown to be appropriate for scapular 
motion tracking, especially during tasks with <120–150° of arm 
elevation. This method has low root mean square (RMS) errors 
(5.4–10.3°), similar to those of the commonly used tracker 
(3.2–10.0°) and acromion (4.8–11.4°) methods (Senk and 
Cheze, 2010). Fourth, the ability to track these scapula positions 
allows the use of a more accurate method of GH joint center 
calculation. For this calculation, Meskers developed regres-
sion equations involving the positions of the scapula markers. 
These equations have since been updated by the International 
Shoulder Group (ISG) and were shown to be accurate when 
compared to magnetic resonance (MR) images of the actual 
joint center (Campbell et  al., 2009). Lastly, we used pediatric 
appropriate body segment parameters and anthropometric 
measures (Jensen, 1989), specifically customizing our model to 
children and adolescents.

Segment coordinate systems were determined for each of the 
model’s 11 segments. Following ISB recommendations, the seg-
ment coordinate systems’ axes are aligned such that the Z-axis 
points laterally toward the subject’s right side, the X-axis points 
anteriorly, and the Y-axis points superiorly (Wu et al., 2005). The 
joint angles were determined by the relative motion between two 
adjacent segment coordinate systems, distal relative to proximal. 
The segment coordinate systems follow the right-hand rule 
with the Z-axis as the flexion/extension axis; the X-axis as the 
abduction/adduction axis; and the Y-axis as the internal/external 
rotation axis. A Z–X–Y Euler sequence is used to calculate the 
GH, elbow, wrist, and thorax joint angles, and a Y–X–Z Euler 
sequence is used for the acromioclavicular and sternoclavicular 
joint angle computation.

subjects
Approval from the Shriners Hospital for Children  –  Chicago’s 
Institutional Review Board (IRB) was obtained for the study. 
Fourteen pediatric manual wheelchair users with SCI were 
recruited and an assent form or informed consent form were 
signed by the child and/or their parent/guardian. All subjects 
were evaluated at Shriners Hospitals for Children  –  Chicago. 
Subjects included in this study were under 21  years of age, 
had a SCI diagnosis, were at least 1  year post-injury and used 
a manual wheelchair for their primary mode of mobility. The 
mean subject age was 13.7 ± 4.8 years, with an average time since 
injury of 5.3 ± 3.9 years. The bony level of SCI ranged from the 
third cervical (C3) vertebra to the tenth thoracic (T10) vertebra. 
Levels A, B, and C of the American Spinal Injury Association 
(ASIA) Classification, which grades the severity of an individual’s 
neurological loss, were represented. Subject characteristics are 
described in Table 1.

Data collection
A pain outcome, the Visual Analog Scale (VAS), and a quality of 
life outcome, the Short Form 12 Health Questionnaire (SF-12), 
were administered prior to motion analysis. The VAS was utilized 
since it serves as a standard outcome tool for clinical assessment 
at Shriners Hospital for Children – Chicago. Subjects were asked 
to indicate their average daily pain level by marking it on the scale 
with a pen, or pointing, to indicate their rating, with 0 being no 
pain at all and 100 being the worst pain imaginable (Wewers 
and Lowe, 1990). The SF-12 assessed the subjects’ health-related 
quality of life. Subjects were asked to respond to each of the 12 
questions, which are used to calculate a physical composite score 
(PCS) and a mental health composite score (MCS) on a scale of 
0–100, with the national norm score for healthy individuals being 
50 (Office of Public Health Assessment, 2004).

Subject-specific measurements were obtained for all par-
ticipants. The 27 passive reflective markers, previously described, 
were adhered to the subject to prepare for motion capture 
(Figure 1). A SmartWheel (Outfront, Mesa, AZ, USA), replaced 
the wheel on the dominant side of the subject’s wheelchair for 
kinetic data collection; the SmartWheel companion wheel 
replaced the subject’s wheel on the non-dominant side. Both the 
SmartWheel and its companion are air tires. No subject required 
the use of plastic-coated handrims or gloves to assist with their 
propulsion.

The subject propelled his or her manual wheelchair along a 
15-m path at a self-selected speed and self-selected propulsion 
pattern to simulate community/home mobility. A 14-camera 
Vicon MX System captured 3-D marker trajectories at 120 Hz, 
while the SmartWheel simultaneously collected tri-axial forces 
and moments occurring at the hand–handrim interface at 
240 Hz. Subsequently, the collected kinetic data was low-pass fil-
tered using a 32-tap finite impulse response (FIR) filter. Multiple 
trials were collected, with adequate rest provided to the subject 
as needed.

All participants performed a series of functional mobility 
tasks, including propulsion, starting, and stopping (Figure  2). 
Propulsion involved subjects propelling their manual wheelchair 
across the room while staying on a colored walkway in the center 
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of the capture volume. Ten stroke cycles, obtained from multiple 
trials, were analyzed. Within a trial, the start-up strokes and stop-
ping strokes were always excluded from evaluation to eliminate 
effects of acceleration and deceleration. The start task began with 
subjects at a static position in the center of the capture volume 
and then propelled themselves to the far side of the room (the 
end of the capture volume). The first stroke was analyzed for 
each of the three trials. The stop task began with subjects outside 
of the capture volume in a static position. They then propelled 

TaBle 1 | subject characteristics for each subject and the calculated group averages and sDs.

subject age (years) height (cm) Weight (kg) Time since  
injury (years)

sci (asia)  
level

sci 
classification

gender arm 
dominance

1 11.1 177.8 24.4 2.9 T9 (A) Paraplegia Male Right

2 17.3 169.9 63.8 1.1 C6 (B) Quadriplegia Male Right

3 16.8 183.1 63.8 1.3 C7 (B) Paraplegia Male Right

4 11.8 152.4 58.5 NR C8 (A) Paraplegia Male Right

5 20.9 167.6 51.1 3.8 T10 (A) Quadriplegia Female Left

6 19.5 193 93 1.5 C6 (C) Paraplegia Male Left

7 7.2 121.9 26.5 5.8 C3-T1 (C) Paraplegia Male Left

8 6.5 119.4 28.5 6.2 L3 (C) Paraplegia Male Right

9 10.2 121.9 24.0 8.1 T4 (A) Paraplegia Female Right

10 16.6 133.1 31.6 10.9 T10 (C) Paraplegia Male Right

11 19.0 178.0 76.0 6.5 T9 (A) Paraplegia Male Right

12 14.5 139.7 42.5 14.0 T8 (A) Paraplegia Female Right

13 13.0 153.4 44.0 3.1 C8 (B) Paraplegia Female Right

14 7.8 118.1 22.6 4.1 T10 (A) Quadriplegia Female Right

Average 13.7 152.1 46.5 5.3
SD 4.8 26.4 22.1 3.9  

NR, not reported.

FigUre 1 | subject with marker set applied and smartWheel replacing the dominant, left-hand side wheel (left) and the model rendering in Vicon 
nexus software.

themselves into the capture volume and stopped when they 
reached the center. The last stroke was analyzed for each of the 
three trials.

Data Processing
Vicon Nexus was used to process the marker trajectories. The 
resulting marker trajectories were filtered using a Woltring 
filter with a mean squared error setting of 20 (Woltring, 1986). 
The kinetic data was then resampled to 120  Hz in MATLAB 
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(The Mathworks, Inc., Natick, MA, USA) to match the kinematic 
sampling rate.

For each subject, the wheelchair stroke cycles were analyzed 
to compute the mean group parameters of interest. Mean time 

FigUre 3 | group mean (bold) and ±1 sD for the thorax joint angles (top row), sternoclavicular joint angles (middle row), and sternoclavicular joint 
angles (bottom row) during the steady-state propulsion (black), start stroke (blue), and stopping stroke (red).

series data of the joint angles, forces, and moments were all time 
normalized to the percent of the wheelchair stroke cycle. The 
stroke cycles were separated into two phases, contact and recov-
ery phases, based on total force applied to the handrim, following 
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the definitions of Kwarciak et al. (2009). The stroke pattern was 
determined using the sagittal plane motion of the marker on the 
third metacarpal, plotting the vertical position versus fore–aft 
position (Shimada et al., 1998; Boninger et al., 2002, 2005). Peak 
joint angles (maximum and minimum) were identified and used 
to compute angular ranges of motion (ROMs). Maximum and 
minimum joint forces and moments were also identified and are 
referred to as peak forces and moments.

statistical analyses
Linear mixed models (LMM) were used for statistical compari-
sons amongst group joint ROMs and peak dynamics separately 
for each task. Random subject effect was used to control for possi-
ble within subject correlation. LMM were also used to investigate 
statistical significance of differences in biomechanical outcomes 
of the joints among the tasks.

results

Joint Kinematics
Group mean joint angles were characterized in all three planes of 
motion over the wheelchair stroke cycle for the propulsion, start, 

and stop tasks. The mean and ±1 SD for the thorax, sternoclav-
icular, and acromioclavicular joints are shown in Figure 3 and for 
the GH, elbow, and wrist joints in Figure 4. The mean peak joint 
angles (Figures 5 and 6) and mean joint ROMs (Figure 7) over the 
wheelchair stroke cycle were also calculated. Statistically significant 
differences (p < 0.01) in mean peak joint angles and mean ROMs 
among tasks were identified and are depicted in Figures 5–7.

Joint Kinetics
Group mean joint forces and moments were characterized three-
dimensionally over the wheelchair stroke cycle for the propulsion, 
start, and stop tasks. The mean and ±1 SD joint forces and moments 
for the GH, elbow, and wrist joints are displayed in Figures 8 and 
9, respectively. The mean peak joint forces (Figure 10) and mean 
peak joint moments (Figure 11) over the wheelchair stroke cycle 
were also calculated. Statistically significant differences (p < 0.01) 
in mean peak joint forces and moments among tasks were identi-
fied and are depicted in Figures 10 and 11.

Propulsion stroke Patterns
The stroke patterns utilized during the propulsion task were 
analyzed qualitatively. While it is currently recommended for 
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FigUre 5 | group mean peak joint angles (degrees) for the thorax, sternoclavicular, and acromioclavicular joints during each functional mobility 
task, propulsion (black), start (blue), and stop (red). One SD is represented by the thin vertical bar. Tasks connected by an asterisk are statistically significantly 
different (p < 0.01).

September 2015 | Volume 3 | Article 13735

Slavens et al. Biomechanics of pediatric manual wheelchair mobility

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

adult manual wheelchair users to use the semicircular stroke 
 pattern during propulsion (Boninger et al., 2005), each of the four 
stroke patterns that have been identified and classified in adults 
(Shimada et al., 1998; Boninger et al., 2002, 2005) were used during 

propulsion within this pediatric population. In Figures 12A–D, 
each depict one representative stroke cycle from four different 
subjects, which clearly identifies with one of the four categories 
of adult stroke patterns. However, there were also some stroke 
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FigUre 6 | group mean peak joint angles (degrees) for the glenohumeral, elbow, and wrist joints during each functional mobility task, propulsion 
(black), start (blue), and stop (red). One SD is represented by the thin vertical bar. Tasks connected by an asterisk are statistically significantly different (p < 0.01).
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patterns utilized by the children that do not appear to be properly 
represented by one of the four current adult classifications, an 
example is seen in Figure  12E. While this pattern follows the 
current definition of the single looping over propulsion pattern, 

“identified by the hands rising above the hand rim during the 
recovery phase” (Boninger et al., 2002), when comparing it to the 
typical depiction of adult single looping over propulsion pattern, 
Figure 12B, the two patterns have strikingly different features, 
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FigUre 7 | group mean joint ranges of motion (degrees) for the proximal joints (top row: thorax, sternoclavicular, and acromioclavicular) and the 
distal joints (bottom row: glenohumeral, elbow, and wrist) during each functional mobility task, propulsion (black), start (blue), and stop (red). One SD 
is represented by the thin vertical bar. Tasks connected by an asterisk are statistically significantly different (p < 0.01).
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particularly in the later stages of the recovery phase prior to hand 
contact. Of additional interest is that multiple subjects used more 
than one stroke pattern throughout the propulsion task trials. 
Some subjects used different patterns between trials, and some 
used two or more stroke patterns within the same trial. Therefore, 
a primary stroke pattern was not evident.

Pain and health-related Quality of life
One individual reported pain, which was minimal (15 on a scale 
of 0–100). Mean physical component summary scores (PCS) 
and mental health component summary scores (MCS) acquired 
with the SF-12 were 44.3 (6.4) and 56.3 (8.2), respectively (nor-
mal  =  50), indicating lower than normal physical health and 
higher than normal mental health in this population.

Discussion

This work provides a unique characterization of joint dynam-
ics and clinical outcomes during pediatric manual wheelchair 
propulsion, start, and stop tasks. This work is the first of its 
kind to quantify upper extremity wheeled biomechanics during 

functional tasks in children. Our group led efforts to investigate 
pediatric wheelchair propulsion (Schnorenberg et  al., 2014; 
Slavens et  al., 2015); however, functional tasks should also be 
considered. Sonenblum et al. (2012) found that manual wheel-
chair users were wheeling for only about 10% of the time they 
spent seated in their wheelchairs per day. Additionally, Cooper 
et al. (2008) determined that children completed 167 start/stop 
tasks/1000 m traveled in a day, with an average daily distance of 
1600  m, thus, children are completing over 250 start and stop 
tasks a day, on average. Due to these findings, functional tasks, 
such as starting and stopping, are presented here. These tasks 
may be more challenging than propulsion and it is important to 
understand the joint demands during these functional tasks for 
improved rehabilitation and treatment planning. Our work is the 
first to use quantitative methods for determining pediatric joint 
kinematics and kinetics during functional manual wheelchair 
mobility, pain, and function. The results of our findings have 
implications for a comprehensive approach to evaluating pediat-
ric wheelchair mobility.

Overall, the GH joint displayed the largest ROM of 47° (flexion–
extension) during the start task and the largest force of 10.6% body 
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FigUre 8 | group mean (bold) and ±1 sD for the glenohumeral joint forces (top row), elbow joint forces (middle row), and wrist joint forces 
(bottom row) during the steady-state propulsion (black), start stroke (blue), and stopping stroke (red). All forces are normalized to percentage of body 
weight (% BW).
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weight in the superior direction during the stop task. The elbow 
displayed the largest peak moment of 1.8% body weight × height 
in flexion during the start task. Propulsion, starting, and stopping 
tasks proved to be very different biomechanically, which suggests 
that clinicians should consider all three tasks when developing 
rehabilitation protocols and strategies for improving long-term 
health. GH, elbow, and wrist joint ROMs, were significantly 
smaller in all three planes, between the propulsion and stopping 
tasks, and between the starting and stopping tasks. Thus, propel-
ling and starting a wheelchair utilize similar motion demands and 
magnitudes of the GH, elbow, and wrist joints, while stopping a 
wheelchair is significantly different. When analyzing the thorax, 
sternoclavicular, and acromioclavicular joints, there were signifi-
cant joint ROM differences among all tasks. The start task had 
the largest ROM amongst the three tasks for all three joints in 
all planes of motion; however, was only significantly larger in the 
sagittal plane of the thorax and acromioclavicular joints, and the 
transverse plane of the sternoclavicular joint. Additionally, the 
start task ROM was significantly greater than the propulsion ROM 

in the coronal and transverse planes of the thorax and the coronal 
plane of the sternoclavicular joint. This shows that while the distal 
upper extremity joints (GH, elbow, and wrist) are similar between 
propulsion and start, the body must employ more of the proximal 
upper extremities (thorax, sternoclavicular, and acromioclavicu-
lar) when starting the manual wheelchair. Overall, the start task 
demands the largest ROM, which is expected due to the nature of 
beginning movement of the wheel and overcoming inertia. Once 
the wheel is in motion, as during propulsion, less ROM is needed 
to keep the wheelchair moving. ROM during starting and stop-
ping is significantly different between tasks in the sagittal plane 
of all joints, which is also the plane in which the greatest amount 
of movement occurs during manual wheelchair use.

Peak joint forces and moments provide insight to joint demands 
and potential risk for injury and overuse. We have successfully 
quantified upper extremity joint forces and moments during 
wheelchair propulsion, starting, and stopping. These dynamic 
tasks were found to be significantly different from one another 
for GH, elbow, and wrist joint kinetics. All tasks were significantly 
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FigUre 9 | group mean (bold) and ±1 sD for the glenohumeral joint moments (top row), elbow joint moments (middle row), and wrist joint moments 
(bottom row) during the steady-state propulsion (black), start stroke (blue), and stopping stroke (red). All moments are normalized to percentage of body 
weight multiplied by height (% BW × H).
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different from one another for the posterior and lateral GH joint 
forces and the lateral wrist joint force. Propulsion and starting 
proved to be significantly different from stopping for all GH joint 
forces, with only the superiorly directed force greatest during the 
stop task. The start task demanded the largest amount of force 
at the GH, elbow, and wrist joints in all planes and directions, 
with the exception of superior force. While the stop task generally 
had the lowest joint forces, it had the statistically highest superior 
joint force across all tasks for all three joints. Additionally, the 
stop task had the largest overall mean peak force, at 10.6% BW 
superiorly directed, as well as high superiorly directed joint forces 
for the elbow (7.9% BW) and the wrist (7.1% BW) joints. We can 
deduce that subjects placed their hands anteriorly and low on the 
wheelchair handrim when applying braking grasps, resulting in 
a pulling of the arm and the resulting high superior joint forces. 
As quantified here, large amounts of tension are placed on the 
GH, elbow, and wrist joint during stopping and large amounts 
of compression force act on the joints during starting. Clinically 
interesting, propulsion often demonstrates smaller joint force 

demands than starting or stopping tasks. Despite this, most 
research has been focused on propulsion. This reiterates the 
importance of understanding functional wheelchair mobility 
tasks and their impact on joint force demands. When designing 
rehabilitation protocols, all functional tasks should be taken into 
consideration. Propulsion alone should not be the only mobility 
task considered for wheelchair users when assessing and plan-
ning rehabilitation. Particular concern arises with functional 
tasks since larger joint forces and moments occur during these 
tasks as compared to propulsion. Further research is warranted to 
determine the effect of functional tasks on muscle and soft tissue 
of the shoulder, elbow, and wrist.

Largest joint moments occurred during flexion of the GH, elbow, 
and wrist joints. When examining the joint moments, they were 
the highest during the start task. This also supports the notion that 
the start task may be the most demanding of the tasks. Significant 
differences among all tasks were seen during GH abduction, elbow, 
and wrist flexion, and wrist internal rotation moments. Extension 
moments were significantly different in all joints between propulsion 
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FigUre 10 | group mean peak joint forces (% BW) for the glenohumeral, elbow, and wrist joints during each functional mobility task, propulsion 
(black), start (blue), and stop (red). One SD is represented by the thin vertical bar. Tasks connected by an asterisk are statistically significantly different (p < 0.01).
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FigUre 11 | group mean peak joint moments (% BW × h) for the glenohumeral, elbow, and wrist joints during each functional mobility task, 
propulsion (black), start (blue), and stop (red). One SD is represented by the thin vertical bar. Tasks connected by an asterisk are statistically significantly 
different (p < 0.01).
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and stopping and starting and stopping. Large variability should be 
noted, particularly during flexion and at the GH joint.

We successfully identified multiple stroke patterns in this 
pediatric group of wheelchair users with SCI. In addition to the 

standard four patterns displayed by adults (i.e., semicircular, ARC, 
single looping over propulsion, and double looping over propul-
sion), we also identified a pattern which may require its own clas-
sification. Additionally, within subject variability was observed, 
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with some subjects altering their propulsion pattern between and 
within propulsion trials. Pediatric stroke patterns and the dem-
onstrated variability in movement should be further investigated 
to determine the most appropriate patterns for particular ages 
of users, tasks, environments, and levels of injury. Furthermore, 
additional research is warranted to determine if pediatric subjects 
should be trained differently than adults. Given these initial find-
ings, it may be beneficial for pediatric subjects to use different 
stroke patterns than adults as well as a variety of stroke patterns 
to decrease pain and risk of injury over the lifespan.

The VAS was applied in the study since it serves as the standard 
outcome tool for clinical pain assessment at Shriners Hospital 
for Children – Chicago. One subject reported pain, which was 
minimal. This alludes to the idea that pain has either not yet 
developed in this group of participants or that the high variability 
in joint dynamics, as quantified here, is serving as protection to 
the joints. If so, these movement patterns and variability should 
be investigated to determine if they could be utilized long term 
into adulthood to minimize the risk of future pain and injury. 
Correlation of pain with biomechanical metrics and clinical 
history (e.g., time since injury and level of injury) is suggested. 
Further research is underway with a larger population to address 
these questions. The results of this work also support investigat-
ing additional pediatric pain assessment tools that may be more 
sensitive to upper extremity joint pain or pain during manual 
wheelchair mobility.

Mean physical health scores (PCS) and mental health scores 
(MCS) acquired with the SF-12 were 44.3 and 56.3, respectively 
(normal = 50), indicating lower than normal physical health and 
higher than normal mental health in this population. Additional 
outcomes measures are suggested for future assessment of 

FigUre 12 | representative stroke patterns observed by individuals during the propulsion task. (a–D) Correspond to the four patterns previously 
identified and classified in adult users: (a) semicircular (SC), (B) single looping over propulsion (SLOP), (c) double looping over propulsion (DLOP), and (D) arcing 
(ARC). (e) Does not appear to readily fall into one of these categories.

health-related quality of life and correlation with biomechanical 
and clinical history data.

Although much work has been done for adult wheelchair mobil-
ity, there has been limited research on pediatric wheeled mobility, 
much less on functional tasks. Morrow et al. (2010) investigated 
intersegmental GH joint demands during functional tasks in adult 
manual wheelchair users with SCI and noted only GH joint exter-
nal rotation and extension moments to be greater during starting 
than propulsion and found no differences among the tasks for GH 
joint forces. The results, we have found, suggest differences occur 
between children and adults, which may be attributed to musculo-
skeletal development and maturation. We believe children should 
be investigated separately and more comprehensively than adults 
with additional consideration for musculoskeletal developmental 
changes, environmental influences, wheelchair size, and strength 
(Boninger, 2002). We have found that the variability of manual 
wheelchair propulsion patterns in the pediatric population is quite 
significant, which may be advantageous in reducing cumulative 
upper extremity joint demands and pain. Research is in progress, 
exploring differences in the biomechanics of task performance 
between children and adults.

Future Directions
This work was the first of its kind to investigate the biomechanics of 
wheeled mobility tasks in a pediatric population. A larger population 
is warranted to fully understand the correlation among biomechan-
ics, upper extremity joint pain, function, and health-related quality 
of life. Work is currently underway to elucidate the relationships 
amongst these areas with a larger population of pediatric manual 
wheelchair users. This knowledge will ultimately lead to improved 
clinical decision-making and rehabilitation paradigms.
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Furthermore, evaluation of pediatric wheelchair mobility 
is essential to determine biomechanical, functional, and joint 
integrity differences between children and adults. Our work 
demonstrates that children perform highly variable movement 
patterns during propulsion, start, and stop tasks, some patterns of 
which are unlike those classified in adults. A comparison of pedi-
atric and adult biomechanical variability may prove to be essential 
for improving the health and quality of life of manual wheelchair 
users. The large variability of joint dynamics (motions, forces, 
and moments) characterized in this study may relate to age, level 
of injury, or lack of pain presented by this pediatric population. 
Additionally, we believe that using a variety of stroke patterns may 
serve as overuse protection for the shoulder. Additional research 
directions include determining the rotator cuff muscle activations 
and forces, which will attempt to clarify the underlying musculo-
skeletal and tissue effects from pediatric wheeled mobility. Further 
research is underway to address these questions in a larger popu-
lation of pediatric manual wheelchair users. The insight gained 
from this research has the potential to impact pediatric manual 
wheelchair training, usage, and rehabilitation guidelines.

conclusion

Biomechanics of functional manual wheelchair mobility were 
quantified in children with SCI. Overall, propulsion, starting, 

and stopping tasks during manual wheelchair use were signifi-
cantly different biomechanically. Starting a wheelchair appears 
to be the most demanding task on the upper extremity, while 
stopping appears to be the least demanding task. However, due 
to the unique biomechanical demands of each task and patient, 
clinicians should consider all functional tasks when planning 
rehabilitation treatment and longer-term mobility strategies. 
This work also infers that pediatric manual wheelchair users with 
SCI are different from adult manual wheelchair users and require 
rehabilitation tailored to their specific needs.
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Ten full-time adolescent wheelchair users (ages 13–18) completed a total of three
propulsion trials on carpet and tile surfaces, at a self-selected velocity, and on a concrete
surface, at a controlled velocity. All trials were performed in their personal wheelchair
with force and moment sensing wheels attached bilaterally. The first two trials on each
surface were used as pre-intervention control trials. The third trial was performed after
receiving training on proper propulsion technique. Peak resultant force, contact angle,
stroke frequency, and velocity were recorded during all trials for primary analysis. Carpet
and tile trials resulted in significant increases in contact angle and peak total force with
decreased stroke frequency after training. During the velocity controlled trials on concrete,
significant increases in contact angle occurred, as well as decreases in stroke frequency
after training. Overall, the use of a training video and verbal feedback may help to improve
short-term propulsion technique in adolescent wheelchair users and decrease the risk of
developing upper limb pain and injury.

Keywords: manual wheelchair, propulsion, biomechanics, training, adolescents

Introduction

Manual wheelchair propulsion (MWP) for daily mobility places significant demands on the upper
limbs. While performing everyday tasks, such as propulsion and transferring, manual wheelchair
users (MWUs) repetitively experience large loads through the shoulders and wrists (Bayley et al.,
1987; Nash et al., 2001). As a consequence, MWUs experience disproportionately high rates of
overuse injury and pain (Burnham and Steadward, 1994; Curtis et al., 1995; Ballinger et al., 2000).
For example, nearly 70% of individuals who regularly use amanual wheelchair will experience upper
limb pain, at the wrists or shoulders (Bayley et al., 1987; Gellman et al., 1988; Wylie and Chakera,
1988; Burnham and Steadward, 1994; Rice et al., 2013). The consequences of overuse injuries
and pain may greatly impact MWUs’ functional capacity and mobility, negatively influencing
independence and quality of life (Gutierrez et al., 2007).

With upper limb pain and injury becoming increasingly common, the Consortium for Spinal
CordMedicine (CSCM) has recommended thatMWUs use a low frequency, long and smooth stroke
during the propulsive phase to decrease force exerted at a given velocity while allowing the hand to
drift down and back below the handrim during recovery (Consortium for Spinal Cord Medicine,
2005). These recommendations are meant to minimize task repetition as well as the magnitude of
propulsive forces through use of a larger contact angle (Boninger et al., 2005; Medicine PVoACfSC,
2005). Contact angle is the angle along the arc of the handrim, from contact to release. A larger
Contact Angle is recommended, as it has the potential to reduce the number of strokes needed to
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maintain a given speed, therefore reducing Stroke Frequency and
the number of repetitive motions performed by the upper limbs.
Additionally, Peak Resultant Force is the occurrence of the highest
vector sum of component forces (Fx, Fy, Fz) applied to the han-
drim during propulsion. Elevated peak forces experienced at the
shoulder during propulsion often contribute to joint damage and
overuse injuries as well (Shimada et al., 1998; Nyland et al., 2000;
Vanlandewijck et al., 2001). Therefore, it is reasonable to surmise
that utilizing techniques to minimize peak forces may help reduce
the risk of pain and injury development.

Although these recommendations are well documented, alarm-
ingly, children who use manual wheelchairs rarely receive formal
training on safe and effective wheelchair propulsion techniques
(Sawatzky et al., 2012). Lack of training may heighten the risk of
injury development; however, training interventions have success-
fully improved propulsion technique in adult MWU (Rice et al.,
2010, 2013). Most importantly, these studies produced substantial
positive changes in contact angle, stroke frequency, and peak
forces with video training and verbal feedback (Rice et al., 2010,
2013). While the literature on adult propulsion biomechanics and
training is well developed, few have explored technique modifi-
cation strategies in adolescent MWUs. Although basic skill and
resistance training strategies have produced some positive results
in adolescent MWUs (O’Connell and Barnhart, 1995; Sawatzky
et al., 2012), it remains unclear if children can benefit from
training approaches, proven successful in adults. If propulsion
mechanics can be improved early in life, prior to technique consol-
idation, it may set adolescent MWUs on a healthy trajectory into
adulthood.

The purpose of this study was to examine the safety and effec-
tiveness of a propulsion technique training system, in adolescent
MWU’s, which has been used previously to successfully train
adults. The system is a practical approach based on instructional
video and verbal feedback. The goal of training was to instruct
adolescent users to maximize contact angle, while minimizing
stroke frequency at the handrim (Rice et al., 2010, 2013). If
successful, the training system will represent a low-cost practical
approach to minimizing upper limb pain and injury development
in adolescent MWU’s. Additionally, results may help to determine
if adolescent wheelchair users display stroke mechanics changes
similar to those seen in adults. Based on previous literature, it was
hypothesized that with training, adolescents would react similarly

to adults, displaying increased contact angle with reductions in
stroke frequency and peak force at the handrim.

Materials and Methods

Participants
The University of Illinois at Urbana-Champaign’s Institutional
Review Board (IRB) approved all procedures prior to experi-
mentation. Informed consent was attained from parents while
assent was gathered from adolescent study participants. Inclusion
criteria specified for participation included individuals 8–18 years
of age who independently propelled a manual wheelchair as
their primary mode of mobility (>40 h/week of wheelchair use).
Additionally, all participants were free of any upper extremity
condition or disability that could be worsened by physical activ-
ity and, participants with a spinal cord injury >2 years post-
injury. A convenience sample of 10 adolescents (7 male, 3 female;
15.8± 1.6 years) recruited from the University of Illinois Youth
Wheelchair Skills Camp, volunteered to participate in the study.
Participant demographics are presented in Table 1.

Equipment
For data collection, force and moment sensing Clinical
SMARTwheels (SMARTwheel; Three Rivers Holdings, Mesa,
AZ, USA) (Asato et al., 1993) were fitted bilaterally to replace
both wheels on the participants’ personal, everyday wheelchairs
(Figure 1). The right SMARTwheel was used for data collection,
while the left served as a dummy wheel to parallel weight and
inertial characteristics. While the SMARTwheel is slightly heavier
than a standard wheel, it does not alter the feel or setup of a
participant’s personal chair (Cooper et al., 1997).

Protocol
Pain Assessment
First, participants completed the wheelchair users shoulder pain
index (WUSPI) survey. The WUSPI (Curtis et al., 1995, 1999),
a reliable and valid 15-item questionnaire was used to quantify
the current level of pain in all participants (Curtis et al., 1995).
Participants completed the WUSPI prior to propulsion activities.
Additionally, the tool was sent to participants 3months after
data collection to examine the possible influence of training on

TABLE 1 | Participant demographics.

Participant ID Age Gender Diagnosis/
injury level

Wheelchair
use

Years using
manual chair

WUSPI
pre-intervention

WUSPI
post-intervention

1 16 M SB Full time 16 6.4 6
2 15 M CMT Full time 9 0 SNR
3 14 F SCI (C7) Full time 10 23.1 4.1
4 13 F SB Full time 12 1.8 0
5 15 F Amp Full time 10 0.4 0
6 17 M SB Full time 6 22.8 26
7 17 M SB Full time 15 6 2.6
8 18 M SCI Full time 3 3.1 SNR
9 17 M SCI (T5) Full time 10 35.5 SNR
10 16 M SB Full time 16 0 0

SB, spina bifida; SCI, spinal cord injury (injury level); Amp, amputee; CMT, Charcot–Marie–Tooth disease; SNR, post-intervention survey not returned (no scores).

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org May 2015 | Volume 3 | Article 6846

http://www.frontiersin.org/Bioengineering_and_Biotechnology
http://www.frontiersin.org
http://www.frontiersin.org/Bioengineering_and_Biotechnology/archive


Dysterheft et al. Wheelchair propulsion training in adolescents

FIGURE 1 | Clinical SMARTwheel. Clinical SMARTwheels used for data
collection replaced both wheels on participants’ personal chairs. adenotes
training intervention emphasis of using a large contact angle, along with
decreased stroke frequency and forces.

FIGURE 2 | Experimental study design.

shoulder pain (the extent to which pain resulted from or was
worsened by participation in the study).

Propulsion Assessment
With SMARTwheels, participants were instructed to push at a
natural, self-selected pace over flat, industrial grade carpeted,
and tiled surfaces, two times each (Figure 2). A self-selected
speed was chosen deliberately to examine propulsion mechanics
occurring at natural and comfortable pace, as well as to maximize
the safety of adolescent participants. Participants also performed
two speed controlled trials over a flat concrete surface. Based on
the self-selected speeds from existing literature, a target velocity
of 1.5m/s was selected (Van der Woude et al., 1986; Bednarczyk
and Sanderson, 1995). This pace is slightly slower than previous
studies to ensure all participants could safely and comfortably
maintain the speed. Participants were instructed to match the
speed of a researcher using a wheelchair equipped with a Garmin
Edge 800 GPS Speedometer.

All trials/surfaces were completed in random order for a dis-
tance of 15m to allow completion of five steady-state strokes.

Rest periods were not needed between surface trial repeats due to
the low intensity and short distances; however, 5min of recovery
were provided in the time needed to change between surfaces.
Additionally, researchers provided no feedback or commentary
on propulsion mechanics or techniques during these trials as they
occurred prior to training. After participants were exposed to
the intervention (described below), propulsion was evaluated on
each surface one additional time. Data were collected during the
entire propulsion period for all trials on each surface. Due to the
small sample size, participants served as their own control, where
trials one and two constituted baseline data collection used for
comparison with the third, post-intervention trial.

Intervention
After participants completed the first two trials over all three
surfaces, they participated in the training intervention. The inter-
vention consisted of a short training video (5min) (Rice et al.,
2013), which allowed for independent viewing. Participants were
encouraged to use low frequency, long and smooth strokes (large
contact angle) during the propulsive phase to decrease force
exerted at a given velocity (Consortium for Spinal CordMedicine,
2005). Additionally, subjects were encouraged to match the speed
of the handrim upon contact to minimize braking torques that
slows the wheel. Both contact angle and stroke frequency were
defined and discussed in the video. As a visual aid, the video
contained a MWU propelling on a dynamometer, demonstrating
these techniques. For additional motivation, the video empha-
sized the importance of using proper technique to preserve upper
limb health, independence, and quality of life. Upon completion
of the video, researchers discussed and reemphasized the pri-
mary components of the video. During this time, participants
were given the opportunity to ask researchers any questions and
practice the new propulsion techniques. During this practice,
participants received basic feedback from researchers.

Data Reduction
The propulsion performance variables selected for analysis were
peak resultant force (Newton), contact angle (Degree), and stroke
frequency (strokes per second) because of their association with
upper limb pain and injury development. Participants’ average
velocity (m/s) was recorded for each trial as well. Mean intra-
individual variabilitywas calculated for each performance variable
during velocity controlled concrete trials to quantify potential
motor learning strategies as a function of training. Coefficient of
variation (CV) was only calculated for the speed controlled trials
to minimize the potential occurrence of variation changes due to
velocity fluctuations. CV (%) was calculated as the percentage of
SDwith respect to themean. Data from the Clinical SMARTwheel
were collected from forces and moments applied to the handrim
at a sampling frequency of 240Hz. All variables were calculated as
the mean values of five steady-state strokes.

Statistical Analysis
All statistical analyses were performed using SPSS (v.20.0 SPSS
Inc., Chicago, IL, USA). Differences in normally distributed
propulsion and intra-individual variation variables during the
trials were analyzed separately using multiple one-way repeated
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measures ANOVAs with Bonferroni adjusted post hoc test-
ing. Variables that violated the Shapiro–Wilk test of normality
(p< 0.05) were analyzed using non-parametric Freidman’s tests
with Bonferroni corrections for pairwise comparisons. To exam-
ine possible effects or changes of speed, a one-way repeated mea-
sures ANOVAwas performed on the average velocity of each trial.
The first two, pre-intervention trials were analyzed separately to
better differentiate effects of the intervention from possible prac-
tice effects that may have occurred due to repetition and practice
(De Groot et al., 2002, 2008; Vegter et al., 2014). All variable
analysis was performed separately for each surface. All WUSPI
data from the pre-intervention and 3month post-intervention
follow-up (n= 7) were compared using a paired samples t-test.

The criterion to reject the null hypothesis was p< 0.05 and
sample effect sizes are interpreted as small (η2 < 0.20), moderate
(η2 ~ 0.50), and large (η2 > 0.80). All descriptive statistics are
reported as Mean (Standard Deviation) [M(SD)].

Results

Propulsion Performance
Descriptive statistics are reported in Tables 2–4. Of the variables
from the carpet trials (Table 2), stroke frequency (trial 1: p< 0.01)
violated the Shapiro–Wilk test of normality and was therefore
analyzed using Freidman’s tests. Results indicated that during
the carpeted trials, after the intervention, statistically significant
increases occurred in peak resultant force (p< 0.01, η2 = 0.48)
and contact angle (p= 0.04, η2 = 0.30) with decreased stroke
frequency (p= 0.048, η2 = 0.22). Separate analysis of the average
velocity for each of the trials revealed significant differences in
speed during the self-selected trials (p= 0.02, η2 = 0.35).

From the tile trials (see Table 3), peak resultant force (trial
1: p= 0.02) and stroke frequency (trial 2: p< 0.01) violated the
Shapiro–Wilk test of normality and were therefore analyzed using
Freidman’s tests. Results of the tile trials indicated that after the
intervention, statistically significant increases in contact angle
(p= 0.02, η2 = 0.34) and peak resultant force (p= 0.03, η2 = 0.44)
occurred, as well as a significantly decreased stroke frequency
(p= 0.03, η2 = 0.22). Differences in velocity were not found to be
statistically significant between the tile trials (p= 0.28, η2 = 0.13).

No variables from the speed controlled concrete trials vio-
lated the Shapiro–Wilk test of normality. Results (Table 4)

TABLE 2 | Carpet propulsion trials.

Performance
variable

Trial 1
M (SD)

Trial 2
M (SD)

Trial 3
M (SD)

F ω2

Parametric results
Peak resultant
force (N)

49.96 (16.67) 51.90 (14.0) 60.99 (18.36) 8.19* 0.32

Contact angle (Deg) 71.29 (19.22) 78.80 (21.45) 82.66 (16.38) 3.80* 0.16
Velocity (m/s) 1.12 (0.21) 1.17 (0.15) 1.33 (0.28) 4.83* 0.35

Non-parametric
results

X2

Stroke frequency
(stroke/s)

0.82 (0.09) 0.84 (0.10) 0.76 (0.12) 6.05* 0.09

*p<0.05.

demonstrate statistically significant increases in contact angle
(p= 0.02, η2 = 0.36) with decreased in stroke frequency (p= 0.04,
η2 = 0.39) after training. A trend was observed for increases in
peak force (p= 0.05, η2 = 0.28). No significant differences were
observed in average velocity between trials (p= 0.54, η2 = 0.07).

Intra-Individual Variability Performance
Dependent variables from the velocity controlled concrete trials
were analyzed with a one-way repeated-measure ANOVA. Sta-
tistically significant changes were found only in peak resultant
force variation (p= 0.02, η2 = 0.35) (Table 5). No other signifi-
cant changes were observed in contact angle (p= 0.30, η2 = 0.12),
stroke frequency (p= 0.32, η2 = 0.12), and velocity (p= 0.84,
η2 = 0.20).

Shoulder Pain
Results of the paired samples t-test revealed no significant
change in WUSPI scores from pre-testing (8.64 [10.09]) to

TABLE 3 | Tile propulsion trials.

Performance
variable

Trial 1
M (SD)

Trial 2
M (SD)

Trial 3
M (SD)

F ω2

Parametric results
Contact angle (Deg) 67.90 (18.68) 73.94 (21.20) 81.28 (18.59) 4.60* 0.19
Velocity (m/s) 1.07 (0.10) 1.08 (0.13) 1.14 (0.17) 1.37 0.13

Non-parametric
results

X2

Peak resultant force
(N)

46.95 (15.68) 46.37 (9.90) 59.37 (19.43) 7.40* 0.29

Stroke frequency
(stroke/s)

0.80 (0.08) 0.80 (0.11) 0.72 (0.08) 7.32* 0.08

*p<0.05.

TABLE 4 | Outdoor propulsion trials.

Performance
variable

Trial 1
M (SD)

Trial 2
M (SD)

Trial 3
M (SD)

F ω2

Parametric results
Contact angle (Deg) 69.28 (16.73) 72.26 (12.66) 84.13 (17.77) 5.14* 0.22
Peak resultant
force (N)

59.85 (21.08) 51.19 (15.80) 67.10 (26.59) 3.45 0.14

Stroke frequency
(stroke/s)

0.94 (0.08) 0.87 (0.09) 0.75 (0.16) 5.71* 0.24

Velocity (m/s) 1.46 (0.07) 1.46 (0.06) 1.45 (0.07) 0.06 0.03

*p<0.05.

TABLE 5 | Outdoor propulsion trials: variability results.

Performance
variable

Trial 1
M (SD)

Trial 2
M (SD)

Trial 3
M (SD)

F ω2

Parametric results
Contact angle (Deg) 18.93 (9.97) 19.18 (10.74) 12.97 (9.03) 1.31 0.02
Peak resultant force (N) 17.79 (8.66) 24.81 (8.11) 16.86 (8.68)* 4.76 0.20
Stroke frequency
(stroke/s)

13.58 (11.41) 19.40 (10.22) 14.75 (11.36) 1.20 0.01

Velocity (m/s) 4.30 (2.60) 4.03 (2.60) 3.49 (2.04) 0.18 0.06

*p<0.05.
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the 3month follow-up (5.53 [9.32]), t(6)= 1.13, p= 0.30
(Table 1). Three participants did not return the WUSPI, 3months
post-intervention (n= 7).

Discussion

The purpose of this study was to examine the influence of
wheelchair training on adolescent propulsion technique to reduce
the risk of upper limb pain and injury development. Because
few studies have implemented training protocols on adolescent
wheelchair users, another goal of the study was to determine if
adolescents demonstrated propulsion technique changes similar
to those seen in adult wheelchair users. Consistent with our
hypothesis, changes occurred in participants’ propulsion tech-
nique following the intervention, similar to those found in adult
wheelchair users (Rice et al., 2010, 2013). Specifically, participants
demonstrated increased contact angle, with decreases in stroke
frequency across all surfaces and speeds, with moderate effect
sizes. Additionally, when velocity was controlled a trend toward
increased peak force was observed, however, small in magnitude.

During both the carpet and tile trials, significant increases
were observed in contact angle, which likely resulted in partici-
pants’ significant decrease in stroke frequency (see Figures 3–4).
Although more recent literature on adults has observed decreases
in force application with training, increases in peak forces
occurred during the carpet and tile trials in the current study. In
the study byRice et al. (2013), similar short-term increases in force
occurred; however, with further time and training, participants
peak force levels subsided 3months later. As previously observed
in adults, the use of a larger contact angle may lead to a stroke
where forces are distributed over a greater angular distance of the
handrim. Based on the short-term similarities observed between
adolescents in the current study and adults (increased short-term
force application), it is possible that adolescent MWU may too
learn to apply less peak force utilizing a larger contact angle.
Long-term propulsion technique follow-up has been scheduled

FIGURE 3 | Percentage change in stroke frequency over trials. *denotes
significant change between trials, p<0.05.

to help clarify. Additionally, use of larger contact angle helped
minimize stroke frequency to maintain similar speeds immedi-
ately in the current study supporting the protective ergonomic
principle of task reduction (Boninger et al., 2000; Medicine
PVoACfSC, 2005). Overall, the observed short-term similarities
between previous adult literature and our adolescentsmay provide
preliminary evidence children can benefit from similar training
approaches.

Although the increased forces observed in the current study
were small in magnitude, it is important to discuss their etiol-
ogy due to the association with upper limb pathologies. A likely
explanation for the increased forces occurring on carpet was
due to increased average speeds (Tables 2 and 3). As observed
in the concrete trials, when velocity was regulated, peak force
remained relatively stable post-intervention, with only a slight
trend toward a gain (Table 4). Additionally, it is important to
note that although no intervention had taken place yet, notable
differences in peak force occurred during the two initial concrete
control trials (Table 4). Numerous factors may have played a
role in these peak force changes, such as attempts to maintain a
target speed, adaptation to the research environment, or natural
variation of force application. It is possible that with additional
trials, changes in peak force may have minimized from one trial
to the next. However, for the sample population in general, these
changes in performance suggest that further research is needed to
examine performance consistency.

Intra-individual variability of the propulsion variables were
found to be relatively stable over all three surfaces, both prior
(trials 1–2) to and following training (trial 3). However, this may
be a result of the very short time-period, and therefore the limited
number of strokes, from which data were collected. In previous
literature examining variability in MWP, data were collected for
3–12min for each trial, allowing for an extensive number of
propulsive strokes to be analyzed (Moon et al., 2013; Vegter et al.,
2013, 2014).When learning a new skill, it is anticipated that reduc-
tions in variabilitymay occur with time. As observed previously in

FIGURE 4 | Percentage change in contact angle over trials. *denotes
significant change between trials, p<0.05.
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adults, the amount of variability in propulsionmechanics decrease
more quickly in individuals who were considered to be faster
learners (Bartlett et al., 2007;Wang et al., 2012; Vegter et al., 2013).
However, it is also believed that a lack of variation in any repetitive
movement results in an insufficient amount of time for the limbs
to adapt or heal, thus resulting in overuse injuries (Bartlett et al.,
2007). As individualsmodify theirmovements slightly altering the
distribution of movement stresses from one repetition to the next,
a particular range of variability may serve as a protective measure
against overuse injuries (Madeleine et al., 2008). Further research
into the variability of both adolescent and adult wheelchair
users may allow researchers to ascertain if a particular range is
favorable.

Although not found to be statistically significant, baseline
WUSPI scores revealed our participants had relatively low levels of
shoulder pain prior to training and further reduced pain 3months
later (see Table 1). Importantly, due to our study design, we
cannot conclude the pain reduction observed was directly related
to our intervention. It is also possible the 3-month follow-up
was biased because three individuals did not return their surveys.
Future studies should explore pain reduction as a function of
propulsion technique modification in larger groups of wheelchair
users over time.

Although significant changes were found in contact angle and
stroke frequency, the changes may have been modest in compar-
ison to a less active population. However, even with wheelchair
athletics experience, our participants demonstrated room for
improvement. The literature supports that experienced MWUs
have been observed to use larger contact angles and lower peak
forces in comparison to non-experienced groups (Robertson et al.,
1996; Kotajarvi et al., 2004).

As we move forward with this line of research, it will be crit-
ical to include larger more diverse groups of younger MWUs to
both maximize generalizability and to sufficiently power future
investigations. Additionally, we plan to shift outcome measures
away from the short-term influence of training observed in a
laboratory setting to the long-term effects occurring at home and
in the community. Use of minimally obtrusive technologies like
accelerometers has enormous potential in this context. For exam-
ple, vector counts accumulated though wrist worn accelerometers

are shown to have a linear association with energy expenditure
during propulsion (Learmonth et al., 2015) and may offer a
more detailed account of how improved technique translates to
physical activity.

Limitations
As the current study was one of the first pilot investigations of
propulsion training in adolescent wheelchair users, numerous
limitations exist. Obtaining a sufficiently large sample size of
younger wheelchair users can be challenging and likely explains
the lack of literature on the topic. Similarly, our small, relatively
homogenous sample size of active wheelchair users was a signifi-
cant limitation, which influenced our statistical approach. Con-
sequently, a repeated measures design was implemented where
individuals served as their own control, which may have reduced
power, as well as inflating the possibility of Type II error. Addi-
tionally, because no long-term data were collected, it is not possi-
ble to determine if learned propulsion techniques would persist or
if reductions in peak force would eventually occur. Additionally,
wheelchair characteristics were not collected, which may have
influenced technique modification. Finally, the small number of
strokes analyzed may have decreased our ability to detect fluc-
tuations in intra-individual variation. Future examination will
include longer periods of data collection to confirm.

Conclusion

After a 5min training video, adolescent wheelchair users expe-
rience significant positive changes in contact angle and stroke
frequency similar to those seen in adults, which may prevent the
development of upper limb pain and injury. Although short-term
changes were similar to those seen in adults, future investigation
is warranted on larger more age divers group of younger MWU to
confirm differences with adults.
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Objective: Repetitive loading of the upper limb joints during manual wheelchair (WC) 
propulsion (WCP) has been identified as a factor that contributes to shoulder pain, 
leading to loss of independence and decreased quality of life. The purpose of this study 
was to determine how individual manual WC users with paraplegia modify propulsion 
mechanics to accommodate expected increases in reaction forces (RFs) generated at 
the pushrim with self-selected increases in WCP speed.

Methods: Upper extremity kinematics and pushrim RFs were measured for 40 experi-
enced manual WC users with paraplegia while propelling on a stationary ergometer at 
self-selected free and fast propulsion speeds. Upper extremity kinematics and kinetics 
were compared within subject between propulsion speeds. Between group and with-
in-subject differences were determined (α = 0.05).

results: Increased propulsion speed was accompanied by increases in RF magni-
tude (22 of 40, >10 N) and shoulder net joint moment (NJM, 15 of 40, >10 Nm) and 
decreases in pushrim contact duration. Within-subject comparison indicated that 27% 
of participants modified their WCP mechanics with increases in speed by regulating RF 
orientation relative to the upper extremity segments.

conclusions: Reorientation of the RF relative to the upper extremity segments can 
be used as an effective strategy for mitigating rotational demands (NJM) imposed on 
the shoulder at increased propulsion speeds. Identification of propulsion strategies that 
individuals can use to effectively accommodate for increases in RFs is an important step 
toward preserving musculoskeletal health of the shoulder and improving health-related 
quality of life.

Keywords: biomechanics, spinal cord injury, shoulder pain, wheelchair, rehabilitation, propulsion, joint kinetics, 
upper extremity

inTrODUcTiOn

Preserving shoulder function in individuals with spinal cord injury (SCI) continues to be a signifi-
cant problem (Gutierrez et al., 2007; Alm et al., 2008). Effective interaction between an individual 
and their manual wheelchair (WC) is essential to preserving quality of life, specifically shoulder 
function and overall health (Curtis et al., 1999; Gutierrez et al., 2007). Although the clinical problem 

www.frontiersin.org/Bioengineering_and_Biotechnology
http://crossmark.crossref.org/dialog/%253Fdoi%253D10.3389/fbioe.2015.00106%2526domain%253Dpdf%2526date_stamp%253D2015-07-29
http://www.frontiersin.org/Bioengineering_and_Biotechnology/archive
http://www.frontiersin.org/Bioengineering_and_Biotechnology/editorialboard
http://www.frontiersin.org/Bioengineering_and_Biotechnology/editorialboard
http://dx.doi.org/10.3389/fbioe.2015.00171
www.frontiersin.org/Bioengineering_and_Biotechnology
http://www.frontiersin.org
https://creativecommons.org/licenses/by/4.0/
mailto:ian.m.russell@gmail.com
http://dx.doi.org/10.3389/fbioe.2015.00171
http://www.frontiersin.org/Journal/10.3389/fbioe.2015.00171/abstract
http://www.frontiersin.org/Journal/10.3389/fbioe.2015.00171/abstract
http://loop.frontiersin.org/people/173902/overview
http://loop.frontiersin.org/people/46494/overview
http://loop.frontiersin.org/people/8891/overview
http://loop.frontiersin.org/people/173901/overview


October 2015 | Volume 3 | Article 17153

Russell et al. Modifications in wheelchair propulsion technique with speed

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

of shoulder pain in individuals with SCI was identified more than 
three decades ago, the prevalence remains high (Silfverskiold 
and Waters, 1991; Pentland and Twomey, 1994; Jain et al., 2010). 
Researchers and clinicians have attributed shoulder pain in the 
SCI population to the repetitive mechanical loading of the upper 
limb as a consequence of lower extremity paralysis (Bayley et al., 
1987; Dalyan et al., 1999). In individuals with paraplegia, shoulder 
pain can occur within the first year and the incidence increases 
with time post-injury (35% at 5 years, 70% at 20 years, Sie et al., 
1992). Due to the detrimental impact on functional mobility and 
the difficulty in treatment of shoulder pain, effective preventative 
strategies must be determined for each WC user. The activities 
that provoke the highest pain responses for full-time manual 
WC users tend to be those that are repetitive and generate high 
shoulder forces, such as manual wheelchair propulsion (WCP) 
(Curtis et al., 1999).

Manual WCP is a cyclic task that requires repetitive genera-
tion of propulsive forces on the pushrim of the WC. Generation 
of these reaction forces (RFs) applied at the pushrim involves 
coordinated activation of muscles responsible for simultaneously 
maintaining shoulder joint stability and controlling shoulder 
rotation. Structural stability of the shoulder joint is provided 
by a shallow humeral head socket (glenoid cavity) and a fibrous 
labrum (Inman et al., 1944). During WCP, the elbow is positioned 
below the shoulder. In this segment configuration, the joint cap-
sule tends to be loose and the reinforcing ligaments are slack in 
absence of a RF, thereby creating the need for shoulder muscles 
to maintain joint stability (Mulroy et al., 1996). Simultaneously, 
activation of the upper extremity muscles must be coordinated 
to produce the shoulder and elbow net joint moments (NJMs) 
needed to generate propulsive RFs on the pushrim (Robertson 
et al., 1996; Kulig et al., 1998; Koontz et al., 2002). Imposing both 
joint stability and moment generation requirements on muscles 
in the shoulder region during WCP increases the susceptibility to 
neuromuscular fatigue (Kulig et al., 1998; Koontz et al., 2002). A 
weakened muscle within the shoulder girdle complex can result 
in an inadequate dynamic stability of the shoulder particularly 
during intervals when large RFs are required during WCP 
(McCully et al., 2007). Loss of dynamic stability causes stress on 
the shoulder structures and other joints of the upper limb and 
can lead to the development of shoulder pain (Curtis et al., 1999; 
Gironda et al., 2004; Samuelsson et al., 2004; Alm et al., 2008).

As part of daily living, manual WC users need to regulate WCP 
speed. On average, increases in WCP speed has been reported 
to significantly increase RF magnitudes, decrease hand contact 
duration, affect wrist angular position on pushrim (Kulig et al., 
1998; Koontz et al., 2002; Veeger et al., 2002), and influence the 
mechanical demand imposed on muscles controlling shoulder 
stabilization and rotation during WCP (Kulig et al., 1998; Koontz 
et al., 2002). Increases in WCP speed can also lead to dispropor-
tionate increases in shoulder NJMs during hand contact (Veeger 
et  al., 2002). Understanding how an individual can effectively 
interact with the pushrim to achieve required increases in WCP 
speed provides insights into how modifications in multijoint con-
trol of the upper limb can accommodate for increased mechanical 
demand imposed on the shoulder. Model simulation results 
indicate that modifications in RF orientation relative to the upper 

extremity segments can effectively redistribute load away from 
the shoulder while maintaining WCP speed (Munaretto et  al., 
2012, 2013). To date, the techniques used by individuals with 
SCI to accomplish the changes in propulsion speeds have been 
difficult to discern from group mean data of peak NJMs reported 
during WCP (Kulig et al., 1998, 2001; Koontz et al., 2002; Mercer 
et al., 2006).

In this study, we used a within-subject experimental design 
to determine how individual manual WC users with paraplegia 
modify WCP mechanics to accommodate expected increases in 
RF generated at the pushrim with self-selected increases in pro-
pulsion speed. As found previously, we expect that RF magnitude, 
shoulder net joint force (NJF), and shoulder NJM during WCP 
would increase whereas contact duration would decrease with 
increases in speed (Kulig et al., 1998; Koontz et al., 2002; Veeger 
et al., 2002). Consistent with that found in other impulse gener-
ating tasks (McNitt-Gray et al., 2001; Mathiyakom et al., 2005) 
and experimental-based model simulations of WCP (Munaretto 
et al., 2012), we hypothesized that the orientation of RF relative to 
the forearm and upper arm would affect the mechanical demand 
imposed on the upper extremity with increases in WCP speed. 
We anticipated that individuals with paraplegia would use dif-
ferent WCP techniques to accommodate the need to increase 
WCP speed. Modifications in WCP technique between free and 
self-selected fast WCP speeds were characterized by identifying 
within-subject differences in upper extremity joint kinetics at 
peak push during hand contact with the pushrim. Identification 
of effective load distribution strategies that an individual can use 
during manual WCP at different speeds provides evidence to 
support clinical decisions as to how and when to explore modi-
fications in WCP technique as a means of preserving shoulder 
function in individuals with SCI.

MaTerials anD MeThODs

Participants
Forty participants (32 male and eight female) with complete 
SCI who were experienced manual WC users with paraplegia 
(T2-L3) from the outpatient clinics of the Rancho Los Amigos 
National Rehabilitation Center volunteered to participate. Each 
participant was provided informed consent in accordance with 
the Institutional Review Board. Individuals were excluded from 
participation if they reported a history of shoulder pain that 
altered performance of daily activities or required medical treat-
ment. Average (SD) weight of participants was 74.5 (18) kg, aver-
age height was 1.73 (0.1) m and average age was 35 years (range: 
18–62 years). The mean time since occurrence of the injury was 
8.25 years (range: 2–20 years).

instrumentation
For this study, the majority of the participants propelled their 
own WC using an ergometer (27 of 40). In cases when the 
individual’s WC did not fit the ergometer set-up (13 of 40), the 
individual used a rigid frame, lightweight Quickie GPV WC with 
either a 16″ or 18″ seat, depending on the size of the participant. 
Horizontal and vertical axle positions were matched to that of 
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the individual’s WC. The height of the footrest, seat back, and 
inertial parameter of the test WC were also adjusted to match 
the participant’s own WC. Each participant used their own seat 
cushion. The WC was positioned on a stationary ergometer, 
consisting of a support frame and split rollers, allowing separate 
rotation of each wheel. The rollers were coupled by means of a 
differential to an alternator and a modified Velodyne® bicycle 
ergometer that computer-controlled the resistance. To quantify 
the friction force between the tire and ergometer rollers, a coast 
down test (from 182 to 35 m/min) with the participant sitting in 
the test WC on top of the ergometer was used. Removable fly-
wheels proportional to the weight of both the person and the WC 
were used to simulate the translational inertia of “over ground” 
propulsion. Further details about the ergometer instrumentation 
and calibration steps are described in previous papers (Mulroy 
et al., 2004, 2005; Requejo et al., 2008; Lighthall-Haubert et al., 
2009). RF applied by the hand to the pushrim was measured using 
three strain gage force transducers at 200 Hz (SmartWheel, Three 
Rivers Holdings, Mesa, AZ, USA).

Data collection
Three-dimensional trunk, right-side upper extremity and wheel 
kinematics were collected with active infra-red markers using 
a CODA motion analysis system (6-camera, CODA Motion 
Analysis system, 100 Hz) for 10 s of WCP at two speed condi-
tions. Markers were placed on the trunk at the manubrium, the 
xiphoid process, the spinous process of T3 and T10 vertebrae, 
greater tubercle of the humerus, lateral epicondyle, medial epi-
condyle, deltoid tuberosity, middle of the forearm, radial styloid, 
ulnar styloid, head of the third metacarpal, and head of the fifth 
metacarpal. Three reflective markers were also placed on the 
right wheel.

experimental Protocol
Prior to data collection, participants were given adequate time 
to become accustomed to the WC and experimental conditions. 
Each participant performed WCP at their self-selected free 
speed, as they do normally when traversing a tiled floor, and at 
a self-selected fast speed, as if they are in a hurry to not miss an 
important appointment. Preceding the start of data collection, 
participants propelled for 30 s to avoid the propulsion initiation 
period. Force and kinematic data were then collected for 10  s 
(6–10 push cycles) at each speed condition with no additional 
load applied to the ergometer rollers (i.e., level ground over a tiled 
surface).

Data Processing and analysis
The kinematic and force data of consecutive propulsion 
cycles during the data collection interval (10 s) were analyzed 
using Visual3Dd and Matlabf. The number of propulsion 
cycles analyzed for each subject was the maximum number of 
propulsion cycles captured in the 10-s window common to all 
subjects for that condition (5 for free and 6 for fast). Kinematic 
data were filtered in Visual3D using a sixth order low-pass 
filter with a cutoff frequency of 8 Hz (Cooper et al., 2002). 
Four segments were constructed based on the ISB standard 
definitions (Wu et al., 2005). The thorax segment was defined 

using markers placed at the xiphoid, manubrium, T3, and 
T10 vertebrae. The upper arm segment was constructed with 
the marker at the humeral head, a non-collinear marker on 
the upper arm, and the lateral humeral epicondyle marker. 
The forearm segment was created using the lateral humeral 
epicondyle marker, a non-collinear marker on the forearm, 
and the marker on the ulnar styloid process. The hand seg-
ment was created using the markers of the radial styloid, 
ulnar styloid, the head of the third metacarpal. Segment 
inertia parameters were based on body segment parameters 
(de Leva, 1996).

Cycle duration, defined as the elapsed time between succes-
sive hand-pushrim contacts, was determined using measured 
pushrim RF data. Contact phase of the cycle was defined from 
the point in time when the vertical component of the RF 
exceeded 3 N to the time of rim release, when the RF reduced 
to below 3 N. To characterize differences in initiation of hand 
contact with the pushrim and propulsion generation strategies 
between individuals, the number of peaks in RF observed dur-
ing the contact phase were noted (Figure 1). The contact phase 
was further divided into sub-phases: the impact (IP) phase 
when present and a propulsion-generating phase(s) (PGP). 
The IP was defined as the interval immediately after pushrim 
contact (from initial hand contact to time of next local mini-
mum) and was typically not associated with substantial torque 
acting to rotate the wheel. Time of peak push was identified 
as the time of the maximum peak in the vertical RF measured 
during PGP.

Kinematic and RF at the pushrim were synchronized at time 
of initial contact with the pushrim and used to calculate 3D NJM 
and NJF at the elbow and shoulder (100 Hz) using inverse dynam-
ics in Visual3D. The magnitudes of the RF, NJF, and NJM at the 
elbow and shoulder are reported for peak push as the average of 
the six points around the peak in vertical RF during the PGP. The 
relative contribution of the elbow and shoulder to the mechani-
cal demand imposed on the upper extremity was determined for 
peak push by the NJM at each joint divided by the sum of the 
NJMs at both joints (shoulder and elbow). The orientation of the 
RF relative to the forearm and upper arm was expressed by the 
angle of the resultant RF projected into the arm plane (created by 
the wrist, elbow, and shoulder).

statistics
The probabilities for each variable being less during the free 
condition than the fast condition when comparing across propul-
sion conditions was calculated using a Sign Test. Assuming local 
independence for trials and that the free and fast conditions were 
independent for each subject, these comparisons were repeated 
for each variable for within-subject statistical significance as well 
(R, open-source). A p-value was then calculated for each subject 
using Cliff ’s analog of the Wilcoxon–Mann–Whitney test (Cliff, 
1996). A modified, step-down Fisher-type method was then 
applied to control the familywise error rate of α = 0.05 over mul-
tiple comparisons (Wilcox and Clark, 2015). This within-subject 
analysis was used to determine which subjects had statistically 
significant changes when comparing their self-selected free pro-
pulsion cycles to their self-selected fast propulsion cycles.
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FigUre 2 | Within-subject comparison of self-selected wheelchair propulsion velocity. Black dots are velocity at free speed condition and blue squares are 
velocity at fast speed condition. Dotted vertical lines connect each subject’s free and fast velocities and show velocity increase. All subjects successfully increased 
propulsion velocity.
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resUlTs

Consistent with the experimental design, all of the 40 participants 
significantly increased their WCP speed between free and fast 
conditions across all participants (p = 0.0001, Figure 2). Mean 
velocity across all participants during free condition was 1.02 m/s 
(0.3) and mean velocity across all participants during fast condi-
tion was 1.72 m/s (0.3). The velocity increase between free and 
fast conditions was on average 0.70 (0.2) m/s across participants.

As expected, hand-rim contact duration significantly decreased 
with increases in WCP speed across all participants (p = 0.0001, 
Figure 3). Within-subject comparisons indicated that 39 of the 
40 participants reduced contact duration with increases in WCP 
speed. Of those 39 participants, 18 reduced contact duration by 
0.20 s or more.

The resultant RF magnitude at peak push significantly 
increased for the fast as compared to the free WCP condition 
across all participants (p  =  0.0001) (Figure  4). Within-subject 

FigUre 1 | Vertical reaction force and moment on the wheel for three example propulsion cycles illustrating the three different propulsion strategies 
seen in the data. The shaded regions show the duration around peak averaged to define peak push.
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FigUre 3 | Within-subject comparison of average contact time for each subject for both self-selected free and fast speed conditions. Black dots are 
contact time at free speed condition and blue squares are contact time at fast speed condition. SE bars are shown for both conditions. Dotted vertical lines connect 
each subject’s free and fast contact times and show magnitude of the change in contact time. Within-subject comparison found 32 of the 40 participants 
significantly reduced contact duration.

FigUre 4 | Within-subject comparison of average resultant rF magnitude at peak push for each subject for both self-selected free and fast speed 
conditions. Black dots are average RF magnitude at free speed condition and blue squares are average RF magnitude at fast speed condition. SE bars are shown 
for both conditions. Dotted vertical lines connect each subject’s free and fast RF magnitudes and show magnitude change in RF. Within-subject comparison found 
26 of the 40 participants increased resultant RF at peak push.
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comparisons indicated that 26 of the 40 participants increased 
resultant RF at peak push between the free and fast conditions. 
Of those 26 participants, 22 increased the resultant RF by 10 N 
or more.

The resultant shoulder NJM at peak push significantly 
increased in the fast as compared to free WCP conditions across 
all participants (p  =  0.0001) (Figure  5). Within-subject com-
parison revealed that 30 of 40 participants increased resultant 
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FigUre 5 | Within-subject comparison of average resultant nJM magnitude on the shoulder at peak push for each subject for both self-selected 
free and fast speed conditions. Black dots are average shoulder NJM magnitude at free speed condition and blue squares are average shoulder NJM magnitude 
at fast speed condition. SE bars are shown for both conditions. Dotted vertical lines connect each subject’s free and fast NJM magnitudes and show magnitude 
change in NJM. Within-subject comparison revealed that 30 of 40 participants showed a significant increase in resultant NJM on the shoulder with increases in 
WCP speed.
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shoulder NJM with increases in WCP speed, with 15 participants 
increasing shoulder NJM by 10 Nm or more.

The resultant shoulder NJF at the time of peak push signifi-
cantly increased in the fast as compared to free WCP conditions 
across all participants (p = 0.0001) (Figure 6). On average, result-
ant shoulder NJF increased by 23 N when propelling under the 
fast as compared to the free WCP condition.

As hypothesized, orientation of RF relative to the forearm 
and upper arm affected the mechanical demand imposed on the 
upper extremity with increases in WCP speed. Increases in RF 
magnitude did not necessarily result in proportionate increases 
in shoulder NJM within subject (Figure 7). For example, in the 
fast WCP condition, subjects A and B both generated relatively 
large RFs (130 and 92 N, respectively) but different techniques led 
to different magnitudes in shoulder NJMs (Figure 7). Subject A 
oriented the RF anterior to forearm resulting in an elbow extensor 
NJM and a shoulder flexor NJM of 28 Nm. In contrast, Subject B 
RF was more aligned with the forearm resulting in an elbow flexor 
NJM and a shoulder flexor NJM of 41 Nm.

Increase is WCP speed, from free to self-selected fast, was 
accomplished using different techniques within subject. In some 
cases, increases in WCP speed were associated with significant 
increase in RF magnitude without modifications in upper extrem-
ity kinematics (12 of 40). In other cases, individuals significantly 
modified RF orientation, forearm orientation, or both, resulting 
in modifications in mechanical demand imposed on the shoul-
der. More vertical orientations of the forearm at peak push was 
associated with hand positions more posterior on the pushrim, 

whereas more horizontal orientation of the forearm at peak push 
was associated with hand positions that were more anterior on 
the pushrim. No significant within-subject differences in elbow 
angle at peak push were noted between WCP speeds, suggesting 
muscle lengths were maintained across WCP conditions.

In some cases, individuals were able to mitigate increases in 
the rotational demand imposed on the shoulder with increases 
in WCP speed, whereas others were not. For example, the three 
exemplar participants achieved comparable fast WCP velocities 
with comparable RF magnitudes at peak push (Figure  8A). 
However, the magnitude of the shoulder NJM depended on the 
proximal distal moments created by the NJFs about the center 
of mass (CM) of the forearm and upper arm segments as well 
as the adjacent joint NJM at the elbow. When the RF is oriented 
anterior to the forearm CM, an elbow extensor NJM is needed to 
achieve the observed motion. The elbow extensor NJM applied to 
the upper arm contributes to the reduction in magnitude of the 
shoulder NJM. In contrast, when the RF is oriented posterior to 
the forearm CM, an elbow flexor NJM is needed to achieve the 
observed motion. The elbow flexor NJM applied to the upper arm 
contributes to the increase in magnitude of the shoulder NJM.

In the free WCP condition, the RF orientation relative to the 
forearm CM at peak push varied across all participants [anterior 
(17), aligned (10 within 5°), posterior (13), Figure 8B]. Likewise, 
in the fast propulsion condition, the RF orientation relative to 
the forearm CM at peak push tended to be evenly distributed 
across all participants [anterior (15), aligned (9 within 5°), 
posterior (16)].
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FigUre 6 | Within-subject comparison of average resultant shoulder nJF magnitude at peak push for each subject for both self-selected free 
and fast speed conditions. Black dots are average shoulder NJF magnitude at free speed condition and blue squares are average shoulder NJF magnitude at 
fast speed condition. SE bars are shown for both conditions. Dotted vertical lines connect each subject’s free and fast NJF magnitudes and show magnitude 
change in NJF.

FigUre 7 | average resultant nJM magnitude on the shoulder at 
peak push for each subject for both self-selected free and fast speed 
conditions plotted against average resultant rF magnitude at peak 
push for each subject. Diagonal line represents a 1:1 relationship, 
meaning that a twofold increase in RF would lead to a twofold increase in 
NJM on the shoulder. At the higher RF magnitudes, a few subjects deviate 
further from this relationship. Subjects A and B illustrate how RF orientation 
relative to upper extremity can affect shoulder NJMs relationship to RF 
magnitude.
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Within-subject comparison in RF orientation relative 
to the forearm CM at peak push indicated that shifts in 
orientation varied with WCP speed. Within-subject analysis 
indicated 11 of 40 participants made a significant shift in 
RF orientation relative to the forearm at peak push when 
increasing WCP speed. Six of 11 shifted RF in a direction 
consistent with increasing the shoulder NJM (Figure  8A), 
while five of 11 participants shifted RF in a direction consist-
ent with decreasing the shoulder NJM. Nine of 11 partici-
pants modified the RF orientation relative to the forearm by 
more than 10°.

On an average, there were no consistent shifts across all 
participants in distribution of the total arm moment across the 
upper extremity when increasing WCP speed. Within-subject 
comparisons indicated that 10 of 40 participants showed a 
significant increase in the relative contribution of resultant 
shoulder NJM to the total arm moment. The largest shift in 
load distribution (reduction in shoulder NJM contribution to 
total arm moment by 30%) was accomplished by orienting RF 
more anterior to forearm (13–27°) and more aligned with the 
upper arm (28°).

No significant shifts in RF alignment with the arm plane at 
peak push were observed between WCP conditions across all 
participants. Within-subject analysis revealed that five of the 40 
participants showed a statistically significant shift in RF alignment 
(re-alignment of RF relative to arm plane >5%) with increases in 
WCP speed. The RF was less aligned with the arm plane for four 
of five of those participants, thereby contributing to out of plane 
shoulder NJMs.
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FigUre 8 | (a) Effect of RF orientation relative to the upper extremity segments for three example subjects with comparable propulsion velocities and RF 
magnitudes. Free body diagrams are drawn for fast speed condition at the time of peak push. Note elbow NJMs are in opposite directions for the anterior and 
posterior examples and how that affects shoulder NJM. (B) Population grouping of RF component orientation in the armplane (plane that connects shoulder, elbow, 
and wrist) relative to the upper extremity at the time of peak push. Orientation is grouped into posterior (more than 5° behind the forearm), anterior (more than 5° in 
front of the forearm), and in line (within 5° posterior or anterior).

DiscUssiOn

During daily activities, manual WC users often encounter situa-
tions that result in increases in the mechanical demand imposed 
on the upper extremity, such as speeding up, going up ramps, 
or traversing carpets and grass. Understanding the different 

techniques individual’s use during tasks with increased upper 
extremity demands is important for identifying manual WCP 
strategies that can help preserve shoulder function, maintain 
independence, and improve quality of life. The results of this 
study indicate that increases in RF magnitudes associated 
with increases in WCP speed do not necessarily translate into 
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comparable increases in shoulder NJMs. The magnitude of the 
shoulder NJM depends on the proximal distal moments created 
by the NJFs about the CM of the forearm and upper arm segments 
as well as the adjacent joint NJM at the elbow. Within-subject 
analysis indicated more than 25% of the participants made a sig-
nificant shift in RF orientation relative to the forearm at peak push 
when increasing WCP speed. In approximately half of these cases, 
reorienting the RF relative to the upper extremity segments was 
used as an effective strategy for mitigating rotational mechanical 
demand imposed on the shoulder at increased WCP speeds. In 
the other cases, the shift in RF orientation relative to the forearm 
at peak push at increased WCP speeds contributed to increases 
in the shoulder NJM and reductions in the vertical component of 
the shoulder NJF. By investigating WCP technique modifications 
in response to increases in WCP speed using a within-subject 
design, preferential shifts in mechanical loading imposed on 
the shoulder can be determined. This knowledge of self-selected 
load mitigation strategies may prove fruitful in guiding clinical 
decisions that aim to identify strategies for preserving shoulder 
function in individuals with SCI.

The self-selected free and fast propulsion velocities attained 
in our sample population are comparable to those found in Kulig 
et al. (1998). Joint kinetics in this study was also found to be in 
line with magnitudes previously reported in the literature (Kulig 
et  al., 1998; Koontz et  al., 2002; Veeger et  al., 2002; Collinger 
et  al., 2008). In this study, an ergometer was used to achieve 
self-selected steady-state WCP speeds for multiple cycles. To 
minimize limitations associated with this experimental set-up, a 
within-subject design was used as a means for each individual to 
serve as their own control. Consistent with previously reported 
group mean data (Kulig et al., 1998; Koontz et al., 2002; Veeger 
et  al., 2002; Collinger et  al., 2008), the resultant RF as well as 
the resultant shoulder NJM and NJF at peak push significantly 
increased in the fast WCP speed condition when compared to 
free WCP across subjects.

In order to increase WCP speed, the tangential component of 
the RF being applied to the pushrim must increase in magnitude, 
particularly if the pushrim contact duration decreases with WCP 
speed. The participants in this study increased WCP speed using 
a variety of different techniques. Some participants increased 
WCP speed by amplifying RF magnitude without modifications 
in upper extremity kinematics. Whereas other individuals sig-
nificantly modified RF orientation, forearm orientation, or both, 
resulting in modifications in mechanical demand imposed on 
the shoulder. Minimal changes in elbow angle at peak push were 
observed across speeds, suggesting individuals may have chosen 
to maintain a preferred muscle length when generating RF at peak 
push. Results of this study illustrated how choice of orientation of 
RF relative to the upper extremity affected mechanical demand 
on the shoulder. Orientation of RF anterior to the forearm CM 
created an elbow extensor NJM, which contributed to a reduction 
in shoulder NJM magnitude. Conversely, when RF was oriented 
posterior to the forearm CM the resulting elbow flexor NJM 
contributed to an increase in shoulder NJM magnitude. These 
results suggest that individuals choosing to modify WCP tech-
nique by shifting the RF more anterior to the forearm CM may 

favor reductions in shoulder NJM over increases in the vertical 
component of the RF, and vice versa. Identification of preferences 
toward a particular load mitigation strategy may prove fruitful 
in guiding clinical decisions that aim to identify strategies for 
preserving shoulder function in individuals with SCI.

The experimental results of this study are consistent with the 
model simulation results (Munaretto et al., 2012, 2013) that dem-
onstrate at a particular WCP speed, increases in resultant pushrim 
RF can occur without comparable increase in shoulder NJM. The 
magnitude of the shoulder NJM is dependent on the proximal 
distal moments created by the NJFs at the elbow and shoulder and 
the elbow NJM (Figure 8). The magnitude of the proximal and 
distal moments is dependent on the magnitude of the NJFs and 
their orientation relative the upper arm. Redirection of the RF 
relative to the upper extremity, as shown in both the experimental 
and model simulation results, can serve as a potential strategy 
to redistribute load imposed on the upper extremity. Simulation 
results indicate that WCP speed can be maintained with minimal 
changes in shoulder NJM even if the corresponding RF doubles in 
magnitude, provided the RF is reoriented relative to the forearm 
and upper arm. These results indicate that alignment of the RF 
anterior to the forearm can mitigate the effect of higher pushrim 
forces on shoulder NJM magnitude. This strategy may prove 
to be an effective means of redistributing the mechanical loads 
imposed on the upper extremity joints during WCP.

Maintaining shoulder health requires more than reduc-
ing mechanical demand. Certain scapular and glenohumeral 
orientations have been associated with reducing subacromial 
space, which increases the potential risk of shoulder impinge-
ment syndrome. Previous research by Morrow et al. (2011) and 
Raina et al. (2012) found that WCP placed the scapula in some 
of these potentially dangerous orientations that could contribute 
to the development shoulder impingement. More specifically, 
Raina’s study showed that with increases in propulsion force, WC 
user’s scapula tended to move into anterior tilt, downward rota-
tion, and protraction. All of these positions are associated with 
reduced subacromial space. If this scapular movement occurs in 
conjunction with upward motion of the humerus in the glenoid 
cavity, there is potential for impingement of the supraspinatus. 
The superiorly directed forces transmitted along the axis of the 
humerus could have a negative long-term consequence if not 
adequately controlled by muscles crossing the shoulder complex 
(Mulroy et  al., 2005). However, further research must be done 
with more accurate methods of subacromial space estimation to 
see if the scapular movement found in WCP is clinically relevant 
(Raina et al., 2012). Any recommendation in technique modifica-
tion must consider the ability of the individual to control RF and 
segment motion during task performance to avoid detrimental 
loading (McNitt-Gray, 2000).

By examining how individual WC users organized their upper 
limb coordination to accommodate increases in mechanical 
demands, effective multijoint control strategies for increasing 
WCP speed without substantial increases in the shoulder NJM was 
identified. Future studies will examine how this WCP technique 
may benefit those with different upper extremity control capabili-
ties and will explore the relative contribution of these factors in 
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Manual wheelchair users are at great risk for the development of upper extremity
injury and pain. Any loss of upper limb function due to pain adversely impacts the
independence and mobility of manual wheelchair users. There is growing theoretical
and empirical evidence that fluctuations in movement (i.e., motor variability) are related
to musculoskeletal pain. This perspectives paper discusses a local review on several
investigations examining the association between variability in wheelchair propulsion and
shoulder pain in manual wheelchair users. The experimental data reviewed highlights that
the variability of wheelchair propulsion is impacted by shoulder pain in manual wheelchair
users. We maintain that inclusion of these metrics in future research on wheelchair
propulsion and upper limb pain may yield novel data. Several promising avenues for future
research based on this collective work are discussed.

Keywords: motor variability, complexity, wheelchair biomechanics, injuries, kinematics, kinetics

There are an estimated 1.5 million manual wheelchair users in the United States (LaPlante and
Kaye, 2010). Manual wheelchair users use their upper limbs for mobility and most functional
activities. Unfortunately, the human upper limb is not specialized for the repetitive loading required
for wheelchair propulsion. This requirement predisposes manual wheelchair users for upper limb
pathology. Indeed, up to 70% of manual wheelchair users report upper limb pain (Nichols et al.,
1979; Curtis et al., 1999; Gironda et al., 2004), which is mainly manifested in the shoulder and wrist
(Dalyan et al., 1999). Furthermore, even in manual wheelchair users who do not report pain, there
is evidence of degenerative changes in the shoulder (Lal, 1998), suggesting that it is just a matter of
time before these asymptomatic individuals will experience pain.

Upper limb pain in wheelchair users has been linked to difficulty in performing activities of daily
living (Dalyan et al., 1999), decreased physical activity, and decreased quality of life (Gutierrez et al.,
2007). Overall, any loss of upper limb function due to pain adversely impacts the independence
and mobility of manual wheelchair users. It has been speculated that a decrease in independence
and mobility results in greater health care costs and an increased risk for secondary morbidity
(cardiovascular disease, obesity, etc.) (Silfverskiold and Waters, 1991; Pentland and Twomey,
1994).

The development of upper limbpain inwheelchair users is amultifaceted process (Dyson-Hudson
andKirshblum, 2004). It has been suggested that upper limb pain is related to functional level (Curtis
et al., 1999), duration of wheelchair use, wheelchair design (van derWoude et al., 2006), body weight
(Sinnott et al., 2000; Collinger et al., 2008), propulsion mechanics (Koontz et al., 2002; Mercer et al.,
2006), muscle coordination (Burnham et al., 1993; Kotajarvi et al., 2002), age (Fullerton et al., 2003),
and gender (Lal, 1998; Gutierrez et al., 2007). The multi-factorial nature of the possible mechanisms
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and associated variables creates a daunting task for researchers and
clinicians.

Variability as a Potential Indicator of Upper
Extremity Injury

Recently, analysis of motor variability has been utilized as a
new approach to understand ergonomic repetitive strain injuries
(Srinivasan and Mathiassen, 2012). Although variability mea-
sures have been included in investigations focusing on learning
of wheelchair propulsion in non-wheelchair users (Vegter et al.,
2013, 2014), variability analysis has not been incorporated in
investigations of upper extremity pain inmanual wheelchair users.
To fully understand the potential value of variability analysis
to shoulder pain and wheelchair propulsion, it is worthwhile to
briefly review this approach.

First and foremost, it is essential to appreciate that variability
is inherent within all physiological systems. Despite its ubiquitous
status, fluctuations in physiological output including motor vari-
ability were historically seen as a nuisance to scientific inquiry;
something to be experimentally minimized or altogether elim-
inated (Newell and Corcos, 1993). However, this approach to
variability tends to ignore that variability specifically within an
individual can provide important information concerning health
and function.

The introduction of non-linear dynamics and chaos theory to
motor control and rehabilitation science led to the observation
that variability (operationalized as fluctuations of physiological
output within an individual) can provide unique information
concerning the control and health of the neuromuscular system
(Lipsitz, 2004; Sosnoff and Newell, 2006a). Aberrations in health
are frequently denoted by a change in within individual variabil-
ity (Sosnoff and Newell, 2006b). Examining variability in health
has led to important insights in understanding the development
of overuse injuries. Optimal musculoskeletal health results from
repetitive sub-maximal loading with a certain amount of vari-
ability in frequency (i.e., timing) and rate of loading (i.e., force
application) (Hamill et al., 1999). It is maintained that a lack of
variation results in insufficient time to adapt (i.e., heal) between
loading occasions. To date, a relation between kinematic variabil-
ity and skeletal injury has been demonstrated in individuals with
knee (Hamill et al., 1999), shoulder (Madeleine et al., 2008), and
low-back pain (Lamoth et al., 2006).

For instance, a series of investigations examining upper limb
occupational tasks, such as butchering, have reported an increase
in arm movement variability in individuals with musculoskeletal
pain (Madeleine et al., 2008; Lomond and Cote, 2011). Addi-
tionally, studies examining repetitive reaching tasks demon-
strate that subjects with shoulder pain exhibited higher rel-
ative variability in their kinematics than those without pain
(Lomond and Cote, 2010, 2011). Based on this collective body
of work, we have speculated that variability in wheelchair
propulsion is related to shoulder pain in manual wheelchair
users. The purpose of this local review is to discuss published
and unpublished research examining variability in wheelchair
propulsion as a function of shoulder pain from our research
group.

Variability and Wheelchair Propulsion:
Recent Investigations

Recently, our research group at the University of Illinois at
Urbana-Champaign supported by the National Institute of Health
(#1R21HD066129-01A1) has set out to apply variability analyses
to wheelchair propulsion. Specifically, we have conducted several
investigations examining the association between variability in
wheelchair propulsion and shoulder pain in manual wheelchair
users.

Experimental Set Up
The data incorporated into these investigations (Moon et al., 2013;
Jayaraman et al., 2014; Rice et al., 2014a) were derived from the
same experimental set up. For brevity, the experimental setup and
methodology will be described prior to detailing the actual inves-
tigations. Specifically, experienced manual wheelchair users with
a range of physical disabilities propelled their own wheelchairs
that where equipped with force sensing wheels (Smartwheels™) at
a steady state pace on a dynamometer at three different speeds
(self-selected, 0.7m/s, 1.1m/s) for 3min. The use of force sensing
wheels allowed for the determination of temporal–spatial and
kinetic data relating to wheelchair propulsion. Additionally, we
collected kinematic data on armmotion using a 10 cameramotion
capture system (Raptor Digital RealTime System,MotionAnalysis
Co., Santa Rosa, CA, USA), which tracked reflective markers on
the participant’s upper body bony landmarks. Based on inter-
national society of biomechanics recommendations (Wu et al.,
2005), 18 reflective markers were attached bilaterally, at specific
bony landmarks on the following locations: third metacarpopha-
langeal joint (i.e., middle finger knuckle), radial styloid (outside
of writs), ulnar styloid (inside of wrist), olecronon process (tip
of elbow), lateral epicondyl, acromion (front of shoulder), sternal
notch (chest), C7 vertebrae (base of neck), T3 vertebrae (base of
skull), T6 vertebrae (middle region of the spine), and jaw.

Wheelchair Propulsion Variability: Experimental
Data
Figure 1A depicts the resultant force profile over 2min of
wheelchair propulsion of an individual with spinal cord injury.
Subtle variations in the force profile between individual pushes
are evident. Traditionally, researchers have averaged across the
force profile of individual push cycles. Our first investigation
sought to determinewhether intra-individual variability of kinetic
and temporal–spatial parameters of wheelchair propulsion was
distinct in manual wheelchair users with and without shoulder
pain (Rice et al., 2014a).

In this investigation, data from 26 adults [with shoulder pain
(n= 13) andwithout shoulder pain (n= 13)] with a range of phys-
ical disabilities who use a manual wheelchair for mobility were
analyzed. Specifically, intra-individual mean, SD, and coefficient
of variation of (CV=mean/SD) of kinetic and temporal–spatial
metrics were determined for salient spatiotemporal events (e.g.,
push time, peak push force, etc.).

Consistent with previous research (Mercer et al., 2006;
Collinger et al., 2008), shoulder pain had no influence on mean
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FIGURE 1 | (A) Peak hand-rim resultant force profile as a function of time during
steady state wheelchair propulsion. Inset illustrates subtle variations in peak
force over four pushes. (B) Resultant shoulder force output during the push

phase of ~300 pushes of steady state wheelchair propulsion. Dashed line
depicts mean resultant force, while triangles depict individual cycle peak
resultant shoulder force.

kinetic and temporal–spatial propulsion variables at the hand-
rim. However, significant group differences were found in relative
variability (i.e., CV). Specifically, individuals with shoulder pain
displayed less relative variability in their cycle-to-cycle peak resul-
tant force and push time than individuals without shoulder pain.
These preliminary results suggest that intra-individual variability
analysis is sensitive to shoulder pain.

In a subsequent investigation, our research team examined the
variability of peak resultant force acting on the shoulder during
the push phase of wheelchair propulsion in individuals with and
without self-reported shoulder pain (Moon et al., 2013).Figure 1B
illustrates resultant force acting on the shoulder of a participant
during steady state wheelchair propulsion. It is apparent in the
figure that there are significant fluctuations in peak force from
cycle to cycle. Propulsion data from 24 manual wheelchair users
(13 with pain, 11 without pain) were included in the investigation.
Peak resultant shoulder forces in the push phase were calculated
using inverse dynamics. Mean, SD, and coefficient of variation of
cycle-to-cycle peak resultant forces were calculated and analyzed
as a function of shoulder pain.

Consistent with previous reports (Mercer et al., 2006; Collinger
et al., 2008), we found no difference in mean peak shoulder
resultant force between pain groups [no pain (41.38± 3.06N)

versus pain (44.16± 3.06N)]. However, the pain group had sig-
nificantly smaller variability of peak resultant force than the no
pain group. These observations further raise the possibility that
variability during the push phase of wheelchair propulsion maybe
related to upper limb pain in manual wheelchair users.

In another investigation, we focused on intra-individual vari-
ability during the recovery phase of wheelchair propulsion as a
function of shoulder pain (Jayaraman et al., 2014). Given that
the recovery stroke is dependent upon the propulsion pattern
employed (Sanderson and Sommer, 1985; Shimada et al., 1998),
this investigation only included individuals who utilized a semi-
circular propulsion pattern. Specifically, data from 10 experienced
adult manual wheelchair users with spinal cord injury (5 with
shoulder pain; 5 without shoulder pain) were analyzed. Intra-
individual kinematic spatial variability of the steady state wrist
motion during the recovery phase was determined using principal
component analysis (PCA). PCA belongs to the factor analysis
family and is a statistical decomposition technique used to identify
patterns in data, thus, highlighting data similarities and differ-
ences (Daffertshofer et al., 2004).

Utilizing this technique, the kinematic spatial variability was
calculated at 10% intervals along the wrist recovery path. Spatial
variability was found to be highest at the start and end of the
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FIGURE 2 | Wrist recovery trajectories during semi-circular pattern
wheelchair propulsion. Wrist cycle-to-cycle recovery trajectories (“gray
solid lines”). The mean wrist recovery trajectory is shown by the bold dashed
line. The wrist positions orthogonal to mean recovery trajectory for which PCA
was computed (0–100% at every 10% interval along the recovery path) is
denoted by (“o”).

recovery path and lowest during the middle of the recovery path
(Figure 2). Additionally, individuals with shoulder pain displayed
significantly higher kinematic spatial variability than individuals
without shoulder pain at the start (at 10% interval) of the recovery
phase.

This pilot investigation further highlights that the analysis of
intra-individual variability during manual wheelchair propulsion
can distinguish between those with and without shoulder pain. It
provides further evidence that variability analysis of wheelchair
propulsion may offer a new approach to examine the impact of
shoulder pain.

It is important to note that the association between pain and
variability was distinct between the investigations that focused
on push and recovery phase of wheelchair propulsion. Indeed,
the first two investigations (Moon et al., 2013; Rice et al., 2014a)
reported that those with shoulder pain had less variability than
those without out; however, the investigation that exclusively
focused on recovery phase demonstrated that those with pain
had greater variability in their movement. There are several
potential explanations for this discrepancy. Perhaps, the most
straightforward is the difference in kinetics versus kinematics. It
is possible that participants constrained their movement when
applying pressure to the hand-rim in an effort to stay in a “pain
free/minimization” zone. However, when their arm is uncon-
strained, they are more variable. Indeed, research focusing on
unconstrained reaching tasks has demonstrated that those with
shoulder injury/pain have greater kinematic variability than those
without pain (Lomond and Cote, 2010, 2011). It is important
to note that, Hamill et al. (2012) have theorized that muscu-
loskeletal injury, such as shoulder pain in manual wheelchair

users, can develop from either too little or too much motor vari-
ability. The complex relationship between motor variability and
musculoskeletal injury warrants further investigation.

The collective findings also highlight that the importance of
identifying the appropriate wheelchair propulsion variable to
investigate. The variables that we have examined were based on
previous reports (Morrow et al., 2009) and accepted practice in the
field. It is quite possible that variability of other measures is more
informative. For instance, it has been suggested that the variability
of the interaction between segments or joints (i.e., coordinative
variability) plays a key role in patella-femoral pain syndrome
(Hamill et al., 2012). Further work is necessary to determine the
appropriate variables of study.

Novel Approaches to Examine Variability
in Wheelchair Propulsion

In addition to the published investigations detailed above, we
have also conducted several preliminary analyses focusing on
novel variability metrics. For instance, recently, we have sought to
determine whether temporal variations between strokes are ran-
dom or rather have some quantifiable structure, such as walking
(Hausdorff, 2007). In this preliminary investigation data from 13
experienced adultmanualwheelchair userswith spinal cord injury
were analyzed. A time series of resultant force at hand-rim was
computed from the raw SMARTWheel data. To maintain consis-
tency on the number of data points analyzed across individuals,
only data from 100 cycles from each participant were used. Based
on the occurrence of peak resultant force event on each cycle, two
measures were extracted, namely, (1) a time series of cycle peak
resultant force amplitude (PFR) and (2) a time series of inter-
push time interval betweenpeak resultant force (IPT) (Figure S1 in
SupplementaryMaterial). To investigate if the temporal variability
observed in peak resultant force and inter-push timewere random
or had time-dependent structure, 1000 randomly shuffled surro-
gate time series were produced from each original time series.
Each surrogate time series has the same distributional properties
(mean and variance) as its corresponding original time series
except that the order of occurrence of data points is randomized.
Following the generation of surrogate time series, sample entropy
(SampEn) of the original and each of its surrogate time series were
computed. SampEn, is a metric that quantifies the regularity of
a time series (Yentes et al., 2013). The SampEn of each original
time series was then compared to the mean SampEn of surrogated
counter parts (Paired t-test, two-tailed, α = 0.05).

As expected, the original and surrogated data had identi-
cal mean (SD) of peak resultant force and inter-push time as
57.21 (16.63) N and 1.15 (0.22) s, respectively. Statistical anal-
ysis revealed that the SampEn of the original time series was
significantly different than the surrogated time series for both
peak resultant force and inter-push interval (p’s< 0.05). Themean
sample entropy for the surrogate time series [PFR: 2.13 (0.12);
IPT: 2.02 (0.26)] was higher than that obtained from the original
time series [PFR: 2.07 (0.13); IPT: 1.87 (0.25)]. These preliminary
results indicate that time- and amplitude-dependent variability in
resultant force observed in wheelchair propulsion are not random
and have quantifiable structure. A significant limitation of this
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pilot investigation is that the time series of propulsion data is
relatively small (n= 100 data points) for this type of analysis. It
remains to be determined whether or not this structure is infor-
mative of upper extremity injury or other adverse consequences
of wheelchair propulsion.

In another analytical approach, we examined the variability of
arm motion during wheelchair propulsion utilizing phase por-
traits (Hsu et al., 2012). Phase portraits, which are graphical rep-
resentations of position relative to velocity, can be used to explore
the dynamics of a systemovermultiple cycles.We implement tech-
niques developed to examine changes in variability and complex-
ity in the shape of phase portraits. Variability was quantified by
examining fluctuations of the centroid of each phase portrait over
multiple cycles, specifically by calculating the confidence area and
drift of the centroid. Complexity of the portrait was quantified by
determining the portrait shape’s frequency content using Fourier-
based methods (DiBerardino et al., 2010). In this preliminary
analysis, phase portraits of shoulder flexion–extension angular
position versus angular velocity were examined as function of
propulsion speed (see Figure S2 in Supplementary Material).

Data from nine experienced manual wheelchair users were
analyzed in this pilot analysis. Variability parameters had mixed
results with propulsion speed. There was a trend for the cen-
troid area to increase with speed; whereas there was no signifi-
cant change in centroid drift. Complexity of the phase portrait
shape decreased significantly with speed. These results support
prior work that propulsion speed impacts shoulder biomechanics
(McGregor et al., 2009). Future work needs to determine if vari-
ability and complexity metrics of phase portrait are sensitive to
shoulder pain similar to other metrics that we have utilized.

Limitations

Despite the novelty of this body of research, it was not without
limitations. Specifically, these investigations included individuals
who were manual wheelchair users, regardless of disability. Con-
sequently, it is possible that differences in propulsion variability
between pain groups was due to different disability being repre-
sented in each group and not shoulder pain per se. We do note
that removal of participants without spinal dysfunction did not
change the observe results in any of the reported studies and that
~80% of the sample were individuals with spinal dysfunction. The
data were collected on a roller dynamometer, so it is not clear
if these differences in propulsion variability would occur in over
ground propulsion. Additionally, the use dynamometer precludes
examination of some viable metrics, such as left-right coupling

of steering (Vegter et al., 2013). It is also important to note that
these investigations, classified individuals based on self-report
of shoulder pain and no radiological information was collected.
Future research utilize other measures of upper extremity pain are
warranted. The association between pain in other joints, such as
the wrist and elbow, and propulsion variability is not clear. Per-
haps, the largest limitation is that this research is cross-sectional
in nature, so no conclusions regarding causation can be made.
We note that although these are significant limitations they are
relatively common to wheelchair propulsion research.

Future Steps in Variability Analysis in
Wheelchair Propulsion

The reviewed work highlights that variability of wheelchair
propulsion maybe related to shoulder pain. We maintain that
these metrics should be included in future research on wheelchair
propulsion and upper limb pain. There are several promising
avenues for future research based on this collective work.

Themost important and perhaps most difficult step is to exam-
ine whether within individual variability in wheelchair propulsion
is predictive of development of shoulder pain. We note that the
majority of investigations that have attempted to determine pre-
dictors of shoulder pain in manual wheelchair users have been
inconclusive (Mercer et al., 2006; Collinger et al., 2008).

It would also be worthwhile to examine whether training can
alter wheelchair propulsion variability. Propulsion training is
often viewed as a low-cost high-impact rehabilitation approach
in upper limb preservation in manual wheelchair users (Boninger
et al., 2005; de Groot et al., 2008; Rice et al., 2014b). Although
variability of wheelchair propulsion has been examined in novice
wheelchairs users as a function of training (de Groot et al., 2003),
it is not clear if there would be changes in propulsion variability in
experienced users with targeted training.

Just as variability analyses have provided insight into muscu-
loskeletal injury in the ambulatory population (Hamill et al., 2012;
Srinivasan and Mathiassen, 2012), we maintain that this approach
hasmuch promise inwheelchair users. Despite this promise of this
theoretical view, there is much research to be done. We maintain
that these series of investigation are amove in the right direction to
understanding upper extremity pain in manual wheelchair users.

Supplementary Material

The Supplementary Material for this article can be found online
at http://journal.frontiersin.org/article/10.3389/fbioe.2015.00105
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Studies of manual wheelchair propulsion often assume bilateral symmetry to simplify data
collection, processing, and analysis. However, the validity of this assumption is unclear.
Most investigations of wheelchair propulsion symmetry have been limited by a relatively
small sample size and a focus on a single propulsion condition (e.g., level propulsion at
self-selected speed). The purpose of this study was to evaluate bilateral symmetry during
manual wheelchair propulsion in a large group of subjects across different propulsion
conditions. Three-dimensional kinematics and handrim kinetics along with spatiotemporal
variables were collected and processed from 80 subjects with paraplegia while propelling
their wheelchairs on a stationary ergometer during three different conditions: level
propulsion at their self-selected speed (free), level propulsion at their fastest comfortable
speed (fast), and propulsion on an 8% grade at their level, self-selected speed (graded).
All kinematic variables had significant side-to-side differences, primarily in the graded
condition. Push angle was the only spatiotemporal variable with a significant side-to-side
difference, and only during the graded condition. No kinetic variables had significant side-
to-side differences. The magnitudes of the kinematic differences were low, with only one
difference exceeding 5°. With differences of such small magnitude, the bilateral symmetry
assumption appears to be reasonable during manual wheelchair propulsion in subjects
without significant upper-extremity pain or impairment. However, larger asymmetries may
exist in individuals with secondary injuries and pain in their upper extremity and different
etiologies of their neurological impairment.

Keywords: asymmetry, side-to-side differences, hand dominance, speed, graded, biomechanics

Introduction

Manual wheelchair propulsion is commonly assumed to be a symmetric task. The rationale for this
assumption is that any asymmetry, combined with the uncoupled nature of the wheels, would make
straight-line propulsion difficult (e.g., de Groot et al., 2002). Resulting steering corrections could
lead to increased energy cost and other unfavorable effects (e.g., Vegter et al., 2013a), and therefore
experienced manual wheelchair users likely develop symmetrical propulsion mechanics over time.

However, the prevalence of the symmetry assumption has also been influenced by the limitations
in available data collection systems. Early single-camera systems only allowed the measurement of
unilateral kinematics that were usually restricted to the sagittal plane (e.g., Sanderson and Sommer,
1985; Masse et al., 1992; Veeger et al., 1992). Experimental set-ups involving mirrors and/or an
additional camera allowed measurement of frontal plane kinematics and the calculation of 3D

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org June 2015 | Volume 3 | Article 8670

http://www.frontiersin.org/Bioengineering_and_Biotechnology
http://www.frontiersin.org/Bioengineering_and_Biotechnology/editorialboard
http://www.frontiersin.org/Bioengineering_and_Biotechnology/editorialboard
http://dx.doi.org/10.3389/fbioe.2015.00086
https://creativecommons.org/licenses/by/4.0/
mailto:rneptune@mail.utexas.edu
http://dx.doi.org/10.3389/fbioe.2015.00086
http://www.frontiersin.org/Journal/10.3389/fbioe.2015.00086/abstract
http://www.frontiersin.org/Journal/10.3389/fbioe.2015.00086/abstract
http://loop.frontiersin.org/people/242154/overview
http://loop.frontiersin.org/people/236771/overview
http://loop.frontiersin.org/people/46494/overview
http://loop.frontiersin.org/people/68704/overview
http://www.frontiersin.org/Bioengineering_and_Biotechnology
http://www.frontiersin.org
http://www.frontiersin.org/Bioengineering_and_Biotechnology/archive


Soltau et al. Symmetry in wheelchair propulsion

kinematics (e.g., van der Woude et al., 1989; Veeger et al., 1989;
Goosey et al., 1998). The collection of bilateral 3D kinematics
(e.g., Rao et al., 1996; Shimada et al., 1998) eventually became
standard with the proliferation of multi-camera systems. By this
time, instrumented wheels and other devices that allow the mea-
surement of handrim kinetics had also been developed (e.g., Asato
et al., 1993; Rodgers et al., 1994; Wu et al., 1998). However, many
current laboratories are equipped with only one instrumented
wheel due to the high cost of these devices (e.g., Hurd et al.,
2008a). Thus, bilateral measurements often require multiple trials
in which the instrumented wheel is switched back and forth
between sides, effectively doubling the time and effort necessary
for data collection.

Even with bilateral data collection, studies often do not report
results for both sides, but elect to either average the data across
both limbs (e.g., Boninger et al., 2000) or select only one limb
for analysis (e.g., Finley et al., 2004; Mercer et al., 2006; Gagnon
et al., 2014). Among the studies that have examined side-to-side
differences in propulsion mechanics, there is a lack of consensus
regarding the presence of asymmetry. Some studies have sug-
gested that there is no significant asymmetry in kinematic (e.g.,
Goosey and Campbell, 1998), kinetic (e.g., Hurd et al., 2008b),
or spatiotemporal (e.g., de Groot et al., 2002) variables. However,
others have found significant side-to-side differences in similar
propulsion variables (Hurd et al., 2008a; Stephens and Engsberg,
2010). The lack of statistically significant differences in most
previous studies may be due to small sample sizes (n≤ 20). In
addition, studies have suggested that asymmetry may be present
in specific individuals even if it is not detectable when comparing
side-to-side group averages (e.g., Koontz et al., 2001; Schnoren-
berg et al., 2014).

Another limitation of previous studies is most have only
examined side-to-side differences during one propulsion con-
dition (e.g., level propulsion at self-selected speed). However,
recent studies have suggested that the level of asymmetry may
be influenced by the terrain (Hurd et al., 2008a, 2009). The
purpose of this study was to evaluate bilateral symmetry during

manual wheelchair propulsion in a large number of subjects
across different propulsion conditions. These results have impor-
tant implications for experimental setups in future analyses of
wheelchair propulsion mechanics.

Materials and Methods

Subjects
Symmetry data were collected and analyzed from 80 individu-
als with paraplegia who were free of shoulder pain and used a
manual wheelchair at least 50% of the time for community mobil-
ity (74 men, 6 women; age: 37.0± 9.9 years; time from injury:
9.0± 6.6 years; height: 1.72± 0.09m;mass: 74.5± 16.9 kg). Dom-
inant side was self-reported by each subject (74 right-handed,
6 left-handed). The participants were recruited from outpatient
clinics at Rancho Los Amigos National Rehabilitation Center
and provided written informed consent in accordance with the
Institutional Review Board.

Data Collection
Participants propelled their wheelchair on a stationary ergometer
(Figure 1) during three conditions (e.g., Lighthall-Haubert et al.,
2009): level propulsion at their self-selected speed (free), level
propulsion at their fastest comfortable speed (fast), and propul-
sion on an 8% grade at their level self-selected speed (graded).
Subjects acclimated to each condition until they felt comfortable
(at least 30 s of propulsion) and a 10-s trial was recorded for
each condition. Data were collected separately from both the
dominant and non-dominant sides, with the side tested first ran-
domly selected. Three-dimensional handrim kinetics were col-
lected using an instrumented handrim (SmartWheel; Three Rivers
Holdings,Mesa, AZ,USA). Trunk, ipsilateral upper extremity, and
wheel kinematics were collected using a CODA motion analysis
system (Charnwood Dynamics Ltd., Leicestershire, UK) with 15
active markers placed on landmarks on the body and the wheel
(Figure 1).

FIGURE 1 | Experimental setup: (A) Manual wheelchair ergometer consisting of supporting frame, controlling computer and split rollers. (B) Subject on ergometer
with markers affixed to the body and wheel.
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TABLE 1 | Definition of variables.

Variable name Abbreviation Calculation

Range of motion ROM Maximum angle–minimum angle

Propulsion moment (about
wheel axle)

Mz Direct Smart Wheel output

Anterior force Fx Direct Smart Wheel output

Superior force Fy Direct Smart Wheel output

Lateral force Fz Direct Smart Wheel output

Handrim radius r Measurement

Tangential force F tan
Mz
r

Resultant force F tot

√
F2
x + F2

y + F2
z

Fraction of effective force FEF Ftan
Ftot

Cycle time CT Based on Mz thresholds

Push time PT Based on Mz thresholds

Push percentage PP PT
CT

Push angle θ Angle between the positions of
the hand at the start and end of
the push phase (see Figure 2)

Number of loops nloops Based on the number of curve
intersections

Signed area of the ith loop Ai Surveyor’s formula (e.g., Braden,
1986)

Net radial thickness NRT
∑nloops

i=1 Ai
rθ

Total radial thickness TRT
∑nloops

i=1 |Ai|
rθ

Data Processing
Kinematic and kinetic data were processed in Visual3D
(C-Motion, Inc., Germantown, MD, USA) using a low-pass,
fourth-order, zero-lag Butterworth filter with cutoff frequencies
of 8 and 10Hz, respectively. A threshold of 1Nm for the moment
about the wheel axle was used to indicate the beginning and end
of the push and recovery phases. Shoulder plane-of-elevation,
shoulder elevation angle, shoulder internal-external rotation,
elbow flexion-extension, and forearm pronation-supination
angles were determined in accordance with International Society
of Biomechanics recommendations (Wu et al., 2005). Range
of motion values (ROMs) for these angles, peak and average
tangential and resultant forces, fraction of effective force, cycle
time, push percentage, and push angle were then calculated for
each cycle and averaged across cycles for each subject during each
condition (Table 1).

In addition, the third metacarpophalangeal joint center
(MCP3) was located using a previously described method (Rao
et al., 1996), and the MCP3 path was projected onto the plane of
the handrim and averaged across cycles, resulting in a closed curve
that details the full-cycle hand path or hand pattern (e.g., Figure 2;
Boninger et al., 2002). Two objective, quantitative parameterswere
then calculated to characterize the hand pattern: net radial thick-
ness (NRT) (ameasurement of the displacement of the hand above
the handrim) and total radial thickness (TRT) (a measurement of
the distance between the hand and the handrim). For a detailed
description of these parameters (NRT, TRT), see Slowik et al.
(under review).

FIGURE 2 | Hand pattern variable definitions. The solid line denotes the
hand path during push phase, while the dashed line denotes the hand path
during recovery phase. The handrim radius is denoted by the variable r and
push angle is denoted by θ.

Statistical Analyses
To determine if there was asymmetry in any of the measured
variables, statistical analyses were performed in SPSS (IBM Corp.,
Armonk, NY, USA) using two-factor (condition, side) repeated
measures ANOVAs with a Huynh–Feldt correction in the case
of non-sphericity. The condition factor consisted of three lev-
els (free, fast, and graded) and the side factor consisted of two
levels (dominant and non-dominant). If there was a significant
interaction effect, pairwise comparisons were performed using
paired t-tests with a Bonferroni adjustment for multiple com-
parisons. The unadjusted threshold for statistical significance for
all analyses was set at α = 0.05. Condition main effects were not
reported.

Results

Joint Kinematics
Almost all significant side-to-side differences occurred in the
kinematic variables (Table 2). Elevation plane ROM had a sig-
nificant interaction effect, particularly due to a larger domi-
nant side value in the graded condition (condition*side interac-
tion effect, p= 0.006; graded, dominant to non-dominant pair-
wise comparison, p= 0.014). Elevation angle ROM was larger
on the dominant side than the non-dominant side (side main
effect, p= 0.015). Shoulder rotation ROM was larger on the
dominant side, particularly due to a larger dominant side value
in the graded condition (side main effect, p= 0.007; condi-
tion*side effect, p= 0.002; graded, dominant to non-dominant
pairwise comparison, p< 0.001). Elbow flexion ROM was larger
on the dominant side than the non-dominant side (side
main effect, p= 0.044). Forearm pronation ROM had a sig-
nificant interaction effect, particularly due to a larger domi-
nant side value in the graded condition (condition*side effect,
p< 0.001; graded, dominant to non-dominant pairwise compari-
son, p< 0.001).

There were no other sidemain effects or interaction effects, and
all differences were <5° except for shoulder rotation ROM during
the graded condition (8°).

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org June 2015 | Volume 3 | Article 8672

http://www.frontiersin.org/Bioengineering_and_Biotechnology
http://www.frontiersin.org
http://www.frontiersin.org/Bioengineering_and_Biotechnology/archive


Soltau et al. Symmetry in wheelchair propulsion

TABLE 2 | Mean (SD) values for examined propulsion variables. D indicates
a dominant side value and ND indicates a non-dominant side value.

Side Free Fast Graded

JOINT KINEMATICS
Elevation plane
ROM (°)◦�

D 72.6 (20.8) 81.3 (21.5) 85.7 (16.3)
ND 72.4 (19.6) 81.6 (17.7) 81.8 (14.5)

Elevation angle
ROM (°) N

D 22.8 (7.2) 22.7 (7.8) 19.8 (7.6)
ND 21.7 (7.5) 21.7 (7.0) 18.8 (7.1)

Shoulder rotation
ROM (°) N ◦ �

D 67.9 (22.5) 73.9 (21.5) 77.5 (17.3)
ND 64.2 (23.1) 70.8 (21.1) 69.5 (19.0)

Elbow flexion
ROM (°) N

D 45.7 (14.7) 52.7 (15.8) 60.3 (16.1)
ND 44.2 (16.2) 51.1 (16.0) 57.7 (16.9)

Forearm pronation
ROM (°) ◦�

D 28.8 (10.5) 32.0 (12.6) 36.9 (15.1)
ND 28.9 (11.1) 31.4 (11.1) 32.4 (13.5)

HANDRIM KINETICS
Average total
force (N)

D 29.9 (7.7) 44.2 (13.1) 80.7 (18.1)
ND 29.5 (7.8) 43.4 (12.6) 80.7 (19.7)

Average tangential
force (N)

D 21.1 (5.3) 30.3 (7.8) 67.3 (13.9)
ND 20.7 (5.3) 29.3 (7.3) 66.7 (14.7)

Peak total force (N) D 45.2 (14.0) 77.7 (28.1) 127.1 (31.9)
ND 44.6 (14.2) 74.8 (27.3) 127.1 (34.9)

Peak tangential
force (N)

D 33.3 (10.5) 54.8 (16.4) 109.4 (26.2)
ND 33.0 (10.5) 52.3 (15.5) 108.7 (26.6)

Fraction of effective
force (%)

D 72.0 (11.4) 70.3 (10.7) 84.3 (9.5)
ND 71.5 (11.0) 68.9 (9.8) 83.9 (9.7)

SPATIOTEMPORAL VARIABLES
Cycle time (s) D 1.15 (0.25) 0.78 (0.18) 0.79 (0.19)

ND 1.12 (0.25) 0.77 (0.16) 0.78 (0.19)

Push percentage
(% cycle)

D 36.0 (5.4) 32.0 (4.6) 55.6 (4.8)
ND 35.5 (4.6) 31.9 (4.4) 55.2 (4.6)

Push angle (°) ◦� D 74.9 (15.5) 79.8 (14.5) 85.4 (14.9)
ND 73.4 (16.2) 80.2 (13.9) 84.0 (15.4)

NRT (m) D −0.016 (0.055) 0.013 (0.049) 0.011 (0.023)
ND −0.012 (0.053) 0.010 (0.047) 0.011 (0.021)

TRT (m) D 0.051 (0.038) 0.051 (0.035) 0.021 (0.019)
ND 0.048 (0.039) 0.050 (0.030) 0.021 (0.014)

N denotes a significant side main effect.
◦ denotes a significant condition*side interaction effect.
� denotes a significant dominant to non-dominant pairwise comparison in the graded
condition.

Handrim Kinetics
There were no significant side main effects or interaction effects
in any of the kinetic variables.

Spatiotemporal Variables
Push angle had a significant interaction effect, particularly due
to a larger dominant side value in the graded condition (con-
dition*side effect, p= 0.025; graded, dominant to non-dominant
pairwise comparison, p= 0.033). There were no other significant
side main effects or interaction effects in the spatiotemporal
variables.

Discussion

The results suggest that low levels of asymmetry may exist in
manual wheelchair propulsion, and that these levels may increase

in the graded condition when the demand on the upper extremity
is increased. However, we did not find any statistically significant
side-to-side differences in any of the kinetic variables, and only
one spatiotemporal variable (push angle) showed a significant
side-to-side difference. We did find significant side-to-side differ-
ences in the joint ROMs, with dominant side values larger than
those of the non-dominant side. However, the mean differences
were small, with only one difference being larger than 5°. In addi-
tion, side-to-side differences were often smaller than differences
between individuals or between conditions. Thus, while the com-
parisons showed statistical significance, the clinical significance of
these differences is likely not high.

The magnitudes of the side-to-side differences were simi-
lar to those reported by others. An early study investigating
racing propulsion (Goosey and Campbell, 1998) reported a
non-significant mean difference of approximately 2° in the elbow
flexion ROM in a sample of seven experienced wheelchair users.
Others investigated standard handrim propulsion and reported
non-significant mean differences of <1N in peak and aver-
age handrim forces in 20 experienced wheelchair users (Koontz
et al., 2001). Another group performed a series of three studies
(Hurd et al., 2008a,b, 2009), examining side-to-side differences in
kinetic and temporal variables for standard handrim propulsion
on different terrains (12–14 experienced wheelchair users). All
studies showed similar magnitudes of differences to the present
study. Using similar statistical methods (i.e., repeated measures
ANOVAs and/or paired t-tests), Hurd et al. (2008b, 2009) found
only a single significant side-to-side difference (in average instan-
taneous power for propulsion on aggregate concrete). The third
study (Hurd et al., 2008a) utilized a symmetry index and suggested
that statistically significant levels of asymmetry were present for
all investigated variables and terrains.

The lack of consensus regarding symmetry differences is likely
due to a combination of different sample sizes and statistical
methods. The present study may have been able to find statistical
significance where others had not due to the large sample size
(n= 80). In addition, while symmetry indices have been utilized
in the study of gait (e.g., Sadeghi et al., 2000) and have potential
in the analysis of manual wheelchair propulsion, the particular
symmetry index used by Hurd et al. (2008a) disregarded the
direction of asymmetries by taking the absolute value of observed
differences, which resulted in only positive values. The difference
between their symmetry index and the one that they attempted to
replicate (Kaufman et al., 1996) may have led to an overestimation
of the across-subjects mean levels of asymmetry. It is unlikely
that dominant side data will be identical to the non-dominant
side data for any single subject, and any small side-to-side differ-
ences that otherwise may have been neutralized across subjects
(including those due to normal levels of experimental uncertainty
and motion variability) were instead preserved by examining the
absolute value.

The results of this study, in combination with previous results
in the literature, suggest that the assumption of symmetry is
reasonable when analyzing wheelchair propulsion in groups of
subjects without secondary injury or pain in their upper extrem-
ities. However, our study only included data from subjects with
paraplegia, so our conclusions may not be generalizable to other
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patient populations. A previous study found more asymmetry
in propulsion biomechanics in individuals with multiple sclero-
sis than in individuals with spinal cord injury and able-bodied
subjects (Fay et al., 2004), thus reinforcing the need to consider
symmetry in the context of specific populations. In addition, it
may not be appropriate to assume symmetry in the study of indi-
vidual subjects as larger asymmetries may be present in individual
subject data than in group-averaged data (e.g., Koontz et al., 2001;
Schnorenberg et al., 2014), a finding that is also confirmed in
our data. Individuals were found to have larger asymmetries than
the group average. Studies should also be careful in assuming
symmetry for propulsion during more strenuous conditions as
we found the largest levels of asymmetry in the graded condition
and a previous study concluded that asymmetry increased when
propelling over outdoor terrain compared to laboratory terrain
(Hurd et al., 2008a).

A potential limitation of this study is that only one instru-
mented wheel was used during data collection. As a result, dom-
inant and non-dominant variables were recorded during separate
trials. However, potential systematic differences between trials
(e.g., fatigue effects) were minimized by randomly selecting the
trial order. While any remaining systematic differences between
trials could lead to overestimation of asymmetry, we still only
found low levels. In addition, the alternative of using two instru-
mented wheels during a single trial is not without its own lim-
itations. The side-to-side mean differences in kinetic variables
that we observed were smaller than the documented accuracy and
precision of instrumented wheels (e.g., Cooper et al., 1997; Wu
et al., 1998; Guo et al., 2011). Even after calibration, there can be
small differences between measurements from individual wheels,
which are supported by a recent study that found differences

between individual measurement wheels during a single trial were
larger than single wheel differences between trials (Vegter et al.,
2013b).

Another potential limitation is that subjects did not propel the
wheelchair overground, but instead used a stationary ergometer
set up to replicate overground propulsion. Although ergometers
are unable to perfectly replicate overground propulsion, they do
provide controlled conditions for data collection and have been
shown to produce steady-state propulsion mechanics consistent
with overground data (e.g., Koontz et al., 2001). However, propul-
sion on an ergometer is less constrained compared to overground
propulsion. While the average power delivered to each handrim
must be equivalent during straight-line overground propulsion,
no such steering requirement exists for ergometer propulsion (e.g.,
de Groot et al., 2005). However, this limitation would likely lead to
an overestimation of asymmetry, so the use of an ergometer likely
did not alter the study conclusions.

In summary, our results support the assumption of symmetry
in manual wheelchair propulsion for studies that analyze groups
of subjects without significant upper extremity pain or impair-
ment. Small asymmetries likely exist in propulsion variables, and
these may increase when propelling under more strenuous con-
ditions. Thus, the validity of the symmetry assumption should
be carefully considered in light of the specific research aims and
methods.
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Car transfers and wheelchair (WC) loading are crucial for independent community
participation in persons with complete paraplegia from spinal cord injury, but are complex,
physically demanding, and known to provoke shoulder pain. This study aimed to describe
techniques and factors influencing car transfer and WC loading for individuals with
paraplegia driving their own vehicles and using their personal WCs. Sedans were the
most common vehicle driven (59%). Just over half (52%) of drivers place their right leg
only into the vehicle prior to transfer. Overall, the leading hand was most frequently placed
on the driver’s seat (66%) prior to transfer and the trailing hand was most often place
on the WC seat (48%). Vehicle height influenced leading hand placement but not leg
placement such that drivers of higher profile vehicles were more likely to place their hand
on the driver’s seat than those who drove sedans. Body lift time was negatively correlated
with level of injury and age and positively correlated with vehicle height and shoulder
abduction strength. Drivers who transferred with their leading hand on the steering wheel
had significantly higher levels of shoulder pain than those who placed their hand on the
driver’s seat or overhead. The majority of participants used both hands (62%) to load
their WC frame, and overall, most loaded their frame into the back (62%) vs. the front
seat. Sedan drivers were more likely to load their frame into the front seat than drivers of
higher profile vehicles (53 vs. 17%). Average time to load the WC frame (10.7 s) was 20%
of the total WC loading time and was not related to shoulder strength, frame weight, or
demographic characteristics. Those who loaded their WC frame into the back seat had
significantly weaker right shoulder internal rotators. Understanding car transfers and WC
loading in independent drivers is crucial to prevent shoulder pain and injury and preserve
community participation.

Keywords: spinal cord injury, paraplegia, car transfer, shoulder pain, depression transfers, wheelchair, indepen-
dent drivers

Introduction

Shoulder pain is a common problem in individuals with spinal cord injury (SCI.) Its prevalence
increases with time post-injury affecting as many as 70% of individuals by 20 years after
SCI (Sie et al., 1992). The average age of onset of SCI is 41 years, and with advances in
medicine, the life expectancy of individuals with SCI is approaching that of the non-disabled
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population1. Thus, persons with SCI have an extremely high
likelihood of experiencing shoulder pain in their lifetime.

The development of shoulder pain in this population has
been associated with the increase in upper limb weight-bearing
demands for performance of transfers, pressure relief raises, and
manual wheelchair (WC) propulsion. Shoulder pain negatively
impacts independence and functional mobility, and is associated
with significantly reduced subjective quality of life and physical
activity in individuals with paraplegia (Gutierrez et al., 2007).

The demands of functional mobility on the shoulder joint
following SCI have been explored in the laboratory, particu-
larly during WC propulsion and depression raises and transfers.
While depression transfers are performed less frequently thanWC
propulsion, median activity of key shoulder muscles is substan-
tially greater, and glenohumeral contact forces are higher than
that in WC propulsion. For instance, Perry et al. (1996) reported
median pectoralis and infraspinatus major activity as high as 81
and 45% of maximum isometric contraction respectively, during
the body lift of a level depression transfer in volunteers with low-
level paraplegia vs. Mulroy et al. (2004) report median intensity
of 34 and 20% during the push phase of self-selected free manual
WC propulsion. Similarly, Van Drongelen et al. (2005) reported
that the shoulder contact force was significantly greater (300%)
during a weight relief lift than during level WC propulsion on an
ergometer at 0.83m/s.

Car transfers are the most demanding of transfers (Janssen
et al., 1996), likely partly owing to the need to support the body
across the gap between theWC and the car seat, resulting from the
setback of the vehicle seat from the doorframe. Further, the vehicle
seat is often higher than the WC seat, particularly for those trans-
ferring into higher profile vehicles, such as vans, SUVs, and trucks,
increasing the demands on the trailing limb shoulder (Gagnon
et al., 2008). Finally, for individuals driving independently, the
need to load the WC into the vehicle presents an additional and
substantial upper extremity demand. In spite of this increase in
task demands, car transfer demands have not been documented
in the literature.

Despite the high demands, car transfers are often a gateway
to community mobility. Independent driving is the key to voca-
tional engagement and community participation in individuals
with SCI. Independent drivers with SCI were almost twice as
likely to be engaged in a vocation (paid or volunteer work or
school) as non-drivers (Hatchett et al., 2009) and demonstrated
higher community reintegration and health-related quality of life
scores compared to non-drivers (Norweg et al., 2011). Indepen-
dent driving for persons who are dependent on a WC for mobility
requires either car transfers or a modified van with a lift. Thus,
the importance of understanding shoulder demands during car
transfer and WC loading in order to prevent shoulder pain and
injury and preserve independence and community participation
for individuals with spinal cord injury is crucial.

The purpose of this study was to delineate the factors influ-
encing car transfer and WC loading demands on the shoulders
of individuals with paraplegia from SCI. We additionally endeav-
ored to document transfer and WC loading times and techniques

1https://www.nscisc.uab.edu/, SCI Facts and Figures at a Glance, February 2012.

during transfer from individuals own WCs to their own
vehicles.

Materials and Methods

Volunteers with paraplegia resulting from SCI [American Spinal
Injury Association Impairment Scale (AIS) A, B, or C] were
recruited from outpatient clinics at Rancho Los Amigos National
Rehabilitation Center (RLANRC) (a sample of convenience). Par-
ticipants signed an informed consent approved by the Rancho Los
Amigos Institutional Review Board prior to collection of observa-
tional data in the Pathokinesiology Laboratory and the parking lot
at RLANRC. Individuals were at least 18 years of age with a mini-
mum duration of paraplegia from SCI (AIS A, B, or C) of 2 years
and maximum duration of 21 years. Volunteers were included if
they pushed a manual WC for at least 50% of their locomotion
and independently drove a vehicle and loaded their WC into
their vehicle, according to self-report. Participants were excluded
if they had cervical radiculopathy, adhesive capsulitis, a positive
Codman’s Drop Arm Test or a history of shoulder or upper limb
traumatic injury, fracture or surgery impacting function at the
time of consent. They were additionally excluded if they had co-
morbidities that could affect the integrity of their musculoskeletal
system (e.g., rheumatoid arthritis, diabetes mellitus) and/or their
body weight exceeded 250 lbs.

After reviewing and signing an informed consent in accordance
with the Declaration of Helsinki, demographic data (personal
factors), physical measurements, and WC measurements were
collected from each participant. Vehiclemeasurements were taken
prior to videotaping of the car transfer and WC loading. Demo-
graphic data included gender, age, level of and duration of SCI,
and completeness of SCI. Physical measurements included body
weight and height. WC measurements included weight of the WC
frame and wheels, seat width, and seat height (from ground to the
top of the WC cushion). Vehicle measurements included driver’s
seat height (from the ground), roof height (from the ground to
the top of driver’s door opening), and maximum driver’s side
door opening. Additionally, the distance of the gap between the
right side of the WC seat and the left side of the driver’s seat was
measured once the volunteer had positioned their WC just prior
to transferring into the vehicle. Vehicles were classified as one of
the two heights: (1) low profile (sedans) and (2) high profile. The
higher profile group consisted of (a) mid-height vehicles [vans
and small to medium sports utility vehicles (SUVs)] and (b) high-
profile vehicles (large trucks and SUVs), and were collapsed into
one higher profile group for statistically meaningful results since
only four volunteers drove high-profile vehicles (large trucks and
SUVs). A Wheelchair User’s Shoulder Pain Index (WUSPI) form
was completed prior to bilateral shoulder strength testing.

Bilateral maximal isometric shoulder torques weremeasured in
six directions (abduction, adduction, flexion, extension, external
rotation, and internal rotation) using a Biodex System 3 Pro
Dynamometer (Biodex Medical Systems, Inc., New York, NY,
USA). Volunteers were tested in a seated position with the trunk
and pelvis secured by two chest straps and a pelvic strap. Shoulder
abduction and adductionwere tested at 45° of shoulder abduction,
the elbow andwrist extended to neutral, and the forearm pronated
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90°. Shoulder flexion and extension were tested with the shoulder
flexed 45° and the elbow, wrist, and forearm neutral. External and
internal rotation were tested with the UE positioned in 90° of
abduction, the elbow in 90° of flexion, the wrist neutral, and the
forearm pronated. Each participant was instructed to push or pull
against the lever arm using their maximum effort for a duration
of 5 s. Following one 3-s practice repetition to familiarize the
participant with the test, two trials were performed with a 10–15 s
rest break between trials. The peak values for each of the two trials
for each UE were averaged and then normalized to body weight.

Participants were videotaped while transferring into and out of
their own vehicle and loading their personal WC into and out of
the vehicle. Two to three video cameraswere utilized to capture the
functional tasks from different angles [driver’s side sagittal view,
passenger’s side sagittal view, and driver’s side diagonal (45–60°
anterior to the sagittal plane)]. The driver’s side and passenger
doors and windows were open to allow adequate video capture of
the tasks without obstruction by the vehicle. Videowas captured at
a rate of 30 frames/s and was initiated as the subject approached
the vehicle in the WC just prior to stopping next to driver’s seat
of the vehicle to initiate the car transfer. Video recording was
ended just after the volunteer loaded the last WC component in
the vehicle and placed the hands on steering wheel, indicating
completion of the loading task. Participants repeated the transfer
and loading two times if they were able.

Videotape of each volunteer performing a transfer from their
personal WC into the driver’s seat of their usual vehicle as well
as loading of their WC, utilizing their customary technique, into
the vehicle were reviewed by one physical therapist with 15 years
of experience. All participants removed and loaded thewheels and
many removed the cushion and/or sideguards from theWC frame
prior to loading the frame into the front or back seat of the their
vehicle. Movement strategies and transfer and loading times were
documented.During the transfer into the vehicle, placement of the
lower limbs prior to transfer was documented, location of the right
and left hand just prior to and during the transfer, and number of
scoots prior to the body lift onto the driver’s seat and afterward
(just prior to WC loading) were recorded. Total transfer time (just
after the WC is positioned to just prior to initiation of the reach
for the WC for loading) and body lift time (from initiation of
trunk lift to cessation of trunk descent)were quantified from time-
stamped video. During WC loading, location of final resting place
of the WC frame and components after loading into the vehicle
was documented. Total loading time (from the initiation of reach
for the WC to the placement of the last WC component in the
vehicle and return to the driving position) andWC frame (heaviest
component) loading time were quantified.

Statistics
Data were analyzed using SPSS 12.0 Software (SPSS, Inc., Chicago,
IL, USA). Bivariate Pearson product-moment correlations (r)
were calculated between body lift time and participant demo-
graphics including age, level of SCI, body weight, maximal iso-
metric torques of the shoulder muscle groups, and characteris-
tics of the WC and car including car seat height, WC to car
height difference, and horizontal distance between WC seat and
car (gap). Correlations were also calculated between WC frame
loading time and participant demographics, isometric shoulder

torques, and WC frame weight. Chi-square tests were used to
assess associations between vehicle heights (low vs. high profile)
and hand and leg placement strategies during transfer and WC
frame placement during loading. One-way analyses of variance
(ANOVAs) tests were conducted to compare isometric muscle
torques of the shoulder muscles and WUSPI (shoulder pain)
scores between participants who used the various patterns of hand
placement for right and left hands and leg placement during the
body lift phase of the transfer. If a significant main effect of hand
or leg placement strategy was found, a Tukey’s post hoc test was
used to determine significance in pair-wise comparisons. An inde-
pendent t-test was used to compare isometric muscle torques of
the shoulder muscles and WUSPI (shoulder pain) scores between
participants who loaded their WC frame in the front seat with
those who placed it on the back seat. A p-value of 0.05 was used to
denote statistical significance.

Results

Participants included four females and 25 males with T2 to
L3 (2–15) paraplegia (mean= 9.1± 3.5, Table 1) and an aver-
age age of 40.2± 8.8 years and average time since injury of
14.9± 7.9 years. Average bodyweightwas 73.2 kg. Average driver’s
seat height measured from the ground for the low-profile vehicles
was 22 in, 28 in for the mid-height vehicles, and 36 in for the
high profile. Most participants drove sedans (17 out of 29), seven
drovemid-height, and five drove high profile vehicles. The average
height difference between theWCseat and vehicle driver’s seatwas
3.7± 5.5 in and ranged from −3.5 to 16.0 in.

Description of Transfer Strategies
The majority of participants (15 out of 29) placed their right
leg only into the car prior to the body lift phase of the transfer;
five placed both legs in the car prior to the transfer, and eight
transferred with their legs outside of the car (Figures 1A–C). The
right or leading hand was most frequently placed on the driver’s
seat (19/29) during the body lift portion of the transfer, while
seven transferred with the right hand on the steering wheel and
three transferred with the right hand on the overhead door frame
or grab bar (Figures 1A–C). The left hand or trailing hand was
placed most frequently on the WC seat for the body lift (14/29),
while three placed their left hand on the steering wheel of the car,
two on the wheel of theWC, three on both theWC seat and wheel,
five on the driver’s side door, and two on the overhead door frame.

Vehicle height tended to influence hand placement but not leg
placement strategy used during the body lift phase of car transfer.
Drivers of higher profile vehicles were more likely to place their
right hand on the driver’s seat during the body lift than those
who drove sedans (10/12 mid and high profile vs. 9/17 sedan)
(Chi square= 2.88, p= 0.09) In contrast, those who drove a sedan
were more likely to place their right hand on other locations
[steering wheel (5/17) or overhead door frame (3/17)] than higher
profile vehicle drivers (steering wheel 2/12). Sedan drivers were
somewhat more likely to place their left hand on the WC seat
or wheel than those who drove higher profile vehicles (13/17 vs.
6/12). A minority of sedan driver’s (4/17) placed their left hand
on various parts of the car (steering wheel= 2/17, overhead door
frame= 1/17, and driver’s door= 1/17). In contrast, half of the
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TABLE 1 | Pearson product-moment correlations between body lift time and demographic, car/WC dimensions, and isometric shoulder torques.

Variable Mean (SD) Range (min–max) Pearson correlation (r)
with body lift time

p-Value of
correlation

Age (years) 40.2 (8.8) 22.9–61.1 −0.294 0.061
Duration of SCI (years) 14.9 (7.9) 3.1–35.5 −0.002 0.500
Level of SCI (T2= 2, T3= 3, . . ., T12= 12, L1= 13,
L2=14, L3= 15)

9.1 (3.5) 2–15 (T2–L3) −0.490 0.004

Body weight (kg) 73.2 (17.1) 44.0–120.3 −0.203 0.145
Car seat height (in) 25.8 (5.3) 19.0–38.3 0.426 0.011
WC seat to car seat height difference (in) 3.7 (5.5) −3.5 to 16.0 0.408 0.014
Horizontal distance between WC seat and car seat (in) 11.8 (2.2) 7.0–16.8 0.015 0.471
Number of scoots prior to body lift 1.32 (0.91) 0–5 −0.086 0.331
Right adduction (Nm/kg×100) 98.4 (32.7) 78.6–91.3 0.173 0.184
Right internal rotation (Nm/kg×100) 46.3 (18.7) 42.4–50.4 0.015 0.468
Right external rotation (Nm/kg×100) 46.5 (14.4) 39.2–45.6 0.298 0.058
Right flexion (Nm/kg×100) 89.5 (28.4) 71.1–81.4 0.240 0.105
Right abduction (Nm/kg×100) 73.7 (25.3) 59.9–69.6 0.337 0.037
Right extension (Nm/kg×100) 94.6 (31.0) 77.2–90.6 0.165 0.196
Left adduction (Nm/kg×100) 99.9 (34.0) 78.6–91.3 0.134 0.244
Left internal rotation (Nm/kg×100) 50.9 (16.8) 42.4–50.4 0.083 0.334
Left external rotation (Nm/kg×100) 48.1 (14.6) 39.2–45.6 0.257 0.089
Left flexion (Nm/kg×100) 90.7 (26.1) 71.1–81.4 0.162 0.201
Left abduction (Nm/kg×100) 75.8 (24.1) 59.9–69.6 0.349 0.032
Left extension (Nm/kg×100) 89.5 (27.1) 77.2–90.6 0.100 0.302

Bold results indicate p< 0.05.

FIGURE 1 | (A) Car transfer into a mid-height vehicle with right leg inside and left leg outside of the vehicle and leading hand on the driver’s seat. (B) Car transfer into
a sedan with both legs in the vehicle and the leading hand on the grab bar. (C) Car transfer into a sedan with both legs outside of the vehicle and the leading hand on
the steering wheel.

drivers of higher profile vehicles (6/12) placed their left hand on
the vehicle: steering wheel= 1/12, overhead door frame= 1/12,
and driver’s door= 4/12. The association between car height
and left hand placement did not reach statistical significance
(p= 0.14). There was no association between car height and leg
placement strategy.

Body Lift Time
Mean body lift time was 1.43± 0.5 s, <10% of total transfer time
(mean= 17.8± 10.5 s). Body lift times were negatively correlated
with levels of paraplegia (r= −0.49, p= 0.004) (Table 1; Figure 2)

and positively correlated with car seat height (r= 0.43, p= 0.011)
(Figure 3). In addition, right and left shoulder abduction strength
was positively correlated with body lift time (r= 0.34, p= 0.037
and r= 0.35, p= 0.032, respectively) and age was negatively cor-
related (r= −0.29, p= 0.061). Younger and stronger persons had
longer body lift times than older and weaker individuals.

Hand Placement and Shoulder Pain
Participants who placed their right hand on the steering wheel
during transfer had higher WUSPI scores indicating more pain
(9.9± 15.7), compared to those who placed their right hand on
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FIGURE 2 | Scatterplot with trend-line illustrating relationship between
level of SCI (T2–L3) and body lift time (sec=== seconds). T2= 2, T3= 3,
T4= 4, . . ., T12= 12, Ll= 13, L2= 14, L3= 15.

FIGURE 3 | Scatterplot with trend-line illustrating relationship between
car seat height (in=== inches) and body lift time (sec=== seconds).

the driver’s seat (1.3± 2.6) or overhead door frame (0.8± 1.3)
(p= 0.05).

Description of WC Loading Strategies
Most participants used both hands to load the WC frame (18/29),
seven used only one hand and four lifted part of the time with
one hand and part of the time with both hands. Just under half of
participants did not rest the framemomentarily on the car or their
legs during loading (13/29) andmore loaded theirWC frame onto
the back seat (18/29) thanonto the front seat (11/29).Of thosewho
drove a sedan, 53% (9/17) placed theirWC frame on the front seat,
while only 17% (2/12) who drove higher profile vehicles placed the
frame in the front seat (Chi-square= 3.38, p= 0.066).

WC Frame Loading Time
The average time to load the WC frame into the vehicle was
10.7± 7.9 s, which was 20% of the total WC loading time of
49.5± 21.8 s. Mean weight of the WC frame was 7.7± 2.1 kg. WC
frame loading time was not related to isometric shoulder torques,
weight of the frame, or any demographic characteristic.

WC Frame Placement during Loading
Participants who customarily placed their WCs in the back seat
had weaker muscle strength in the internal rotators of the right
arm (28.1± 9.3Nm/kg× 100) compared to those who placed
theirWCs in the front seat (40.2± 10.3Nm/kg× 100) (p= 0.003).

Discussion

This study provides a descriptive analysis of customarymovement
strategies used by independent driverswith paraplegia fromSCI to
transfer from their WC into the driver’s seat and to load their WC
frame into their vehicle. The most physically demanding portion
of a car transfer is the sub-phase when the body weight is lifted off
of the WC seat with the arms and to a lesser extent, the legs and
placed into the car seat. The duration of this high-intensity phase
(body lift) was related both to the individual’s level of SCI and to
the height of the vehicle (Figures 2 and 3). Persons with lower lev-
els of paraplegia spent less time in the body-lift phase of the trans-
fer than those with higher paraplegia (Figure 2). A higher level of
paraplegia results in a greater loss of innervation and strength in
trunk muscles and has been associated with increased trunk flex-
ion during “standard sitting pivot transfers” (depression transfers
between two level, adjacent surfaces) (Desroches et al., 2013b).
This increased trunk flexion was thought to increase stability by
lowering the center of mass of the trunk and increasing the base
of support. It also increased the average linear displacement of
the body’s center of mass (Desroches et al., 2013a), which could
result in a longer duration of the body lift phase. The body lift
phase of the transfer also was longer when transferring into cars
with higher driver’s seat heights, reflecting an increased demand
on the shoulder with higher profile vehicles. Likely related was the
association of younger age and stronger shoulder abductors with
longer body lift times as younger and stronger persons tended to
drive the higher profile vehicles.

The transfer times documented in the current study were sim-
ilar but slightly longer than times reported in the literature for
sitting pivot transfers. Sitting pivot transfers have been explored
biomechanically in the laboratory by various groups (Allison et al.,
1995, 1996; Perry et al., 1996; Allison, 1997; Allison and Singer,
1997; Nawoczenski et al., 2003; Gagnon et al., 2009; Desroches
et al., 2012) and investigators differed in methodologies used to
define the phases of transfer. For example, Nawoczenski et al.
(2003) utilized angular and linear motion of the thorax to deter-
mine a preparatory, lift/pivot, and sit-back phase, while Gagnon
et al. (2009) utilized a combination of kinematic and kinetic data
to determine the pre-lift, lift, and post-lift phase of sitting pivot
transfers. Additionally, sitting pivot transfers evaluated in the
laboratory have consisted of transfers between levels, adjacent
surfaces, unlike the typical car transfers assessed in the current
study. Our goal was to define and quantify the most demanding
portion of the car transfer, the body lift, which largely occurred
from the lowerWCsurface to the driver’s seat thatwas additionally
separated by a horizontal gap of 9–17 in, which is substantially
larger than the separation of surfaces in most studies of sitting
pivot transfers.

In spite of the higher demands of the car transfer, the average
duration of the body lift phase of the car transfer reported in
this study was largely consistent with sitting pivot transfer times
documented in the literature. While definitions and procedures
for determination of phasing varied between studies, Desroches
et al. (2012) found that the lift-pivot phase, themost comparable to
the body-lift phase quantified in our study, averaged 0.72± 0.24 s
(vs. the average body lift duration of 0.915 s (0.515–1.072 s) into
the sedan in the current study. It follows that a car transfer, a
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more complex and demanding version of the sitting pivot transfer,
would take longer, particularly in higher profile vehicles when
both the horizontal and vertical distances traversed were greater
than in sitting pivot transfers.

Leading hand placement was associated with shoulder pain
during transfer into the driver’s seat. Individuals who placed their
leading hand on the steering wheel (24%) had significantly higher
WUSPI scores than those who placed their hand on the driver’s
seat (66%) or overhead on the grab bar or doorframe (10%).
This might be explained by the degree of elevation of the weight-
bearing shoulder with the leading hand on the steering wheel,
which is most consistent with average angles documented by
Bey et al. (2007). Bey and colleagues utilized biplane X-rays and
subject-specific CT models to determine that the supraspinatus
tendon is in closest proximity to the acromion between 27.7° and
36.1° of elevation. These findings suggest that impingement of
the subacromial structures might be more likely with the leading
hand on the steering wheel, particularly with repetition of this
high-demand task.

Strategies for hand placement, but not leg placement, were
influenced by vehicle height. Eighty-three percent of those driving
higher profile vehicles placed their leading hand on the driver’s
seat, while only 53% of sedan driver’s utilized this technique.
Given the larger discrepancy between the WC and driver’s seat
heights with higher profile vehicles, the leading hand may not
be able to sufficiently reach the steering wheel or overhead grab
bar or doorframe for theses transfers, except in taller individuals.
Further, sedan drivers were more likely to place their trailing
hand on the WC seat or wheel (77%) compared to higher profile
vehicle drivers (50%). Individuals who routinely placed their WC
frame onto the back seat of the car had isolated weakness in the
internal rotator muscles of the right shoulder compared to those
who placed their WC frame onto the front seat. Since the typical
motion to place the frame into the back seat involves extreme
external rotation with horizontal abduction of the shoulder, the
internal rotators would need to control the weight of the frame
during release. The typical shoulder position during release of
the chair also happens to be the position to test for anterior
instability of the shoulder. Gold et al. (2007) created a computer-
generated model of the rotator cuff tendons from an open MRI
during this test. They demonstrated that as the arm moves from
a resting position at the side of the body to the extreme position
of abduction and external rotation, the tendon of subscapularis, a
primary internal rotator, is stretched significantly and lies directly
beneath the acromion. Our participants are holding a WC frame
that averages 7.7 kg so that the weakness of the internal rotation
seen in those who put their chair in the back seat may well
represent repetitive stretch-induced muscle injury.

Limitations
Determination of transfer phasing was conducted by observation
of events from a videotape. Given that our goal was to explore
and describe car transfers in the real-world, we did not record
kinematic and kinetic data for more objective determination of
transfer times. However, video tape of the transfer from two to
three different angles was utilized by a single physical therapist
with 15 years of experience for all subjects to maximize consis-
tency and accuracy.

Our sample size of 29 participants was low, given the variation
in car transfer strategies and vehicle heights and relatively few
participants had shoulder pain. Consequently, the results should
be viewed as a preliminary study. Additionally, since only four
volunteers drove high profile vehicles (large trucks and SUVs),
it was necessary to collapse the medium and high profile vehicle
groups into one group for statistically meaningful results.

Conclusion

Documentation of the techniques utilized for car transfer from
different WCs into a variety of vehicles and the loading of these
WCs is a necessary preliminary step to optimize future biome-
chanical testing in the laboratory. We found that individuals with
higher levels of injury, stronger shoulders, and higher profile
vehicles had longer body lift times, relating tomore demanding car
transfers. Technique, particularly placing the leading hand on the
steering wheel, was also associated with higher levels of shoulder
pain. Placement of the WC frame, the heaviest component of the
WC, into the back seat was associated with weakness in the inter-
nal rotators of the right shoulder, which may indicate injury from
repetitive high demands on lengthened muscles. These findings
illustrate the need to incorporate strength training into the weekly
routines of individuals with SCI, a disability that places increased
demands on the upper extremities. The ultimate goal is to deter-
mine optimal car transfer techniques to prevent shoulder pain and
injury and maximize functional independence and participation
for individuals aging with spinal cord injury.
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The objective of this study is to investigate the three-dimensional (3D) kinematics of the
functional rotation axis of the human metatarsophalangeal (MP) joint during level walking at
different speeds. A 12 camera motion analysis system was used to capture the 3D motion
of the foot segments and a six force plate array was employed to record the simultaneous
ground reaction forces and moments. The 3D orientation and position of the functional
axis (FA) of the MP joint were determined based on the relative motion data between the
tarsometatarsi (hindfoot) and phalanges (forefoot) segments. From the results of a series
of statistical analyses, it was found that the FA remains anterior to the anatomical axis (AA),
defined as a line connecting the first and fifth metatarsal heads, with an average distance
about 16% of the foot length across all walking speeds, and is also superior to the AA with
an average distance about 2% of the foot length during normal and fast walking, whereas
the FA shows a higher obliquity than the AA with an anteriorly more medial and superior
orientation. This suggests that using the AA to represent the MP joint may result in over-
estimated MP joint moment and power and also underestimated muscle moment arms
for MP extensor muscles. It was also found that walking speed has statistically significant
effect on the position of the FA though the FA orientation remains unchanged with varying
speed. The FA moves forwards and upwards toward a more anterior and more superior
position with increased speed.This axis shift may help to increase the effective mechanical
advantage of MP extensor muscles, maximize the locomotor efficiency, and also reduce
the risk of injury. Those results may further our understanding of the contribution of the
intrinsic foot structure to the propulsive function of the foot during locomotion at different
speeds.

Keywords: metatarsophalangeal joint, three-dimensional kinematics, position and orientation, walking, ground
reaction force

INTRODUCTION
The human foot is an enormously complex structure consisting of
numerous bones, muscles, ligaments, and synovial joints. As the
only body component in contact with the ground, it plays multiple
crucial roles in attenuating ground impacts, maintaining locomo-
tor stability, and generating propulsive powers during locomotion
(Ker et al., 1987; Carrier et al., 1994; Ren et al., 2008a). Over the
past decades, many experimental and computer simulation stud-
ies have been conducted to investigate the locomotor function of
the human foot complex (Apkarian et al., 1989; Scott and Winter,
1993; Leardini et al., 1999; Gefen et al., 2000; Carson et al., 2001;
MacWilliams et al., 2003; Nester et al., 2007; Ren et al., 2010; Qian
et al., 2013). However, most of those studies have mainly concen-
trated on the biomechanics of the whole foot segment, whereas the
specific functioning of the distal part of the foot has been much
less frequently studied.

The metatarsophalangeal (MP) joint near the distal end of the
foot may have multiple functions during locomotion (Bojsen-
Møller and Lamoreux, 1979; Mann and Hagy, 1979; Stefanyshyn
and Nigg, 1997). During walking, the MP joint undergoes progres-
sive dorsiflexion in the stance phase, which tightens up the plantar
aponeurosis to wrap around the metatarsal heads. This may help to

elevate and stabilize the longitudinal arch of the foot by using the
windlass mechanism of the plantar aponeurosis without muscle
function (Mann and Hagy, 1979). The dorsiflexion of the MP joint
in the late stance phase can noticeably reduce the moment arm of
the ground reaction force compared to a single rigid foot lever. This
may increase the effective mechanical advantage (EMA) of ankle
dosriflexor muscles and hence reduce the muscular effort during
push-off (Bojsen-Møller and Lamoreux, 1979; Biewener, 1989). In
addition, it was found that the dorsiflexion of the MP joint tight-
ens the connective tissue framework around the ball of the foot,
and thereby constraints the relative motions of the skin to enable
shear forces to be transmitted to the skeleton (Bojsen-Møller and
Lamoreux, 1979).

The MP joint may play significant roles during rapid change of
body movement because the toes help in balancing the body while
the body is changing its motion rapidly (Mann and Hagy, 1979). It
was found that the MP joint is a significant absorber of energy in
sprinting, with increased energy absorption with increased speed
(Stefanyshyn and Nigg, 1997). Furthermore, it was suggested that
ankle and MP joints may provide a mechanism of varying the gear
ratio of the ankle dorsiflexor muscles during running (Carrier
et al., 1994). This may enhance locomotor performance during

www.frontiersin.org                                                                                                                                                 December 2014 | Volume 2 | Article 73 | 83

http://www.frontiersin.org/Bioengineering_and_Biotechnology
http://www.frontiersin.org/Bioengineering_and_Biotechnology/editorialboard
http://www.frontiersin.org/Bioengineering_and_Biotechnology/editorialboard
http://www.frontiersin.org/Bioengineering_and_Biotechnology/editorialboard
http://www.frontiersin.org/Bioengineering_and_Biotechnology/about
http://www.frontiersin.org/Journal/10.3389/fbioe.2014.00073/abstract
http://www.frontiersin.org/Journal/10.3389/fbioe.2014.00073/abstract
http://www.frontiersin.org/people/u/180835
http://www.frontiersin.org/people/u/181008
http://www.frontiersin.org/people/u/137735
mailto:lei.ren@manchester.ac.uk
http://www.frontiersin.org
http://www.frontiersin.org/Biomechanics/archive


 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Raychoudhury et al. 3D kinematics of MPJt during walking

constant speed running by maintaining the muscles near the
high-efficiency portion of the force–velocity curve.

To simplify the analyses, many of the previous studies have
assumed that the MP joint rotates about an axis perpendicu-
lar to the sagittal plane, originating from the fifth metatarsal
head (Stefanyshyn and Nigg, 1997, 1998). This two-dimensional
assumption simplifies the motion of the MP joint and does not
reflect the oblique nature of the MP joint. A recent study investi-
gated the effect of the MP joint axis by comparing the calculated
joint kinetic variables based on different MP joint axis definitions
in sprinting (Smith et al., 2012). It was found that MP joint axis
has a significant effect on calculated joint moment, power, and
energy, and oblique joint axes result in less energy absorbed at
the MP joint than a simplified perpendicular axis to the sagittal
plane. It was suggested that an appropriate representation of the
MP joint is necessary to better understand the MP joint during
locomotion (Smith et al., 2012). However, most previous studies
defined the MP joint axis mainly based on anatomical landmarks,
e.g., the straight line connecting first and fifth metatarsal heads
(Bojsen-Møller and Lamoreux, 1979; Smith et al., 2012). So far,
little is known about the realistic orientation and position of
the functional rotation axis of the MP joint during locomotion
and how it changes with varying locomotor speed (Pohl et al.,
2007).

The objective of this study is to investigate the three-
dimensional (3D) kinematics of the human MP joint during level
walking. The latest three-dimensional motion analysis technique
was used to determine the position and orientation of the func-
tional rotation axis of the MP joint in the stance phase of walking
for multiple subjects at different speeds. Statistical analysis was
conducted to evaluate the difference between the functional MP
joint axis and the axis typically defined by the anatomical land-
marks in literature. Moreover, the effect of walking speed on MP
joint position and orientation was also analyzed statistically. This
would provide useful information to improve our understand-
ing of the in vivo biomechanical functioning of the human MP
joint as well as the propulsive function of the foot during different
speeds of locomotion. Furthermore, this may also help in inno-
vating the design of sports and therapeutic footwear, prosthetic
lower limbs, and robotic legs, which could be inspired from the
nature design of the musculoskeletal system of the human body
(Ren et al., 2014).

MATERIALS AND METHODS
GAIT MEASUREMENT
Six healthy male subjects with normal foot conforma-
tion (age: 26.67 ± 2.69 years; weight: 67.17 ± 10.29 kg; height:
175.0 ± 4.43 cm) from a population of postgraduate students, with
no previous medical history of foot and lower limb injury, partici-
pated in the gait measurement in this study. The subjects provided
informed consent in accordance with the policies of local insti-
tute ethical advisory committee. All the subjects were instructed
to walk barefoot along an indoor walkway at their self-selected
slow, normal, and fast walking speeds. A specially designed marker
cluster system was mounted firmly on the right feet of the sub-
jects to record the 3D segmental motions of the foot complex (see
Figure 1).

FIGURE 1 |The infrared marker cluster system used in this study to
capture 3D foot motions. The foot was divided into two segments
including tarsometatarsi (hindfoot) and phalanges (forefoot). A set of
thermal plastic plates, each carrying four infrared markers, were used to
capture the foot segmental motions. A number of hemispherical infrared
markers were also attached on the anatomical landmarks.

A 12 infrared camera motion analysis system (Qualisys, Swe-
den) was used to capture 3D segmental motions at 150 Hz. Six
force plates (Kistler, Switzerland) were used to record the simul-
taneous ground reaction forces and moments at 1000 Hz. A set
of static calibration procedures were undertaken to locate the
anatomical landmarks using a calibration wand and reflective
markers according to the calibrated anatomical system technique
(Cappozzo et al., 1995). The calibration markers were removed
before the dynamic walking trials. For each walking speed, the
measurement was repeated 15 times to ensure that representative
walking data are recorded.

MP JOINT DEFINITION AND PARAMETERS
Five rigid body segments were defined to represent the lower limb:
pelvis, right thigh, right shank, right tarsometatarsi (hindfoot),and
right phalanges (forefoot). The 3D anatomical coordinate systems
were defined for each individual segment based on the previous
studies (Jenkyn and Nicol, 2007; Ren et al., 2008a, 2010). In this
study, we have assumed that the five phalanges form a single rigid
forefoot segment, whereas the MP joint is considered as a single
hinge type joint. The anatomical axis (AA) of the MP joint was
defined as the oblique line connecting the first metatarsal head
and the fifth metatarsal head (see the blue line in Figure 2A),
which is similar to those defined in previous studies (Boonprata-
tong and Ren, 2010; Graf et al., 2012; Smith et al., 2012). This axis
divides the foot into two different segments: hindfoot and forefoot.
On the other hand, the functional axis (FA) of the MP joint was
defined as the rotational axis between the hindfoot segment and
forefoot segment during stance phase of walking (see the red line
in Figure 2A). A closed-form algorithm is employed to determine
the 3D position and orientation of the FA of the MP joint (Gamage
and Lasenby, 2002), which does not require manual adjustment of
optimization parameters.

To represent the 3D orientation of the AA and FA of the MP
joint, the 3D axes were projected to the XOZ and XOY planes of the
foot local anatomical coordinate system (see Figures 2C,D), where
the angles α and β were used to define the axis orientation with
counter clockwise being positive based on the right-hand rule (see
Figures 2C,D). In addition, to determine the 3D position of the
AA and FA of the MP joint, the intersection point (xa, ya) between
the AA and the XOY plane of the foot local coordinate system, or
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FIGURE 2 | (A) The functional axis (red) and anatomical axis (blue) of the
metatarsophalangeal joint, where the anatomical axis is defined as the line
connecting the first and fifth metatarsal heads. The origin of the foot local
coordinate system situates on the upper ridge of the calcaneus bone. (B) The
position of the functional axis is defined by its intersection point (xf, yf) with
the XOY plane of the foot coordinate system, whereas the location of the

anatomical axis is determined by its intersection point (xa, ya) with the XOY
plane of the foot coordinate system. (C) Angle α made by the functional (or
anatomical) axis with respect to the foot X axis when projected to the XOZ
plane of the foot coordinate system. (D) Angle β made by the functional (or
anatomical) axis with respect to the foot Y axis when projected to the XOY
plane of the foot coordinate system.

the intersection point (xf, yf) between the FA and the XOY plane
of the foot local coordinate system was used (see Figure 2B).

DATA ANALYSIS
The raw measured data were processed using GMAS software
(Generalized Motion Analysis Software), a MATLAB based soft-
ware package for 3D kinematic and kinetic analysis of biomechan-
ical multi-body systems (Ren et al., 2005, 2008b). Trials with more
than 10 consecutive missing frames were discarded. After the fill-
gap processing, the data were filtered using a low pass zero lag
fourth-order Butterworth digital filter with a cut-off frequency of
6.0 Hz.

Statistical analyses were conducted to investigate the 3D posi-
tion and orientation differences between the AA and FA of the MP
joint, and also the effect of walking speed on the AA and FA of
the MP joint using SPSS 20.0 software (IBM, Armonk, New York,
NY, USA). The effects of joint definition (AA or FA) and walking
speed on joint position parameters (x, y) and orientation parame-
ters (α, β) were analyzed using analysis of variance (ANOVA) with
repeated measurements using a linear mixed model approach tak-
ing into account intra- and inter-subject variability. The different

joint definitions and walking speeds were the fixed effects, and
subjects and trials were random effects. Differences between the
two joint definitions (AA and FA) and between each pair of walk-
ing speeds were tested using Fisher’s least significant difference
(LSD) multiple comparison based on the least-squared means,
probability by considering p < 0.05 as statistically significant.

RESULTS
The measured data for all the six subjects were processed by using
the method described in the preceding section. Figure 3 shows the
mean and standard deviation values of the MP joint AA position
(xa, ya) and FA position (xf, yf) defined in the XOY plane of the
foot local coordinate system, where the origin of the coordinate
system is at the upper ridge of the calcaneus bone (Ren et al.,
2010). The position data of both AA and FA axes for all the six
subjects (from subject A to subject F) at all three different walking
speeds (slow, normal, and fast) are presented in Figure 3. It can
be seen that the FA is consistently anterior to the AA for all sub-
jects across all the three walking speeds with an average position
difference of 27.3 mm. In the inferior superior direction (along
Y axis), both FA and AA positions are close to the origin, and

www.frontiersin.org                                                                                                                                                 December 2014 | Volume 2 | Article 73 | 85

http://www.frontiersin.org
http://www.frontiersin.org/Biomechanics/archive


 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Raychoudhury et al. 3D kinematics of MPJt during walking

Slow Walk Fast WalkNormal Walk

S
u
b
je
c
t
A

S
u
b
je
c
t
B

S
u
b
je
c
t
C

S
u
b
je
c
t
D

S
u
b
j e
c
t
E

S
u
b
je
c
t
F

Y
d
is
p
la
c
e
m
e
n
t(
m
m
)

10

155 160 165 170 175 180 185 190 195 200 205 210

-10

-5

0

5

155 160 165 170 175 180 185 190 195 200 205 210
-10

-5

0

5

10

Y
d
i s
p
la
c
e
m
e
n
t(
m
m
)

155 160 165 170 175 180 185 190 195 200 205210
-10

-5

0

5

10

155 160 165 170 175 180 185 190 195 200 205
-10

-5

0

5

210

10

155 160 165 170 175 180 185 190 195 200 205

-10

-5

0

5

10

210

-10

Y
d
is
p
la
c
e
m
e
n
t(
m
m
)

155 160 165 170 175 180 185 190 195 200 205 210

-5

0

5

10

155 160 165 170 175 180 185 190 195 200 205 210

-10

-5

0

5

10

Y
d
is
p
la
c
e
m
e
n
t(
m
m
)

155 160 165 170 175 180 185 190 195 200 205 210

-10

-5

0

5

10

155 160 165 170 175 180 185 190 195 200 205 210

-10

-5

0

5

10

155 160 165 170 175 180 185 190 195 200 205 210

-10

-5

0

5

10

Y
d
is
p
l a
c
e
m
e
n
t (
m
m
)

155 160 165 170 175 180 185 190 195 200 205 210

-10

-5

0

5

10

155 160 165 170 175 180 185 190 195 200 205 210

-10

-5

0

5

10

X displacement (mm)

Y
d
is
p
la
c
e
m
e
n
t (
m
m
)

155 160 165 170 175 180 185 190 195 200 205 210

-10

-5

0

5

10

X displacement (mm)

155 160 165 170 175 180 185 190 195 200 205 210

-10

-5

0

5

10

X displacement (mm)

155 160 165 170 175 180 185 190 195 200 205 210

-10

-5

0

5

10

155 160 165 170 175 180 185 190 195 200 205 210

-10

-5

0

5

10

155 160 165 170 175 180 185 190 195 200 205 210

-10

-5

0

5

10

155 160 165 170 175 180 185 190 195 200 205 210

-10

-5

0

5

10

FIGURE 3 |The x and y positions of the anatomical axis (blue) and functional axis (red) of the MP joint in the XOY plane of the foot coordinate system,
for all the six subjects (A to F) across all three walking speeds. The solid dots indicate the mean x and y positions, whereas the bars show the 1 SD zones.

there is no consistent trend in the relative position between the
two axes. From the results shown in Figure 3, it appears that the
FA of MP joint moves toward a more anterior and superior posi-
tion with increased walking speed though the displacement in the
inferior superior direction (along Y axis) is much less than the
displacement in the posterior anterior direction (along X axis). In
contrast to the trend of the FA, it seems that there is no apparent
change in the AA position with increased walking speed for all the
subjects.

Figure 4 shows the mean and the 1 SD zone of the orientation
angle α of both AA and FA made with respect to the X axis in
the XOZ plane of the foot coordinate system for all the subjects
at all three walking speeds. It can be seen that both AA and FA
axes are close to the direction of the foot Z axis. According to the
right-hand rule, the positive angle α is measured starting from the
X axis in a counter clockwise direction. From Figure 4, it appears
that the FA has an orientation more inclined to the foot Z axis than
the AA in the transverse plane for all the subjects. Also, it seems

Frontiers in Bioengineering and Biotechnology | Biomechanics                                                                           December 2014 | Volume 2 | Article 73 | 86

http://www.frontiersin.org/Biomechanics
http://www.frontiersin.org/Biomechanics/archive


 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Raychoudhury et al. 3D kinematics of MPJt during walking

Slow Walk Normal Walk Fast Walk

S
u
b

je
ct
A

0
Z
A
x
is
o
f

F
o
o
t

69.30 ± 0.54

76.20 ± 0.75

0

68.30 ± 0.61

84.04 ± 1.73

0

70.62 ± 0.71

84.86 ± 4.74

S
u
b
je

ct
B

0

Z
A
x
is
o
f

F
o
o
t

77.58 ± 0.79

71.65 ± 8.68

0

77.27 ± 0.12

74.94 ± 9.12

0

77.01 ± 0.10

78.03 ± 8.04

Z
A
x
is
o
f

F
o
o
t

S
u

b
je

ct
C

0

74.76 ± 0.53

67.95 ± 4.95

0

74.28 ± 0.46

69.80 ± 4.66

0

71.46 ± 5.71

76.47 ± 1.74

S
u

b
je

ct
D

Z
A
x
is
o
f

F
o
o
t

0

74.77 ± 0.29

81.91 ± 0.61

0

74.45 ± 0.48

81.73 ± 1.62

0

74.73 ± 0.89

81.90 ± 3.43

S
u
b
je

ct
E

0

Z
A
x
is
o
f

F
o
o
t

71.29 ± 0.51

84.01 ± 5.41

0

71.24 ± 0.10

86.57 ± 0.81

0

72.41 ± 0.55

75.18 ± 11.7

S
u
b

je
ct

 F

X Axis of Foot

0Z
A
x
is
o
f

F
o
o
t

72.23 ± 0.47

84.86 ± 2.29

0
X Axis of Foot

72.12 ± 0.44

83.84 ± 3.41

0
X Axis of Foot

72.14 ± 0.38

83.34 ± 3.96

FIGURE 4 |The orientation angle α made by the functional axis (red) and anatomical axis (blue) with respect to the foot X axis when projected to the
XOZ plane of the foot coordinate system for all the six subjects across all three walking speeds. The solid lines indicate the mean value of the angle,
whereas the dash lines show the 1 SD zones.

that the obliquity of both AA and FA does not change obviously
with changing speed.

Similarly, Figure 5 shows the mean and the 1 SD zone of the
orientation angle β of both AA and FA made with respect to the
Y axis in the XOY plane of the foot coordinate system for all the
subjects at all three walking speeds. According to the right-hand

rule, the negative angle β is measured starting from the Y axis in a
clockwise direction. It can be seen that the FA shows an apparently
different orientation than the AA in the sagittal plane for all the
subjects. The FA possesses a higher orientation angle β than the
AA leading to a FA direction more inclined to the foot Y axis. From
the results shown in Figure 5, it seems that the orientation angles
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XOY plane of the foot coordinate system for all the six subjects across all three walking speeds. The solid lines indicate the mean value of the angle,
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in the sagittal plane for both AA and FA do not show particular
changes with increased walking speed.

In Table 1, the statistical analysis result on the 3D position and
orientation difference between the AA and FA of the MP joint is
listed. The position parameters (xa, ya) and (xf, yf) are normal-
ized by the foot length, defined as the distance between the upper
ridge of the calcaneus bone and the midpoint between the first
and fifth metatarsal heads. It can be seen that statistically signifi-
cant differences were found for all the 3D orientation and position
parameters across all three walking speeds, except for the vertical
(in superior inferior direction) position parameter y at slow walk-
ing speed. The functional rotation axis, FA of the MP joint has a

more anterior and superior position than that of the AA, especially
during normal and fast walking. This position difference is more
significant in superior inferior direction than in anterior posterior
direction. The FA of the MP joint shows an anteriorly more medial
and more superior orientation than the AA, which is defined as the
straight line connecting the first and fifth metatarsal heads. This
joint orientation angle difference is more significant in the sagittal
plane than in the transverse plane.

The statistical analysis result investigating the effect of walk-
ing speed on the 3D position and orientation of the FA is shown
in Table 2. It can be seen that the joint position in the anterior
posterior direction shows statistically significant difference when
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Table 1 |The result of the statistical analysis of the position and orientation difference between the functional axis (FA) and the anatomical axis

(AA) of the MP joint.

x Normalized by y Normalized by α (degree) β (degree)

foot length foot length

Slow walk FA 1.1496 ± 0.0424a 0.0050 ± 0.0193a 77.8345 ± 7.9035a
−52.6132 ± 24.7011a

AA 0.9989 ± 0.0100b 0.0042 ± 0.0096a 73.5031 ± 2.7248b
−84.2468 ± 4.8971b

Normal walk FA 1.1619 ± 0.0415a 0.0153 ± 0.0185a 81.2593 ± 6.4280a
−51.0727 ± 15.0268a

AA 0.9982 ± 0.0104b 0.0029 ± 0.0098b 72.8288 ± 2.8084b
−82.7051 ± 5.2145b

Fast walk FA 1.1683 ± 0.0390a 0.0250 ± 0.0250a 80.0469 ± 6.3455a
−47.2030 ± 23.4659a

AA 0.9942 ± 0.0187b 0.0028 ± 0.0110b 73.2755 ± 3.0998b
−82.4910 ± 5.6568b

Values are means ± s.e.m. for all trials and all subjects. Identical letters indicate axis groups within a column do not differ significantly from each other (p > 0.05).

Table 2 |The result of the statistical analysis of the effect of walking speed on the orientation and position of the functional axis (FA) of the MP

joint.

xf Normalized by yf Normalized by α (degree) β (degree)

foot length foot length

Slow walk 1.1496 ± 0.0424a 0.0050 ± 0.0193a 77.8345 ± 7.9035a
−52.6132 ± 24.7011a

Normal walk 1.1619 ± 0.0415ab 0.0153 ± 0.0185b 81.2593 ± 6.4280a
−51.0727 ± 15.0268a

Fast walk 1.1683 ± 0.0390b 0.0250 ± 0.0250c 80.0469 ± 6.3455a
−47.2030 ± 23.4659a

Values are means ± s.e.m. for all trials and all subjects. Identical letters indicate speed groups within a column do not differ significantly from each other (p > 0.05).

Table 3 |The result of the statistical analysis of the effect of walking speed on the orientation and position of the anatomical axis (AA) of the

MP joint.

xa Normalized by ya Normalized by α (degree) β (degree)

foot length foot length

Slow walk 0.9989 ± 0.0100a 0.0042 ± 0.0096a 73.5031 ± 2.7248a
−84.2468 ± 4.8971a

Normal walk 0.9982 ± 0.0104a 0.0029 ± 0.0098b 72.8288 ± 2.8084a
−82.7051 ± 5.2145ab

Fast walk 0.9942 ± 0.0187a 0.0028 ± 0.0110ab 73.2755 ± 3.0998a
−82.4910 ± 5.6568b

Values are means ± s.e.m. for all trials and all subjects. Identical letters indicate speed groups within a column do not differ significantly from each other (p > 0.05).

walking speed changes from slow to fast. The FA moves forwards
toward a more anterior position with increased speed. More sig-
nificant change can be seen in the superior inferior direction, the
FA moves upwards toward a more superior position appreciably
when walking speed increases. No statistically significant effects are
found on the FA orientation angles in both the transverse (α) and
sagittal (β) planes when walking speed increases from self-selected
low to self-selected fast.

Similarly, Table 3 shows the statistical analysis result examining
the effect of walking speed on the 3D position and orientation
of the AA of the MP joint. No statistically significant change is
found in the AA position along the anterior posterior direction.
When walking speed increases to normal, the AA position in the
superior inferior direction moves apparently toward the inferior
direction. There is no statistically significant effect found on the
AA orientation angle in the transverse plane (α) with changing
speed, whereas a slight increase of the AA orientation angle in the
sagittal plane (β) was found when walking speed increases from
slow to fast.

DISCUSSION
The objective of this study is to investigate the 3D orientation and
location of the functional joint axis of the MP joint during walking
at different speeds. Here, the functional joint axis of the MP joint
is defined as the relative rotational axis between the phalanx seg-
ments and the hindfoot in the stance phase of walking. In the previ-
ous studies, the MP joint was normally defined as a line connecting
the first (or second) and fifth metatarsal heads (Boonpratatong
and Ren, 2010; Smith et al., 2012), and little is known about the
realistic position of the functional joint axis of the MP joint.

Our results show that the 3D orientation and position of the
FA of the MP joint is close to the AA defined by the line con-
necting first and fifth metatarsal heads. However, for the subjects
tested in this study, there are some statistically significant differ-
ences between the FA and AA. The FA remains anterior to the AA
with an average distance about 16% of the foot length across all
walking speeds. In the vertical direction, the FA is superior to the
AA with an average distance about 2% of the foot length during
normal and fast walking, whereas, the FA shows a higher obliquity

www.frontiersin.org                                                                                                                                                 December 2014 | Volume 2 | Article 73 | 89

http://www.frontiersin.org
http://www.frontiersin.org/Biomechanics/archive


 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Raychoudhury et al. 3D kinematics of MPJt during walking

than AA with an anteriorly more medial and superior orienta-
tion. This suggests that using the AA to represent the MP joint
may result in overestimated MP joint moment and power and also
underestimated muscle moment arms for MP extensor muscles.

It was found that walking speed has statistically significant
effect on the position of the FA though the FA orientation remains
unchanged with varying speed. When walking speed increases, the
FA moves forwards and upwards toward a more anterior and more
superior position. This joint axis shift toward the ground reaction
force vector in the late stance of walking will result in decreased
moment arm of ground reaction force and also simultaneously
increased moment arm of MP extensor muscles, and hence will
increase the EMA of MP extensor muscles (Biewener, 1989, 1990,
2003; Biewener et al., 2004; Winter, 2005). In addition, a forward
shift of the MP joint axis will result in an increased lever distance
to the ankle joint, and may moderate the angular velocity increase
with increasing walking speed. This may help to maintain the con-
traction velocity of the MP extensor muscles in the power optimal
region (Biewener, 2003). It appears that a variable gear mechanism
also exists in the MP joint especially in the late stance of walking
(Carrier et al., 1994).

This study has some limitations. A single hinge type joint was
assumed to represent the relative motion between the phalanges
and the rearfoot throughout the stance phase of walking. As sug-
gested by previous studies, two different axes may exist at the MP
level during locomotion ( Bojsen-Møller, 1978; Bojsen-Møller and
Lamoreux, 1979). Our future works will involve the investigation
of the 3D positions and transition of multiple MP axes. In addi-
tion, two rigid bodies (phalanges and hindfoot) were assumed
to represent the motion of the foot complex by using multi-
ple marker clusters in the gait measurement. However, in reality,
some appreciable relative motions may occur between phalanges
or the hindfoot bones. Thus, more complicated models may be
needed in the future to better understand the 3D kinematics at MP
joint. Furthermore, bone-pin markers rather than skin mounted
markers may help to reduce the skin artifact involved in the gait
measurement (Nester et al., 2007).

CONCLUSION
This study reveals many factors at the distal end of the foot, which
may contribute to the locomotor function of the human foot
complex. This includes not only the obliquely oriented functional
rotation axis but also the relative position of the axis with respect
to the hindfoot bones. The position of the FA of the MP joint is
found to be anterior and superior to the AA with higher obliquity.
Furthermore, with increasing speed the FA shifts more anterior.
This forward and upward shift of the FA with increasing walking
speed may help to moderate the muscular effort, maximize the
locomotor efficiency, and reduce the risk of injury. This study may
help us to better understand the contribution of the intrinsic foot
structure to the propulsive function of the foot during locomotion
at different speeds. Furthermore, this may also help in improving
the design of sports and therapeutic footwears, prosthetic lower
limbs, and robotic legs.
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