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Abstract—This study describes a new custom measurement
system designed to investigate the biomechanics of sitting-pivot
wheelchair transfers and assesses the reliability of selected biomechanical variables. Variables assessed include horizontal
and vertical reaction forces underneath both hands and threedimensional trunk, shoulder, and elbow range of motion. We
examined the reliability of these measures between 5 consecutive
transfer trials for 5 subjects with spinal cord injury and 12 nondisabled subjects while they performed a self-selected sitting
pivot transfer from a wheelchair to a level bench. A majority of
the biomechanical variables demonstrated moderate to excellent
reliability (r > 0.6). The transfer measurement system recorded
reliable and valid biomechanical data for future studies of sittingpivot wheelchair transfers.We recommend a minimum of five
transfer trials to obtain a reliable measure of transfer technique
for future studies.

Key words: activities of daily living, assessment, forces, kinematics, kinetics, range of motion, reliability, spinal cord injury,
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injury reported among individuals with SCI [1]. The
onset of pain or an overuse injury can be devastating,
leading to increased healthcare expenses, limitations on
activity, depression, decreased societal participation, and
a reduced quality of life [2]. Although transfers are essential for daily living and are ranked among the most strenuous wheelchair-related activities [3–4], research on the
biomechanics of transfers is surprisingly sparse.
Existing biomechanical studies on independent transfers have been descriptive, investigating movement strategies [5–9]; muscular demand [7,10–12]; internal joint
pressures [3]; and hand, buttock, and feet reaction forces
[11,13–15] for transfers between two-level or nonlevel
surfaces among nondisabled and individuals mainly with
SCI. Very few studies have reported synchronized kinetics
and kinematics during transfers [14–16], and only one
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INTRODUCTION
Individuals with spinal cord injury (SCI) rely on their
upper limbs for activities of daily living (ADLs) such as
wheelchair propulsion, pressure relief, and transfers from
a wheelchair to another surface. These ADLs have been
associated with a high prevalence of upper-limb pain and
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research group to date has reported upper-limb inverse
dynamics for a sitting-pivot (also referred to in the literature as lateral, depression, or side approach) transfer
[9,17]. Forslund et al. measured transfers with subjects
moving to a force plate on a table next to their wheelchair
[15]. Two additional force plates, one on the table and
one on the other side of the wheelchair, recorded the trailing and leading hand forces, respectively. Tanimoto et
al.’s setup incorporated four force plates to measure the
forces underneath both feet, the wheelchair, the leading
arm, and the buttocks [14]. Gagnon et al. developed a
transfer measurement system incorporating five force
plates and force-sensing platforms to measure the leading
arm, trailing arm, buttocks under the initial surface, buttocks under the target surface, and feet forces during
transfer [16]. Tanimoto et al.’s setup synchronized the
kinetics of transfer with two-dimensional motion capture,
while the other two systems synchronized kinetics with
three-dimensional (3-D) motion capture systems [14].
None of the authors in these previous studies
reported on the reliability or repeatability of the data collected with their experimental setup. Thus, assessing how
well subjects acclimated to the novelty of the setup and
how consistent they were in executing the transfer from
trial to trial is difficult. A reliability assessment also provides insight into the number of trials necessary to obtain
a stable measure of an individual’s movement strategies
during functional tasks [18–20].
All the aforementioned systems, while advancing the
body of knowledge about strategies used and the
mechanics of performing transfers, have one or more of
the following limitations: (1) the actual wheelchair is not
part of the transfer process [16]; (2) trailing and leading
hand forces, which have shown differing kinetic, kinematics and muscular demands [12], are not recorded
simultaneously [14]; (3) orientation of the wheelchair/
surface of origin is fixed in relation to the surface a subject is transferring to/from [15–16]; and (4) the system
requires that both hands be placed on a flat surface for
kinetics to be recorded [14–16]. We designed our transfer
measurement system to address these shortcomings and
to include other features we believe are critical to understanding the mechanical demands of transfers. This study
(1) describes a new custom measurement system to
investigate the biomechanics of sitting-pivot wheelchair
transfers and (2) evaluates the reliability of shoulder,
elbow, and trunk ranges of motion and hand reaction

forces in a naïve nondisabled group of subjects and an
experienced group of subjects with SCI.
METHODS
Transfer Measurement System
The design criteria for our system included the following:
• Employ synchronized recording of 3-D upper-limb
kinematics and kinetics during the transfer process.
• Include the personal wheelchair as a surface in the
transfer process.
• Allow for fixed and variable wheelchair orientation
with respect to the target surface.
• Enable evaluation of different target surfaces.
• Incorporate a load-sensing beam adjustable in height
and location to allow for evaluating transfers where a
hand grasp may be used.
Kinetics Measurement
The general setup for collecting the kinetics of transfers consists of a custom-designed base frame, two aluminum mounting plates attached to two force plates, and
a load-sensing beam (Figure 1). The base frame is made
of 10.2 cm steel C-channel, welded to create two
2,800 cm2 compartments. Each compartment houses a
custom aluminum mounting plate with threaded holes at
equal intervals to allow for interchanging and securing
different types of transfer surfaces (e.g., commode, vehicle seat, or transfer bench). The plate is bolted to a force
plate (model FP4550-08, Bertec Corporation; Columbus,
Ohio) (Figure 1) and secured to a level concrete floor.
The wheelchair and transfer surfaces are secured to the
mounting plates with custom-designed brackets.
We designed a custom interface composed of 6061
aluminum to securely affix a curved 2.54 cm-diameter
steel tube to a six-component load cell (model MC5,
Advanced Mechanical Technology, Inc; Watertown,
Massachusetts) (Figure 1). The interface bolts directly to
the top of the load cell and has a 10.2 cm-deep hollowed
center with a bore that allows for close tolerance with the
beam. A split collar tightens around the beam with
screws, creating a solid, tight fit. The collar design allows
for interchanging beams of various heights to simulate
different scenarios such as transferring with the arm
overhead (e.g., in the case of trapeze or vehicle transfer)
or with the hand on a wheelchair armrest as shown in
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Figure 1.
Wheelchair and bench shown secured to aluminum mounting plates of base frame: (a) schematic and (b) photographs of actual setup. Custom interface consists of load cell and beam of varying heights that can be positioned anywhere along base frame. Seven motion cameras surrounded base
frame. Note that kinetic results were presented in laboratory coordinate system, while kinematic results were reported according to International
Society of Biomechanics recommendations (left arm, positive x points anteriorly, positive y points superiorly, and positive z points medially).
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Figure 1. Bolted directly to the bottom of the load cell is
a square steel plate with threaded holes. On one edge of
the base frame is an additional piece of steel C-channel
with a 1.59 cm steel plate bolted to the top with threaded
holes at equal intervals, which allow for varying the position of the load cell and beam. We validated frequency
analyses of both low and overhead force beams through
power spectral density (Appendix 1, available online
only). We validated the vertical components of the force
plates and the force beam by comparing known weights
with the recorded readings. We reset all the force sensors
to zero prior to collecting the data to eliminate the system
offset. We designed custom components in-house using
SolidWorks 2004 (Solid Works Corporation; Concord,
Massachusetts) and Feature CAM (Engineering Geometry Systems, Inc; Salt Lake City, Utah). The entire system
was fabricated with staff, resources, and equipment
available at the Department of Veterans Affairs (VA) Pittsburgh Healthcare System’s Human Engineering Research
Laboratories.
Kinematics Measurement
We used a seven-camera 3-D passive motion capture
system and Nexus 1.3.110 software (model MX, Vicon
Peak; Lake Forest, California) to collect kinematics data
during transfer. Following International Society of Biomechanics recommendations, we recorded position data
from specified anatomical bony landmarks on the trunk,
humerus, and forearm [21]. We positioned the cameras
around the base frame to minimize marker drop out
(Figure 1). We followed standardized calibration procedures, based on direct linear transformation methods,
according to the manufacturer’s specifications [22]. We
used an L-shape frame with markers to define a global
coordinate system in the middle of the two aluminum
plates. Redundant markers on each segment ensure that at
least three markers are visible for defining local coordinate systems (Appendix 2, available online only). We
created a static recording of the markers with the subject’s arms held in an anatomical position, with palms
facing forward to determine reference local coordinate
systems [19]. We synchronized the kinetic measurement
devices with the motion capture data through the Vicon
MX system.
Subjects
This study was approved by the VA Pittsburgh
Healthcare System Institutional Review Board (IRB). We

recruited subjects from an IRB-approved research registry, as well as through flyers and word of mouth. All subjects signed informed consent prior to participation in the
study. The inclusion criteria required subjects with SCI to
be over the age of 18; use a manual wheelchair as their
primary means of mobility; have an SCI between lumbar
(L) region L2 and thoracic (T) region T1, American Spinal Injury Association A or B, occurring over 1 year prior
to the start of the study; and be able to independently
transfer to/from a manual wheelchair without human
assistance or assistive devices. The inclusion criteria
required nondisabled unimpaired subjects to be able to do
a seated push up from a seated position, elevate the torso,
and lift the buttocks off the seat using the upper limbs.
Self-reported upper-limb pain and/or injury that impaired
ability to transfer were exclusion criteria for both groups.
Experimental Protocol
We used a height-adjustable tub bench as the target
surface in this study, adjusted to be level with the height
of the wheelchair seat cushion. Nondisabled subjects
were seated in an Invacare Top End Terminator ultralight
wheelchair (seat 43.2 cm wide  53.3 cm high) on top of
a 5 cm high foam cushion. The wheelchair was secured at
a 30 angle from the bench, as shown in Figure 1. Subjects with SCI used their own wheelchairs in the study,
which were secured at self-selected angles with respect to
the target surface. Before the transfer tasks, we asked
subjects to prepare for the transfer as they normally
would (e.g., scoot buttocks forward in chair) and to place
their hands on their laps before and after completing the
transfer. We also instructed subjects to place their left
arm on the bench and right arm on the force beam. We
requested that the subjects with SCI transfer from their
wheelchair to the bench as they would normally if presented with a similar situation in daily life. We asked
nondisabled subjects to place their left arm on the bench
and right arm on the force beam and move over to the
bench while refraining from using leg muscles during the
transfer. Each subject transferred from the wheelchair to
the bench five times. Subjects took time to orient themselves to the setup (i.e., perform a transfer to/from the
wheelchair and bench) prior to data collection and rested in
between trials as needed. Kinematic data were collected
at 60 Hz and synchronized with the force data, which were
collected at 360 Hz.
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Data Analysis
The kinematic and kinetic data collected during the
wheelchair transfer were smoothed with a fourth-order,
zero-lag Butterworth lowpass filter with a cut-off frequency of 10 Hz [23]. We used customized software
(MATLAB 2009b, MathWorks; Natick, Massachusetts) to
compute the trunk movement using a Cardan angle
sequence (ZXY, along a anterior/posterior axis [x], superior/inferior axis [y], and medial/lateral axis [z] acting to
flex/extend [z], lateral rotation [x], and axial rotation [y]
with respect to the laboratory coordinate system) and
shoulder movement using a Euler angle sequence (YXY
along plane of elevation [y], amount of elevation [x], and
internal/external rotation [y] for the shoulder coordinate
system acting with respect to the trunk coordinate system). Transfers generally consist of three phases: prelift,
lift, and postlift phases, based on a review of the literature on transfer biomechanics [12]. Most of the angular
displacements and upper-limb loading occur during the
lift phase [24]; therefore, we narrowed the scope of our
analysis and reporting to this phase of transfer.
We used the vertical reaction forces recorded at the
bench force plate and grab bar to determine the start (i.e.,
sudden force increase at the grab bar and bench side) and
end (i.e., prior to buttock impact, which appeared as a
large spike in the vertical force component on the bench
side) of the lift phase. We identified the maximum and
minimum angles of trunk flexion/extension; lateral and
axial rotation; shoulder flexion/extension; abduction/
adduction, and internal/external rotation, and elbow flexion/extension as outcome variables in each transfer trial.
In addition, we analyzed peak horizontal and vertical
hand forces for the leading hand (e.g., reaching to new

surface) and trailing hand (e.g., left behind while moving
to new location) separately. We downsampled kinetic
data to match the sampling frequency of the kinematic
data and time-normalized both sets of data to the percentage time of the lift phase.
Statistical Analysis
We evaluated intrasubject reliability with intraclass
correlation coefficients (ICC). We computed ICCs for
each variable for transfer trials 3, 4, and 5. A threshold
parameter was considered at least moderately reliable if
ICC was >0.6 [25]. We obtained the mean ± standard
deviation (SD) for each outcome variable by averaging
the data over the five trials recorded for the transfer.
RESULTS
Subjects
Table 1 shows general subject characteristics for the
5 subjects with SCI and the 12 nondisabled subjects who
participated in the study.
Kinetics
Table 2 shows the group mean ± SD of the maximum
and minimum reaction force components under the hands
(leading and trailing). We observed large vertically
directed forces (>29% body weight [BW]) under both
hands during the transfer (Figure 2). Horizontal forces
were considerably lower (<16% BW) than the vertical
forces. Horizontal reaction forces at the leading hand
were mostly directed posterior and medial and anterior

Table 1.
Group demographics for 5 subjects with SCI and 12 nondisabled subjects performing five transfer trials from wheelchair to level bench.

Subject

Age (yr)

Weight (kg)

Height (m)

Years with
Injury

Level of Injury

38
33
24
47
59
40.2 ± 13.4

78.9
64.0
99.8
59.0
83.9
77.1 ± 16.3

1.7
1.7
2.0
1.8
1.7
1.8 ± 0.1

13.3
11.5
5.0
26.5
30.0
17.3 ± 10.6

T11–T12
T8
T8
T4
T12–L1
—

27.1 ± 1.2

79.6 ± 14.3

1.8 ± 0.1

—

—

SCI (n = 5)
1
2
3
4
5
Mean ± SD
Nondisabled (n = 12)
Mean ± SD

L = lumbar, SCI = spinal cord injury, SD = standard deviation, T = thoracic.
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Table 2.
Group mean ± standard deviation (SD) peak hand reaction forces normalized to body weight (BW) and intraclass correlation coefficients (ICC)
ranges for three, four, and five transfer trials, respectively.

Peak Hand Reaction Forces
Horizontal (Fx). Leading: Lateral (+), Medial (–); Trailing:
Lateral (–), Medial (+)
Max Force ± SD (% BW)
ICC Range
Min Force ± SD (% BW)
ICC Range
Horizontal (Fy). Posterior (+),
Anterior (–)
Max Force ± SD (% BW)
ICC Range
Min Force ± SD (% BW)
ICC Range
Vertical (Fz)
Max Force ± SD (% BW)
ICC Range

Leading

SCI (n = 5)

Trailing

Nondisabled (n = 12)
Leading
Trailing

3.61 ± 5.29
0.91, 0.93, 0.93
–9.21 ± 6.61
0.97, 0.97, 0.91

4.48 ± 3.27
0.96, 0.98, 0.98
–3.30 ± 4.38
0.95, 0.97, 0.96

–0.11 ± 4.25
0.90, 0.94, 0.90
–10.55 ± 6.46
0.92, 0.95, 0.96

6.13 ± 3.72
0.96, 0.97, 0.97
–2.32 ± 3.06
0.94, 0.99, 0.99

6.77 ± 1.63
0.79, 0.81, 0.57
–2.93 ± 2.68
0.92, 0.95, 0.96

–1.91 ± 2.67
0.68, 0.51, 0.68
–15.38 ± 1.57
0.92, 0.94, 0.95

2.19 ± 2.03
0.72, 0.82, 0.88
–4.07 ± 2.18
0.86, 0.87, 0.84

1.48 ± 5.03
0.99, 0.99, 0.97
–8.26 ± 5.12
0.97, 0.98, 0.98

54.88 ± 11.07
0.94, 0.96, 0.92

45.71 ± 6.38
0.99, 0.99, 0.99

47.10 ± 18.37
0.83, 0.90, 0.91

29.32 ± 14.45
0.99, 0.99, 0.99

Max = maximum, Min = minimum, SCI = spinal cord injury.

and medial for the SCI and nondisabled subjects, respectively. Trailing hand reaction forces were directed anterior and medial for both groups. Loading forces at the
trailing arm started to decline in the middle of lift phase,
while the forces of the leading arm continued to increase
until just prior to landing on the target surface (Figure 2).
The resultant forces showed similar patterns in both
groups. All peak forces showed moderate to excellent
agreement with a minimum of three trials (Table 2),
except for the peak posterior-anterior force component
in the SCI group (r  0.51). ICC values generally
increased with trial number.
Kinematics
Table 3 presents maximum and minimum trunk,
shoulder, and elbow angles are presented in Table 3.
Shoulder angles for both leading and trailing sides are
expressed with respect to the left side coordinate system
for ease of interpretation. We observed similar shoulder
and elbow movement patterns for the leading and trailing
arm in both the SCI and nondisabled groups during the
lift phase of transfer (Figures 3 and 4). During the early
stage of the lift phase, the leading arm shoulder was
extended, abducted, and externally rotated, and the elbow
was flexed. Over the course of the lift phase, the leading
shoulder was flexed, adducted, and internally rotated,

while the elbow was slightly extended but remained
flexed. The trailing shoulder started out flexed, abducted,
and externally rotated, and the trailing elbow was flexed.
As the lift phase progressed, the trailing shoulder
extended, abducted, and internally rotated while the
elbow extended. We observed increasing trunk flexion,
right lateral rotation, and right axial rotation over the
course of the lift phase until near the end, at which time
the trunk started to extend back toward an upright position prior to landing (Figure 5). The reliability analysis
showed that the kinematic variables had moderate to
excellent reliability in both leading and trailing arms
when all five trials were considered, except for the maximum plane of elevation, maximum elevation, and maximum internal rotation of the trailing shoulder of
unimpaired subjects (ICC < 0.6). In general, we found
higher reliability coefficients for the group with SCI than
for the nondisabled group, and ICC values generally
increased with trial number.
DISCUSSION
We found that our transfer assessment system produced reliable trunk and upper-limb kinetic and kinematic measures during a level sitting-pivot wheelchair
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Figure 2.
(a) Leading and (b) trailing hand reaction resultant and Fx , Fy , and Fz component forces for all subjects with spinal cord injury (n = 5) and
(c) leading and (d) trailing hand reaction resultant and component forces for all nondisabled subjects (n = 12) during lift phase. Solid lines
correspond to group ensemble averages across trials, and shaded areas represent ± 1 standard deviation.
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Table 3.
Group mean ± standard deviation of trunk, shoulder, and elbow peak angles (°) and intrasubject correlation coefficient (ICC) ranges for three,
four, and five transfer trials, respectively.

Peak Angles
Trunk
Max Flexion
ICC Range
Max Lateral Flexion (Right +)
ICC Range
Min Lateral Flexion (Right +)
ICC Range
Max Axial Rotation (Left +)
ICC Range
Min Axial Rotation (Left +)
ICC Range
Shoulder
Max Plane of Elevation
ICC Range
Min Plane of Elevation
ICC Range
Max Elevation
ICC Range
Max IR (–)/ER (+)
ICC Range
Min IR (–)/ER (+)
ICC Range
Elbow
Max Flex (+)/Ext (–)
ICC Range
Min Flex (+)/Ext (–)
ICC Range

SCI (n = 5)

Nondisabled (n = 12)

46.93 ± 9.82
0.78, 0.88, 0.92
22.56 ± 8.79
0.84, 0.91, 0.86
–2.24 ± 5.48
0.94, 0.94, 0.95
–30.63 ± 18.90
0.94, 0.97, 0.97
–8.68 ± 13.15
0.98, 0.97, 0.98

38.25 ± 7.77
0.62, 0.76, 0.74
9.59 ± 14.01
0.94, 0.95, 0.96
–11.51 ± 12.09
0.98, 0.99, 0.99
–18.25 ± 27.41
0.96, 0.97, 0.98
5.69 ± 29.23
0.92, 0.96, 0.96

Leading
4.89 ± 21.70
0.95, 0.97, 0.98
–35.81 ± 10.30
0.43, 0.63, 0.78
62.08 ± 11.26
0.94, 0.95, 0.95
46.58 ± 10.67
0.30, 0.67, 0.67
2.29 ± 24.90
0.95, 0.97, 0.97

Trailing
54.62 ± 16.05
0.91, 0.95, 0.95
–2.75 ± 28.84
0.79, 0.90, 0.93
48.85 ± 5.66
0.82, 0.91, 0.75
59.10 ± 15.66
0.94, 0.97, 0.97
–7.47 ± 36.72
0.84, 0.92, 0.94

Leading
7.78 ± 10.99
0.79, 0.80, 0.79
–27.04 ± 15.15
0.74, 0.82, 0.85
53.57 ± 10.25
0.73, 0.85, 0.82
34.56 ± 13.32
0.58, 0.69, 0.73
9.22 ± 12.88
0.81, 0.82, 0.81

Trailing
50.08 ± 8.53
0.06, 0.35, 0.26
–9.60 ± 17.31
0.77, 0.84, 0.86
48.49 ± 4.88
0.25, 0.33, 0.30
56.73 ± 9.06
0.05, 0.31, 0.27
–12.73 ± 21.20
0.82, 0.86, 0.87

53.56 ± 11.32
0.80, 0.86, 0.81
26.22 ± 8.46
0.87, 0.90, 0.89

46.73 ± 16.45
0.95, 0.96, 0.96
19.82 ± 16.70
0.87, 0.93, 0.93

51.96 ± 15.65
0.69, 0.77, 0.80
26.03 ± 11.71
0.75, 0.86, 0.90

34.19 ± 18.13
0.83, 0.89, 0.90
3.02 ± 17.02
0.70, 0.62, 0.59

ER = external rotation, Ext = extension, Flex = flexion, IR = internal rotation, Max = maximum, Min = minimum, SCI = spinal cord injury.

transfer in an experienced group of subjects with SCI and
a naïve, nondisabled group of subjects. Our findings are
consistent with other studies that have reported the angular displacement patterns of trunk, shoulder, elbow
motion, and hand forces among individuals with SCI
[7,13–14,16]. This observation, combined with our system checks (e.g., calibration and beam frequency analysis), suggests that the station produces valid measures as
well as reliable ones. This is important for future hypothesis testing, for evaluating the effects of new interventions (e.g., transfer training or assistive aids) or advanced
therapies and medical treatments (e.g., stem cell implantation or activity-based restorative therapy [26]) on
reducing upper-limb joint loading during transfers.
To our knowledge, our system is the only one that
allows for recording forces during a transfer when a handgrip is used. Use of the custom force-sensing beam pro-

vides for a realistic hand grasp during a transfer. Our
station, however, cannot measure grasp on the wheelchair
seat frame in lieu of an armrest and, thus, some individuals may have to modify their technique slightly with our
station. Another feature we incorporated in our station
was the addition of actual surfaces encountered in daily
transfers. In our setup, users are not restricted to placing
their hand flat on the target surface, because they are not
directly contacting a force plate but rather, in this case, a
tub bench, for which they could choose to drape their fingers over the edge of the surface. While this provides for
a realistic transfer situation, knowing the actual point of
force application is difficult, and one must make assumptions to estimate this point (e.g., from markers on the
hand) [27].
Transferring from a wheelchair poses different challenges than transferring across two flat adjacent surfaces.
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Figure 3.
(a) Leading and (b) trailing shoulder range of motion of all subjects with spinal cord injury and (c) leading and (d) trailing shoulder range of
motion of all nondisabled subjects during lift phase of transfer. Solid lines correspond to group ensemble averages across trials, and shaded areas
represent ± 1 standard deviation. Ext = external, Int = internal.
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Figure 4.
Leading (left) and trailing (right) elbow flexion/extension range of motion of (a) all subjects with spinal cord injury and (b) all nondisabled
subjects during lift phase of transfer. Solid lines correspond to group ensemble averages across trials, and shaded areas represent ± 1 standard
deviation. Ext = extension, Flex = flexion.
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Figure 5.
Trunk range of motion for (a) all subjects with spinal cord injury and (b) all nondisabled subjects during lift phase of transfer. Solid lines
correspond to group ensemble averages across trials, and shaded areas represent ± 1 standard deviation. Ext = extension, Flex = flexion.
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For example, users often need to angle themselves and/or
elevate their hips higher to clear the rear wheel when
transferring from a wheelchair. Wide variability is
reported in the way individuals orient their wheelchair
with respect to the target surface [17]. Thus, systems that
restrict the angle constrain the person from being able to
set up for the transfer as they naturally would. Although
our numbers were small, our system design accommodated a variety of wheelchair makes/models, sizes, and
self-selected angles that ranged from 0° to 45°. Future
research should consider the factors that determine
wheelchair orientation and their effects on upper-limb
biomechanics.
Kinetic variables all showed moderate to excellent
reliability, except for the peak anterior-posterior hand
reaction forces in only the group with SCI for both the
leading and trailing arms. The horizontal force components provide insight into the stabilization forces required
to maintain dynamic postural balance when executing a
transfer [13]. The balance deficits present in the group
with SCI may have contributed to an inability to replicate
the same stabilization forces over repeated trials. Future
investigation is warranted with a larger sample size to
determine if a relationship exists between repeatability of
the kinetic measures and extensiveness of trunk impairment (e.g., high versus low levels of SCI). Overall, our
results compare well with Gagnon et al. [13], who
reported peak horizontal forces (Fhorizontal2 = Fx2 + Fy2)
equal to 10.2 percent BW for the trailing hand and 8.8
percent BW for the leading hand, compared with approximately 16.0 percent BW and 11.4 percent BW for the
trailing and leading hands in our study.
Kinematic variables were highly reliable in the group
with SCI, suggesting that our subjects with SCI were
experienced and able to adapt well to the novelty of the
setup. Three of the shoulder variables exhibited low reliability in the nondisabled group and may be explained by
the subjects’ task naivety and lack of experience; however, their force application during transfer was highly
consistent from trial to trial. The results may have been
more repeatable had we taught the nondisabled subjects
how to perform a sitting-pivot transfer and had they practiced before testing. We analyzed trial-to-trial reliability
in part to determine the minimum number of trials necessary to obtain stable biomechanical measures of transfer
performance. Based on the results of our study, we recommend a minimum of five transfer trials for data collec-

tion involving kinetic and kinematic measures for future
research studies.
Although we coached nondisabled subjects not to use
their legs, the setup lacked the instrumentation necessary
to determine whether they did and to what extent.
Knowledge of the reaction forces at the feet for both
groups would have allowed for a greater understanding
of the load distribution through various parts of the body
and the degree of weight-bearing through the legs. Since
conducting this study, we have integrated a third force
plate into our system to record feet reaction forces for
future studies (seen near the front of the base platform in
Figure 1).
CONCLUSIONS
A new transfer measurement system, described here
in detail, was found to produce reliable and valid biomechanical data for the future study of sitting-pivot wheelchair transfers. Our system differs from others previously
described in the literature in that it records forces when
hand grasps are used, enables a variety of transfer scenarios to be mimicked by interchanging beams that vary in
height and target surfaces, and permits subjects to be
tested in their own wheelchair and setup with respect to
the target surface. We found a majority of kinematic and
kinetic measures to have excellent reliability during the
lift phase of transfer. We recommended a minimum of
five transfer trials for future studies to obtain a stable
measure of a subject’s transfer technique. Quantifying the
mechanical demands of different types of wheelchair
transfers will provide insight into the risk factors associated with the development of upper-limb pain and injury.
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